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1 Introduction

1 Introduction

Plants need to resist harsh environmental conditions such as extreme temperatures, drought stress, flood,
salt stress etc. On the other hand, there are constant threats from diseases/damage caused by a wide
range of pathogens, which can cause an approximately 40% decrease of potential global crop yield
(Schwessinger and Ronald 2012). For these reasons, our growing population will face food shortage in the
future. Therefore, it is an important task in the field to develop by breeding or modern molecular tools
crops with enhanced resistance to diseases to improve agricultural production. To achieve this goal, it is
necessary to first understand the mechanisms of plant-pathogen interactions and plant immunity systemes,

which could help us develop more resistant plants.

1.1 Plant innate immunity

Unlike animals, plants are sessile, and do not possess a circulatory adaptive immune system. Therefore,
plants develop and rely on an efficient innate immunity of each cell to defend against various pathogens
invasion. The first line of plant innate immunity is initiated by perception of pathogen- or microbe-
associated molecular patterns (PAMPs/MAMPs) via direct recognition by plant transmembrane pattern
recognition receptors (PRRs). This recognition results in PAMP-triggered immunity (PTI) in the infected
plant tissue. To overcome PTI and establish successful infection, pathogens evolve virulence effectors to
interfere with host immune system components to suppress PTI, thus leading to effector-triggered
susceptibility (ETS). In some resistant cultivars, effectors may be directly or indirectly recognized by
intracellular nucleotide-binding (NB) leucine-rich repeat (LRR) domain receptors (NLRs) from host plant,
resulting in stronger plant defense responses to inhibit growth of pathogens, typically referred to as
effector-triggered immunity (ETI). ETl is usually accompanied by a hypersensitive cell death response (HR)
at the infection site. Pathogens may subsequently gain additional effectors to counter ETI while plants

|”

may also acquire new NLRs for another round of ETI. A so-called “zigzag model” has been proposed to

describe this evolutionary change of the immunity status (Jones and Dangl 2006).
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1.2 PAMP-Triggered Immunity (PTI)

1.2.1 Pathogen-Associated Molecular Patterns (PAMPs)

In its natural habitat, plants face a wide range of biotic stresses from bacteria, fungi, oomycetes, and
viruses. To defend against pathogenic microorganisms, plants need to recognize non-self which is
mediated by PRR recognition of conserved PAMPs. PAMPs are conserved molecular structures derived
from microorganisms, which are sufficient to trigger plant immune responses. Numerous PAMPs have
already been shown to trigger plant defense responses. For instance, a well-studied bacterial PAMP is
flg22, a 22-amino-acid epitope in the N terminal region of flagellin. FIg22 can be perceived by many plant
species, such as Arabidopsis, tobacco, potato, and tomato (Felix et al. 1999). The ligand flg22 and its
receptor flagellin sensing 2 (FLS2) is the first PAMP-PRR pair identified to initiate plant immune response
(Gémez-Gémez and Boller 2000; Chinchilla et al. 2006). And interestingly, besides flg22, another flagellin
epitope (flgll-28) was discovered and recognized by some solanaceous species, such as tomato, potato
and pepper. Another receptor, FLS3, was recently discovered in tomato that recognizes this flgll-28
epitope (Hind et al. 2016). It also indicates that the pairs of PRR-PAMP are very specific. EIf18 is an 18
amino acid peptide derived from the conserved N-terminus of the translation elongation factor Tu (EF-
Tu), one of the most abundant protein of bacteria. In Arabidopsis and some other plant species, this EF-
Tu epitope is efficient to initiate defense responses such as production of reactive oxygen species (ROS),
biosynthesis of stress hormone ethylene, and so on (Zipfel et al. 2006; Kunze et al. 2004). A well-studied
fungal PAMP is chitin, a major component of fungal cell wall, which triggers defense responses in a wide
range of plant species (Cao et al. 2014; Newman et al. 2013; Shibuya and Minami 2001). Similarly, the

oomycete-derived Pep13 also acts as a PAMP in parsley and potato (Brunner et al. 2002).

1.2.2 Pattern Recognition Receptors (PRRs)

Plant genomes encode many PRRs that recognize diverse PAMPs. Receptor-like kinases (RLKs) and
receptor-like proteins (RLPs) both function as plant PRRs. RLKs possess a ligand-binding ectodomain, a
transmembrane domain, and an intracellular kinase domain, while RLPs lack the intracellular kinase
domain. Based on their ligand-binding ectodomain, plant PRRs can be divided into mainly four different
subgroups. For example, leucine-rich repeat (LRR)-containing PRRs, which is likely to bind peptides or

proteins such as bacterial flagellin and elongation factor Tu (EF-Tu), lysin motifs (LysM) PRRs binding fungal
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chitin or bacterial peptidoglycan, lectin-type PRRs recognizing extracellular ATP or bacterial
lipopolysaccharides (LPS), and epidermal growth factor (EGF)-like PRRs recognizing oligogalacturonides
derived from plant cell wall (Couto and Zipfel 2016; Boutrot and Zipfel 2017; Saijo, Loo, and Yasuda 2018).
In Arabidopsis, one of the best-studied PRRs, flagellin sensing 2 (FLS2) is the receptor for flagellin or PAMP
flg22. FLS2 is an LRR receptor-like kinase; it recognizes and physically interacts with flg22. Arabidopsis fls2
mutant plants are impaired in flg22 binding and not able to induce defense responses such as ROS
production, MAPK cascade activation, defense gene expression (Chinchilla et al. 2006; Gdmez-Gémez and
Boller 2000). Besides Arabidopsis (Brassicaceae), tomato (a Solanaceae plant) was also reported to
recognize and respond to flg22, and tomato even responded to a shortened version of flg22, flg15, which
is inactive in Arabidopsis (Chinchilla et al. 2006). Later, LeFLS2 was also identified in tomato genome
encoding the tomato flagellin receptor, which is the first functionally characterized Arabidopsis AtFLS2
ortholog (Robatzek et al. 2007). Similar to FLS2, EF-Tu receptor (EFR) is also a plant receptor-like kinase
that acts as a PRR for EF-Tu in the plant innate immunity system. Unlike FLS2, EFR is only found in
brassicaceous plants (Zipfel et al. 2006). The rice chitin-elicitor binding protein (OsCEBiP) plays a key role
in perception and transduction of chitin signaling. OsCEBIiP is a PRR containing extracellular lysin motif
(LysM) domain for chitin binding, a transmembrane region and lacks an intracellular kinase domain (Kaku
et al. 2006). Chitin-elicitor receptor kinase 1 (OsCERK1), which is a LysM-containing PRR with an
intracellular kinase domain, was reported to form a receptor complex with OsCEBIP for chitin perception
in rice (Hayafune et al. 2014). Arabidopsis AtCERK1 was first reported as a key chitin receptor for chitin
perception (Miya et al. 2007). But AtLYKS5 (LysM-containing receptor-like kinase 5) was later reported as
the primary receptor for chitin with a much higher chitin binding affinity and forms a complex with

AtCERK1 for chitin perception (Cao et al. 2014).

1.2.3 PRR complex formation and activation

Plant PRRs transduce signal from the extracellular to the intracellular side by forming complexes with a
co-receptor to initiate downstream defense responses. Brassinosteroid insensitive 1-associated kinase 1
(BAK1) (also known as somatic embryogenesis receptor kinase 3, SERK3) is such a co-receptor that
associates with LRR-type PRRs for PAMP perception. It was first known as a co-receptor for a plant
hormone receptor brassinosteroid-insensitive 1 (BRI1) that is involved in developmental regulation

through brassinosteroids (BRs) (Sun, Han, et al. 2013). For example, perception of bacterial flagellin (flg22)
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and EF-Tu (elf18) by Arabidopsis LRR-receptor kinases FLS2 and EFR, respectively, induces a
heteromerization with BAK1/SERK3 and other related proteins from SERK family, such as BAK1-
LIKE1/SERK4 (BKK1/SERK4), to initiate plant defense (Sun, Li, et al. 2013; Chinchilla et al. 2007; Schulze et
al. 2010; Roux et al. 2011). Analogous to the role of BAK1 and BKK1, CERK1 was also reported as a
regulatory receptor kinase that form a chitin-dependent complex with LysM-containing PRRs, such as

CEBIP in rice and LYKS in Arabidopsis (Hayafune et al. 2014; Cao et al. 2014).

Receptor-like cytoplasmic kinases (RLCKs) that lack extracellular ectodomains, especially members from
subfamily VII, were reported to play crucial rule in PTI and provide a link between extracellular ligand
perception and downstream signaling (Couto and Zipfel 2016; Rao et al. 2018). The RLCK-VII family
member BOTRYTIS-INDUCED KINASE 1 (BIK1) was reported to directly interact with FLS2 and BAK1 in an
inactive state in the absence of flg22. Flg22-induced FLS2-BAK1 association and phosphorylation cause
phosphorylation of BIK1, which in turn further phosphorylates the FLS2-BAK1 complex and dissociates
from the complex to activate downstream signaling. For instance, BIK1 phosphorylates the NADPH oxidase
respiratory burst oxidase homologue D (RBOHD) to activate ROS production. BIK1’s closest homolog
avrPphB sensitive 1-like 1 (PBL1) was also reported to interact with FLS2 and BIK1. Both are also required
for signaling elicited by flg22, elf18 and chitin (Lu et al. 2010; Saijo, Loo, and Yasuda 2018; Zhang et al.
2010; Li et al. 2014; Ranf et al. 2014). Brassinosteroid-signaling kinase 1 (BSK1) and PTI compromised
receptor-like cytoplasmic kinase 1/2 (PCRK1/2) also physically interact with FLS2, and are also regulators
of PTI (Kong et al. 2016; Shi, Yan, et al. 2013; Shi, Shen, et al. 2013). The RLCK PBL27 associates with CERK1
and MAPKKKS. In response to chitin treatment, PBL27 phosphorylates MAPKKKS5, which subsequently
disassociates from PBL27 to interact and activate downstream MAPKKs and MPKs. This discovery provides
the missing link between cell surface receptor and downstream intracellular responses (Yamada et al.

2016).

1.2.4 Cellular immune signaling activation

Upon ligand binding and PRR complex activation, RLCKs transmit immune signals to intracellular
compartments and initiate several of the following signaling events within minutes. Production of
extracellular reactive oxygen species (ROS) is one of the earliest events controlled by the NADPH oxidase
RBOHD. As mentioned before, BIK1 (and the related PBL1) directly interacts with and phosphorylates

RBOHD on specific sites upon PAMP elicitation in a calcium-independent manner. It is required and critical
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for PAMP-induced ROS burst, which in turn controls stomata closure and restrict entry of bacteria into

leaf tissues in Arabidopsis (Li et al. 2014; Kadota et al. 2014).

Rise of cytosolic Ca?* level is another first output after PAMP perception. Besides directly activating
RBOHD, BIK1 and PBL1 are also required for PAMP-induced cytosolic Ca?* burst, which in turn promotes
ROS production as well (Li et al. 2014; Ranf et al. 2014). Ca®* burst also activates calcium-dependent
protein kinases (CDPKs), which can also directly phosphorylate RBOHD at sites distinct from those
targeted by BIK1 and activate RBOHD to trigger ROS production (Dubiella et al. 2013). Besides these,
activation of mitogen-activated protein kinase (MAPK) cascades is also involved into inducing

transcriptional changes to establish PTI (Couto and Zipfel 2016).

1.3 MAPK cascades in PTI

1.3.1 RLCKs link PRR complexes and MAPK cascade activation

Mitogen-activated protein kinase (MAPK) cascades are conserved signaling transduction modules in
eukaryotes (yeasts, animals, and plants). MAPK cascades transduce extracellular stimuli into intracellular
biochemical and physiological responses. During PTI, MAPK cascades are quickly activated within a few
minutes upon pathogens or PAMPs perception, but the link between PRR complexes and MAPK cascade
activation is, until recently, largely unknown. The first evidence was reported in rice. OsRLCK185 interacts
with and is phosphorylated by chitin receptor OsCERK1 upon chitin perception. Loss of OsRLCK185 inhibits
chitin-induced activation of OsMPK3/6, but not OsMPK4, which indicates that OsRLCK185 is required for
chitin-induced MAPK activation in rice (Yamaguchi et al. 2013). However, this result didn’t prove that
RLCK185 is a direct upstream kinase of MAP3K in the MAPK cascade. The first direct evidence was reported
in Arabidopsis. As mentioned in last chapter, PBL27 was reported to associate with both receptor CERK1
and MAPKKKS5, and phosphorylates MAPKKKS5. Chitin perception triggers disassociation between PBL27
and MAPKKKS5, which in turn interacts with and activates downstream MAP2Ks and MPKs (Yamada et al.
2016). And more recently, another Arabidopsis RLCK BSK1, which interacts with FLS2 and important for
PTI activation, was also reported to interact with and phosphorylate MAPKKKS5, and positively regulates
plant immunity (Yan et al. 2018). Recently, it was also reported that RLCK VII-4 family members, which act

downstream of PRRs, directly phosphorylate MAPKKK5 and MEKK1 at specific sites to mediate
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MPK3/MPK6 and MPK4 activation, respectively (Bi et al. 2018). These results provide the link between the

cell surface receptor complexes and the activation of the MAPK cascade.

1.3.2 MAPK cascades in PTI

A MAPK cascade module consists of three kinases that are activated by successive phosphorylation.
MAPKK kinases (MAP3Ks) phosphorylate MAPK kinases (MAP2Ks) through the conserved serine and/or
threonine residues in their activation T-loop, which in turn phosphorylate and activate MAPKs through
conserved threonine and tyrosine in the TxY motif located in T-loop. Phosphorylated and activated MAPKs
further phosphorylate their downstream substrates (e.g. transcription factors) to regulate their activity,
stability or localization. In plants, MAPK cascades are associated with various developmental, growth,
hormonal, and defense responses. (Group et al. 2002; Rasmussen et al. 2012). The current work will focus

only on MAPK cascades implicated in plant innate immunity.

Arabidopsis genome encodes 20 MAPKs, 10 MAP2Ks, and approximate 60 MAP3Ks. Perception of PAMPs
by PRRs activate at least two MAPK cascades. The best studied pathogen/PAMP responsive MAPKs are
MPK3, MPK4, and MPK6, which are known to be activated during pathogens infection or PAMPs elicitation,
such as flg22 and elf18. Subsequently, an MPK4 paralog, MPK11, was identified as the fourth PAMP-
activated MAPK (Group et al. 2002; Pitzschke, Schikora, and Hirt 2009; Bethke et al. 2011; Felix et al. 1999;
Zipfel et al. 2006). The first “complete” MAPK cascade, MEKK1-MKK4/5-MPK3/6, in Arabidopsis innate
immunity was discovered by Asai et al., which acts downstream of FLS2 (Asai et al. 2002). However,
subsequent genetic evidence showed that in the mekk1 knockout mutant, MPK3/6 is activated at a similar
level to wild type upon flg22 treatment, while MPK4 is not activated. This indicates that MEKK1 acts
upstream of MPK4 instead of MPK3/6 (Suarez-Rodriguez et al. 2007). Interestingly, two highly related
MAP3K, MAPKKK3/5, were recently reported to form a kinase cascade with MKK4/5 and MPK3/6 to
transduce defense signals from multiple PRRs, conferring resistance to bacterial and fungal pathogens in
Arabidopsis (Bi et al. 2018; Sun et al. 2018). The other MAPK cascade, which is also activated in response
to pathogen infection, is MEKK1-MKK1/2-MPK4. MEKK1 interacts with MKK1/MKK2, which in turn interact
with MPK4 (Ichimura et al. 1998). And MEKK1, MKK1/MKK2 are required for flg22-triggered MPK4 activity,
and they function together to regulate innate immune responses (Suarez-Rodriguez et al. 2007; Gao et al.

2008). The fourth PAMP/MAMP-activated MAPK MPK11 may also be involved in the same cascade,
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because both MKK1 and MKK2 interact with and weakly phosphorylate MPK11 (Lee et al. 2008; Bethke et
al. 2011).

1.3.3 MAPK substrates

The two Arabidopsis MAPK modules described above play diverse roles in plant defense against various
pathogens. After activating MAPK cascades in response to PAMPs perception, activated MAPKs
phosphorylate a variety of substrates to transduce upstream signals to trigger further defense responses.
These substrates could be transcription factors or key biosynthetic enzymes. It may change target proteins
properties such as protein stability, localization, enzyme activity, or the ability to bind to other partners,
which can in turn change downstream processes such as a change of defense-related gene expression,
secondary metabolic compounds biosynthesis, and so on (Zhang, Chen, and Harmon 2016). Therefore, it
is important to identify the MAPK targets responsible for the numerous cellular processes that they are

involved in.

The first in vivo identified MPK6 substrates are 1-aminocyclopropane-1-carboxylic acid synthase-2/6
(ACS2/6), which are the rate-limiting enzymes of ethylene biosynthesis (Liu and Zhang 2004), and later
the same research group also identified ACS2/6 as the substrate of MPK3 (Han et al. 2010). Ethylene is a
plant stress hormone and the production in plants is increased after biotic challenges via MPK3/6-
mediated phosphorylation of ACS2/6 that stabilizes and elevates ACS2/6 activity. A mutation in mpké
partially blocks flg22-induced ethylene production, and in mpk3 mpk6 double mutant, ethylene
production is largely reduced in response to Botrytis cinerea inoculation (Liu and Zhang 2004; Han et al.
2010). Interestingly, MPK3/6 not only stabilize ACS2/6 protein level by phosphorylation but also promote
ACS2/6 expression through WRKY33 phosphorylation, which is a pathogen-inducible transcription factor
that directly binds W-boxes in the ACS2/6 promoter to positively regulate their transcription (Li et al. 2012).
Besides regulating ACS2/6 expression, phosphorylation of WRKY33 by MPK3/6 cascade is also required
for camalexin biosynthesis in response to B. cinerea by promoting the expression of camalexin
biosynthetic genes, such as PAD3. (Mao et al. 2011). MPK4 and one of its substrates, MKS1 (MPK4
substrate 1), are also involved in regulating PAD3 expression through a trimeric WRKY33-MPK4-MKS1
complex. Pathogen infection triggers the phosphorylation of MKS1 by MPK4, and the MKS1-WRKY33
complex is released from MPK4. This may be coordinated with a subsequent or possibly parallel MPK3/6-

mediated WRKY33 phosphorylation that promotes PAD3 transcription and subsequently camalexin
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biosynthesis (Mao et al. 2011; Rasmussen et al. 2012; Qiu et al. 2008; Andreasson et al. 2005). The MPK6
substrate ERF104 (Ethylene response factor) is a transcription factor and flg22-induced phosphorylation
by MPK6 triggers ERF104 release from MPK®6, thus allowing ERF104 to target downstream genes (Bethke
et al. 2009). Another MPK4 substrate PAT1 (protein associated with topoisomerase Il) plays a role in mRNA
decapping and regulates immune response (Roux et al. 2015). While some pathogen-responsive MAPK
substrates have been identified in plants, these are just the tip of the iceberg and there is a need to identify

further substrates.

1.4 Ca?* signaling in PTI

1.4.1 Ca*'/CaM regulate plant immunity

Plants use calcium as a secondary messenger to control diverse developmental processes and to respond
to diverse environmental stimuli such as light, drought, temperature, salt stress, pathogens and so on
(Cheval et al. 2013; Galon, Finkler, and Fromm 2010). Ca?* plays a crucial role in both PTI and ETI. As
mentioned in the previous chapter, Ca* influx is one of the earliest signaling events after
pathogens/PAMPs perception (Lecourieux, Ranjeva, and Pugin 2006). Virulent pathogens and PAMPs
typically induce a rapid and transient increase of cytosolic Ca?* level, while avirulent pathogen strains
induce a second and sustained Ca?* response (Cheval et al. 2013). Perception of PAMPs or other elicitors
elevates Ca?* levels not only in the cytosol, but also in nuclear and other cellular compartments. These
stimulus-specific, rapid and transient patterns with spatio-temporal features of Ca?* signals are referred
to as Ca?* signatures (Cheval et al. 2013). Ca®* sensor proteins decode the Ca** signatures by directly
binding Ca?* with their EF-hand motifs and transduce the Ca?* signhals into downstream cellular responses.
The plant Ca?* sensor proteins are classified into three subfamilies: Calmodulin and CaM-like proteins
(CMLs), Ca?*-dependent protein kinases (CDPKs) and calcineurin B-like proteins (CBLs) (DeFalco, Bender,
and Snedden 2010). Among these, involvement in pathogen or PAMP response has so far mostly been

associated with CaMs and CDPKs.

CaM is highly conserved in eukaryote, and seven CaM isoforms are encoded in Arabidopsis genome (Ranty,
Aldon, and Galaud 2006). A conformational change of CaM induced by Ca?* binding results in an

interaction with downstream targets that contain CaM-binding domain (CaMBD), such as transcription
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factors, kinases or metabolic enzymes (DeFalco, Bender, and Snedden 2010; Cheval et al. 2013). An

example of CaM-regulated transcription factor is CAMTAS3 (for a detailed description, see Chapter 1.6).

1.4.2 Calcium-dependent protein kinases (CDPKs)

CDPKs (also abbreviated as CPKs) are calcium-regulated serine/threonine kinases and unique to plants.
They have both Ca? sensing and signaling (i.e. phosphorylation) function in a single protein. Five domains
can be defined in a CDPK: (i) an N-terminal variable domain, (ii) a conserved catalytic serine/threonine
kinase domain, (iii) a pseudosubstrate-containing autoinhibitory junction domain that inhibits kinase
activity by interaction with the active site, (iv) a CaM-like domain with four functional Ca%*-binding EF-
hands, and (v) a C-terminal variable domain (DeFalco, Bender, and Snedden 2010). 34 CDPKs are encoded
in the Arabidopsis genome, and divided into four subgroups according to sequence similarity. CDPKs
localize to plasma membrane, cytosol, nucleus and other subcellular compartments, which may change

dynamically in response to diverse stimuli (Boudsocq and Sheen 2013).

Multiple Arabidopsis CDPKs are transiently activated upon perception of PAMPs such as flg22, including
CPK4, CPK5, CPK6 and CPK11 from subgroup |, and are required for inducing the expression of the flg22-
inducible NHL10 gene. Kinase activities induced by flg22 treatment are minimal in an fls2 mutant or in the
presence of Ca?* channel blocker, suggesting that the CDPKs are activated downstream of FLS2 and
requires Ca®* (Boudsocq et al. 2010). Comparison of microarray data showed considerable overlap of
genes regulated by overexpressing constitutively-active CPK5/CPK11 with early PAMP-regulated genes,
indicating that these CDPKs play a role in PAMP-induced transcriptional reprogramming. CDPKs and
MAPKs differentially as well as coordinately regulate flg22-responsive gene expression; the regulation
may be MAPK-specific, CDPK-specific or synergistically controlled by both MAPK/CDPK (Boudsocq and
Sheen 2013; Boudsocq et al. 2010). CPK4/5/6/11 are reported to be positive regulators in PAMP signaling.
Besides regulating expression of flg22-induced genes, CDPKs also affect ROS production. In Arabidopsis,
CPKS5 is reported to directly phosphorylate the NADPH oxidase RBOHD to regulate ROS production in
response to flg22 (Dubiella et al. 2013). Moreover, the cpk mutants are impaired in both basal and flg22-
induced resistance to bacterial pathogen (Boudsocq et al. 2010). Only very few substrates of the indicated
CDPKs are known. Besides RBOHD, the WRKY8/28/48 transcription factors have been shown to be
phosphorylated by CPK4/5/6/11 (Gao et al. 2013).
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1.5 Effector-triggered immunity

1.5.1 Pathogen effectors sabotage signaling components of PTI

The above chapters describes several key elements of PTI. However, PTI can be overcome by successful
pathogens that have evolved virulence factors, so-called effectors, to dampen basal defenses. Effectors
are directly delivered into host cells. For example, Gram-negative pathogenic bacteria use a type llI
secretion system (T3SS) to inject effector proteins into host cells (Galan et al. 2014). The delivered effector
proteins target and change the characteristics of host immune system components at multiple levels. For
example, effectors may target PRR complex components. Pseudomonas. syringae effector AvrPto was
reported as a kinase inhibitor that interacts with and dephosphorylates receptor kinases like FLS2 and EFR
(Xiang et al. 2008). AvrPto and AvrPtoB also bind to BAK1, the co-receptor of multiple PRRs, and to disrupt
the ligand-dependent association of BAK1 with PRRs during infection (Shan et al. 2008). The Xanthomonas
campestris effector AvrAC inhibits PTI by targeting BIK1 and reducing its kinase activity after adding
uridine 5’-monophosphate to phosphorylation sites of the BIK1 activation loop (Feng et al. 2012). Some
effectors target elements of the MAPK cascades. For instance, the P. syringae effector HopAll is a
phosphothreonine lyase that inactivates MPK3, 4, 6 by removing the phosphate moiety (Zhang et al. 2007;
Zhang et al. 2012) or AvrRpt2 that prevents flg22-induced activation of MPK4/11 (Eschen-Lippold et al.
2016). Other targets of effectors include disruption of immunity-associated vesicle trafficking (Xin and He
2013). Pathogens also produce small molecule effectors such as coronatine that mimics jasmonic acid (JA)
to overcome salicylic acid (SA)-dependent defenses and induce stomatal opening (BROOKS, BENDER, and
KUNKEL 2005).

1.5.2 ETI activation

While originally functioning as virulence factors, effector proteins may “betray” pathogens through the
evolution of disease resistance (R) genes in host plants. Such R genes encode intracellular nucleotide-
binding (NB) leucine-rich repeat (LRR) domain receptors (NLRs) that recognize the pathogen effectors or
the modifications they generate. The recognized effector is termed an avirulence (Avr) protein. Plant NLRs
are classified into two groups based on their N-terminal domains: those with a Toll-interleukin 1 receptor
(TIR) domain are called TIR-NLRs, and others with a coiled-coil (CC) domain are called CC-NLRs (Takken

and Tameling 2009; Elmore, Lin, and Coaker 2011). Two ways of effector recognition exist, either direct
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physical interaction between NLR and the effector or in most cases, indirect interaction mediated by
effector-induced modifications of another host protein (Elmore, Lin, and Coaker 2011). This host target
monitored by NLR is often called a “guardee” and the indirect recognition concept as “guard hypothesis”
(van der Hoorn and Kamoun 2008). Such intracellular perception induces a stronger resistance response
termed effector-triggered immunity (ETI), which is often associated with a local programmed cell death
(known as the hypersensitive response, HR) that restricts pathogen growth at the infection site (Jones and

Dangl 2006).

An example of host target of effectors that is guarded by NLRs is RIN4 (RPM1-interacting protein 4), which
is manipulated by three bacterial effectors (AvrRpm1, AvrB, and AvrRpt2) and guarded by two Arabidopsis
NLRs (RPM1 and RPS2). AvrRpm1 and AvrB associate with and cause RIN4 phosphorylation, and this
modification activates RPM1-mediated immunity (Mackey et al. 2002). AvrRpt2, on the other hand,
cleaves and causes RIN4 degradation by its cysteine protease activity (Axtell et al. 2003). Cleavage of RIN4
activates RPS2-mediated immunity (Mackey et al. 2003; Axtell and Staskawicz 2003). Thus, loss of RIN4
can result in an RPS2-dependent autoimmune phenotype, including dwarfism, spontaneous dead cell
lesion formation, constitutive expression of PR genes, and enhanced resistance to pathogen infection

(Mackey et al. 2002).

Similar to RIN4, another example of the guard hypothesis is the monitoring of components of the MEKK1-
MKK1/2-MPK4 cascade. An autoimmune phenotype is also shown in mekkl, mkkl mkk2, and mpk4
mutants and is dependent on the NLR SUMM2 (suppressor of mkkl mkk2 2). The P. syringae effector
HopAll targets MPK4 cascade by inhibiting MPK4 kinase activity and triggers SUMM2 activity. Thus,
disruption of MPK4 cascade can induce the activation of SUMM?2-mediated immune responses (Zhang et
al. 2012; Thulasi Devendrakumar, Li, and Zhang 2018). However, SUMM2 does not interact with MPK4,
but senses the disruption of MPK4 cascade via the phosphorylation status of CRCK3/SUMMS3 (calmodulin-
binding receptor-like cytoplasmic kinase 3) (Zhang et al. 2017). Hence, this last example shows that
besides roles in PTI, calcium signaling is also involved in ETI. Recently, one of the calcium/CaM-regulated
transcription factor, CAMTA3, was shown to be also a “guardee” (Lolle et al. 2017). CAMTAS is subject of

this thesis and is described in details below.
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1.6 CAMTAS3: a Calmodulin-binding transcription factor involved in
plant innate immunity

1.6.1 CAMTAEs exist widely in eukaryotes and possess conserved functional domains

Calmodulin-binding transcription activators (CAMTAs) exist in various eukaryotes but not in prokaryotes.
In humans, HsCAMTA2 acts as a transcriptional coactivator together with another transcription factor to
promote expression of cardiac growth and remodeling genes, and to induce cardiac hypertrophy (Song et
al. 2006). HsSCAMTA1 is also involved in human tumor suppression (Barbashina et al. 2005). And in flies,
DmCAMTA encodes a transcription activator important for eye functions, where CaM binding stimulates
DmCAMTA activity and is crucial for deactivation of rhodopsin, and phototransduction in response to light
signals (Han et al. 2006). In plants, a CAMTA homolog, NtER1, was firstly reported in Nicotiana tabacum.
CaM binds with high affinity to NtER1 in a calcium-dependent manner. NtER1 expression is rapidly induced
by ethylene and during senescence (Yang and Poovaiah 2000). A rice homolog, designated as OsCBT
(Oryza sativa CaM-binding transcription factor) has transcriptional activity (Choi et al. 2005) and acts as a
negative regulator of disease resistance against Xanthomonas oryzae and Magnaporthe grisea (Koo et al.
2009). In Arabidopsis, six AtCAMTAs are known. They are involved in many different signaling pathways
induced by environmental stimuli/signals such as extreme temperatures, high salt, drought, UV, or some
plant hormones (e.g. ABA, ethylene, SA) and also biotic stresses (Fig. 1-1) (Finkler, Ashery-Padan, and
Fromm 2007).

The CAMTA proteins share similar functional domain organization: (i) there is a highly conserved CG-1
domain in the N-terminus of the protein, which is a sequence-specific DNA-binding domain and also
includes a predicted nuclear localization signal (NLS). (ii) The TIG domain is thought to be involved in non-
specific DNA contacts and also protein dimerization. (iii) The Ankyrin (ANK) repeats are present, which
typically participate in protein-protein interactions. (iv) As calmodulin-binding proteins, CAMTAs also
contain one or more Ca%**-dependent CaM-binding domains and variable number of 1Q motifs, which are
also involved in binding Ca%*/CaM and CaM-like proteins (Fig. 1-1) (Finkler, Ashery-Padan, and Fromm
2007).
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Fig 1-1. Schematic representation of CAMTAs domains. CAMTAs exist widely in eukaryotes and possess conserved functional domains. (Finkler,
Ashery-Padan, and Fromm 2007).

1.6.2 CAMTAs function as transcription factor by directly binding to a conserved
motif in the promoters of target genes

Both subcellular fractionation (Bouché et al. 2002) and microscopy studies (Yang and Poovaiah 2002) show
CAMTAs to localize in the nucleus. The first evidence that CAMTASs function as transcription factors came
from experiments where Arabidopsis AtCAMTA1 and two human CAMTAs (HsCAMTA1/2) were able to
activate transcription in yeast (Bouché et al. 2002). Further, in vitro gel retardation assay shows that
Arabidopsis AtCAMTAS3 targets a specific DNA element via the CG-1 domain. This specific cis-element is a
6-bp conserved motif with the sequence (A/C/G)CGCG(G/T/C) (Yang and Poovaiah 2002). In vivo
transcription activation function of CAMTAs was subsequently supported in plant-based studies. In a GUS
reporter assay, rice CAMTA homolog OsCBT activates a synthetic promoter (containing the CGCG element)
in protoplasts (Choi et al. 2005). In suspension Arabidopsis cells, CAMTAL activates AVP1 (Arabidopsis V-
PPase gene) expression by binding to its CGCG box region and this is the first identification of a

downstream gene directly regulated by CAMTA (Mitsuda, Isono, and Sato 2003).

1.6.3 Arabidopsis CAMTA3: a multi-functional regulator

The six Arabidopsis CAMTA proteins AtCAMTA1-6 (previously named Signal Response 1-6, AtSR1-6) have
43-78% sequence similarities and are especially conserved (> 90% similarity) in the N-terminal CG-1 DNA

binding region and C-terminal CaM-binding region. Besides expression in different developmental stages,
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some CAMTAs respond rapidly to various abiotic and biotic challenges (Yang and Poovaiah 2002). For
example, AtCAMTA1 was reported to respond to drought (Pandey et al. 2013), salt and heat shock stresses
(Galon et al. 2010). It was also reported that AtCAMTA1- 3 repress SA biosynthesis at warm temperatures
and they function together to positively regulate freezing tolerance by inducing CBF1-3 and other early
cold-induced genes (Kim et al. 2013; Doherty et al. 2009). AtCAMTAS3 and 5 also function in different cold-
signaling pathway in response to rapid temperature decrease (Kidokoro et al. 2017). Additionally,
AtCAMTAs were also reported to respond to wounding, abscisic acid, ethylene and methyl jasmonate

(Yang and Poovaiah 2002).

1.6.3.1 CAMTAS3 is a negative regulator of plant immunity

AtCAMTA3 (AT2G22300) is one of best-studied CAMTAs. The basal expression level of CAMTA3 is low but
can be induced by different stress signals (Yang and Poovaiah 2002). CAMTA3 is thought to be a
suppressor of defense responses in Arabidopsis. Transcriptomics analysis of two T-DNA insertion knockout
mutants (camta3-1 and camta3-2) revealed 99 up-regulated genes in comparison to Col-0, of which a
large portion (32 genes) are defense-related genes (e.g. PRs, NDR1, PAD4, ZAT10 and various WRKYs)
(Galon et al. 2008). Both camta3 mutants show temperature-dependent autoimmune phenotypes, which
disappear when grown at higher temperature (25-27°C). At 19-21°C, camta3 mutants display reduced
growth, chlorotic lesions, and constitutive expression of PR genes (systemic acquired resistance-
associated marker genes). Hypersensitive response- and SAR-related features such as accumulation of SA,
ROS and autofluorescent compounds are also increased. Furthermore, camta3 mutants show enhanced
resistance against virulent Pseudomonas syringae pv. tomato DC3000 (Pst DC3000), avirulent Pst DC3000
(AvrRpt2), and the fungal pathogens Botrytis cinerea and powdery mildew Golovinomyces cichoracearum

(Fig. 1-2 A) (Galon et al. 2008; Du et al. 2009; Nie et al. 2012).

CAMTA3 negatively regulates plant defense by directly binding to the promoter of targeted defense-
related genes at specific “CGCG”-containing cis-elements. An example is Enhanced Disease Susceptibility
1 (EDS1), a positive regulator of SA biosynthesis and required for TIR-NLR-mediated resistance. In vitro
electrophoretic mobility shift assay (EMSA) and in vivo chromatin immunoprecipitation (ChIP) assay
indicated a direct interaction between CAMTA3 and EDS1 promoter fragment covering the CGCG box.
Promoter-luciferase-reporter assay showed that CAMTA3 represses EDS1 expression, which would
negatively regulate SA-mediated plant immunity (Du et al. 2009). Besides EDS1, CAMTA3 also negatively

regulate expression of NDR1 (non-race-specific disease resistance 1) and EIN3 (ethylene insensitive 3) by
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interacting with CGCG cis-elements in their promoters (Fig. 1-2 B) (Nie et al. 2012). NDR1 is required for

CC-NLR-mediated resistance while EIN3 is a key component of ET signaling.

Interestingly, two independent genetic screens led to an identical gain-of-function mutant, camta3-3D,
with an A855V amino acid exchange located in the first IQ motif (Nie et al. 2012; Jing et al. 2011). One
screen was searching for suppressors of edr2-mediated resistance to powdery mildew (Nie et al. 2012),
while the second screen was for SAR deficient mutants (Jing et al. 2011). This camta3-3D mutation fully
suppresses edr2-mediated dramatic necrotic lesion formation, cell death, H,0, accumulation and induced
PR genes expression upon mildew infection and edr2-mediated ET-induced senescence (Nie et al. 2012),
and it also displays strong SAR defects (Jing et al. 2011). Notably, this gain-of-function mutant differs
phenotypically from the camta3 null allele. It is larger than camta3 and Col-0 and do not show
spontaneous chlorotic lesions. PR genes expression and SA levels are also lower in camta3-3D than in
camta3 and Col-0. Opposite to the camta3 knock-out, camta3-3D displays enhanced susceptibility to
virulent and avirulent bacterial strains and fungal pathogen compared to camta3 and Col-0. (Nie et al.
2012). Thus, multiple lines of evidence demonstrate that CAMTAS3 is a negative regulator of plant immune

responses.

In agreement to its role as a negative regulator, virulent Pst DC3000 and avirulent Pst DC3000 (containing
avrRpt2 or avrRPS4) induce CAMTA3 degradation (Fig. 1-2 C) (Zhang et al. 2014). This removal of a defense
suppressor requires SR1IP1 (SR1 interaction protein 1; note that SR1 is the alternative name for CAMTA3).
SR1IP1 is thought to act as a substrate adaptor for CAMTA3 to cullin3 (CUL3)-based E3 ubiquitin ligase. It
triggers CAMTA3 ubiquitination, thus leading to degradation via the 26S proteasome pathway, and

thereby positively regulates plant defense.
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Fig 1-2. CAMTAS3 is a negative regulator of plant immunity and destabilized upon pathogen infection. A. camta3 mutants (3-1 and 3-2 stand for
camta3-1 and camta3-2) show enhanced resistance to bacterial pathogen (Pseudomonas syringae pv. tomato DC3000) after spray infection of
plants with a bacterial suspension of 5x107 cfu ml, and fungal pathogen (Botrytis cinerea) after inoculation with spores (Galon et al. 2008). B.
CAMTAS3 directly binds to the promoter fragment of NDR1 by in vitro EMSA (Nie et al. 2012). C. CAMTAS3 is degraded specifically induced by
pathogen challenge (SR1 stands for CAMTA3) (Zhang et al. 2014).

1.6.3.2 CAMTAS3 is a transcriptional activator in cold stress and early general stress
responses

In contrast to CAMTA3's negative role in defense gene expression described above, CAMTA3 was initially
reported to act as transcriptional activator in cold stress response. The Arabidopsis CBF cold response
pathway is the central regulatory pathway in cold acclimation, and three Arabidopsis transcription factor
encoding CBF genes are rapidly induced by low temperature (Gilmour et al. 1998). ZAT12 is also a cold-
responsive-gene (Vogel et al. 2005). Notably, CGCG cis-elements are present in the promoters of CBF1,

CBF2, and ZAT12, but not CBF3. Cold-induced transcripts accumulation of CBF1, CBF2 and ZAT12 are
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dramatically decreased in a camta3 mutant compared to Col-0. A GUS-reporter driven by the promoter
fragment from CBF2 (that includes the CGCG box) showed reduced levels of GUS transcripts and GUS
activity in a camta3 background. The direct interaction between CAMTA3 and CBF2 promoter (tested
using in vitro EMSA) supports the interpretation that CAMTA3 acts as a transcriptional activator to

positively induce CBF2 expression (Doherty et al. 2009).

CAMTA3 was also reported as a transcriptional activator in the RSRE (rapid stress response element)-
driven general stress response (GSR) (Bjornson et al. 2014; Benn et al. 2014), which is rapid and transient
response to various abiotic and biotic stresses. The RSRE cis-element deduced from the GSR gene
promoters in Arabidopsis is vCGCGb (Walley et al. 2007) and thus identical to the element recognized by
CAMTAs (Yang and Poovaiah 2002). Transgenic Arabidopsis plants with a luciferase reporter driven by a
synthetic promoter containing four copies of RSRE respond to various abiotic stresses (e.g. mechanical
wounding and cold treatment) and biotic stresses including biological elicitors (e.g. oligogalacturonic acid
(OGA), insect regurgitant (IR) and flg22) or cabbage looper feeding or Botrytis cinerea infection (Benn et
al. 2014; Walley et al. 2007). Furthermore, CAMTAS3 induces reporter activity driven by RSRE, and a
camta3-4 mutant (containing a premature stop codon) displays reduced RSRE-controlled reporter activity
(Benn et al. 2014; Bjornson et al. 2014). All these results indicate that CAMTA3 positively regulates early

stress responses

1.6.3.3 CAMTAS3 regulates other response pathways

Besides functions described before, CAMTA3 also functions in many other signaling pathways. A recent
RNA-seq-based gene expression study identified about 3000 CAMTA3-regulated genes (Prasad et al. 2016),
much more than previous microarray study (Galon et al. 2008). Gene ontology (GO) enrichment of up-
regulated genes in the camta3 mutant are mostly associated with plant defense response to biotic factors,
but additionally also salt stress-responsive genes. It was also shown that camta3 mutant are more tolerant
to salt stress and in vivo ChIP assay suggests that CAMTA3 binds to promoters of the salt-responsive genes
that are upregulated in the camta3 background. Thus, CAMTAS3 is a negative regulator in response to salt
(Prasad et al. 2016). CAMTAS3 also positively regulate herbivore-induced plant response by controlling
wound-induced JA biosynthesis, which is modulated by endogenous SA levels (Laluk et al. 2012; Qiu et al.

2012).
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1.6.3.4 CAMTAS3 is guarded by two NLRs

Recently, the temperature-dependent autoimmune phenotypes of camta3 was found to be triggered by
the activation of two TIR-type NLR proteins, DSC1 (dominant suppressor of CAMTA3 1) and DSC2. This
contests the above interpretation that CAMTAS3 negatively regulates immune response by directly binding
of the gene promoter and suppressing of the downstream target genes (EDS1, NDR1 and EIN3).
Autoimmunity in camta3 is suppressed when DSC1 and DSC2 are missing, while overexpressing DSC1/2
triggers strong and rapid HR, which is reduced by co-expression of CAMTA3. DSC1/2 and CAMTA3
associate to form a complex, where DSC1/2 are inactive when CAMTAS3 is present and are activated in the
absence of CAMTA3. Thus, CAMTA3 is a plant guardee, with DSC1/2 monitoring for malfunction in
CAMTA3 caused either by mutations or through yet-to-be discovered modification by pathogen effectors
(Lolle et al. 2017; Yuan et al. 2018)

1.6.4 CAMTAS3 is a potential pathogen-responsive MAPK substrate

To identify putative MAPK substrates, plants expressing dexamethasone (DEX)-inducible constitutively-
active form of the tobacco MEK2 (NtMEK2PP) was used to synthetically activate MPK3/6 and collected for
analysis of in vivo MAPK substrates. With a combination of phosphopeptide enrichment and MS (mass
spectrometry), hundreds of putative MAPK substrates were identified and interestingly, CAMTA3 was
detected to be phosphorylated at serine 8 (Hoehenwarter et al. 2013). In addition, five phosphopeptides
with motifs typical for MAPK phosphorylation sites (so-called (S/T)P motif) are annotated in the PhosPhAt
database for CAMTA3. PhosPhAt is an Arabidopsis database for phosphorylation sites identified in
published large- and medium-scale phosphoproteomics experimental dataset (Heazlewood et al. 2008).
In particular, the CAMTA3 phosphorylation data were taken from a variety of experiments including
treatment with flg22 (Benschop et al. 2007), abscisic acid (ABA) (Umezawa et al. 2013) or auxin (Zhang et
al. 2013) and DNA damage response through irradiation (Roitinger et al. 2015). Thus, CAMTA3 is

potentially phosphorylated by MAPKs after PAMP treatment.
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1.7 Aim of the present work

From the studies introduced above, the Arabidopsis CAMTA3 appears to function as a transcriptional
repressor for genes involved in plant immunity and salt tolerance but acts as a transcriptional activator
when bound to promoters of genes involved in cold acclimation or general stress response. How CAMTA3
differentially regulates these signaling response pathways remains unclear. In this work, | will focus on
how CAMTAS3 negatively regulates plant defense pathways, especially during PTI. Since post-translational
modifications may potentially modulate CAMTA3 function(s), the working hypothesis is to investigate if
protein phosphorylation plays a role in its regulation. In this study, the major objectives of the current

study are:

e To validate phosphorylation of CAMTA3 by MAPKs and other kinases (e.g. CPK5)
e To identify the phosphorylation sites of CAMTAS3 by indicated kinases.
e To study the effects of phosphorylation by indicated kinases on CAMTAS3.
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2 Materials and Methods

2.1 Materials

2.1.1 Chemicals

All chemicals were used in analytical quality, if not specified differently. Chemicals and antibiotics used in
this study were ordered from Carl Roth (Karlsruhe, Germany), SIGMA Aldrich (St. Louis, USA), Merck KGaA
(Darmstadt, Germany), Serva (Heidelberg, Germany), BioRad (Hercules, USA) and Applichem GmbH
(Darmstadt, Germany). Plant, yeast and bacterial media ingredients were ordered from BD (Franklin Lakes,
USA), Duchefa (Haarlem, Netherland) and MP Biomedicals (Solon, USA). Enzymes were ordered by
Thermo Fisher Scientific (Waltham, USA), New England Biolabs (Ipswich, USA) and Yakult Phamaceuticals
(Tokyo, Japan). Antibodies were ordered from Biolegend (San Diego, USA), SIGMA Aldrich (St. Louis, USA),
Cell Signaling technology (Danvers, USA), Takara (Kusatsu, Japan) and IBA Lifesciences (Goettingen,
Germany). Primers were ordered from Eurofins Genomics (Ebersberg, Germany). FIg22 was synthesized
in house by Petra Majovsky (Hoehenwarter group, IPB Halle) using an EPS221 peptide synthesizer
(Abimed).

2.1.2 Maedia

Luria-Bertani Medium (LB Medium):
e Yeast extract (5 g/l), Tryptone (10 g/1), NaCl (5 g/)

e For solid medium 15 g/l agar was added

Half strength Murashige-Skoog Medium (% MS Medium)

e MS medium including B5 vitamins (Duchefa Biochemie) (2.2 g/l), sucrose (2.5 g/l), MES (0.2 g/l);
pH 5.7 (adjusted with KOH)

YPAD Medium
e Yeast extract (10 g/l), Difco Peptone (20 g/l), Adenine hemisulphate (100 mg/l)
e After autoclaving, filtered sterilized glucose solution was added to the final concentration of 2%

e Forsolid medium 20 g/l agar was added
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Synthetic Defined Dropout Medium (SD-Medium)

e SD Medium-Leu-Trp (SD-LW) (MP Biomedicals) (27.4 g/I)
e SD-Medium-Ade-His-Leu-Trp (SD-LWAH) (MP Biomedicals) (27.4 g/l), for higher stringency. 20-
100 mM of 3-Amino-1,2,4-triazole was added

e For solid medium 20 g/l agar was added

2.1.3 Bacteria

The Escherichia coli strain DH5a (Thermo) was used for molecular cloning, and the strain KRX (Promega)
were used for expression of recombinant fusion proteins. Strain DB3.1 was used for propagation of
plasmids containing the ccdB gene such as the destination vectors for the Gateway system (Invitrogen).
All strains were grown in LB-medium supplemented with the appropriate antibiotics at 37°C if not
specified differently. Agrobacterium tumefaciens strain GV3101 was used for Agrobacterium-mediated
stable transformation of Arabidopsis thaliana and grown in LB-medium at 28°C supplemented with the

appropriate antibiotics.

Antibiotics were used in the following concentrations: Ampicillin (100 pg/ml), Carbenicillin (50 pg/ml)

Gentamycin (15 pg/ml), Kanamycin (50 pg/ml), Rifampicin (75 pg/ml) and Spectinomycin (50 pg/ml).

2.1.4 Plant materials and growth conditions

Arabidopsis thaliana ecotype Columbia (Col-0), mutants and overexpression lines for experiments were
grown on soil or in phytocabinets and phytochambers under short-day condition (8-hour-light/16-hour-
dark photoperiod, at 20-22°C and 60% humidity). Plants for screening or setting seeds were grown in
phytocabinets or greenhouse under long day conditions (16-hour-light/8-hour-dark at 20-22°C). The seeds
of T-DNA insertion mutants of CAMTA3, camta3-1 (SALK_001152) and camta3-2 (SALK_064889) were
ordered from NASC, and CAMTA3 overexpression lines were generated by Agrobacterium-mediated
transformation, see chapter 2.2.3.3. CAMTA3 complementation line C4.6 (in camta3-2 background) was
provided by Prof. Hillel Fromm (Tel Aviv University, Israel). Transgenic plant expressing MKK5P® driven by
a dexamethasone (DEX)-inducible promoter was produced by Dr. Ines Lassowskat (Lee lab, IPB Halle)

(Lassowskat et al. 2014).
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Plants grown in sterile condition were germinated in liquid % MS medium. Seeds were vapor-phase
sterilized in an exsiccator with a beaker at the bottom with NaOCI solution (12% Cl) and Hydrochlorid acid
(3:1, v/v). The seeds were sterilized by chlorine gas for 3 hours, and gas was allowed to completely
evaporate. Subsequently, seeds were sowed in liquid %2 MS medium, and first stratified for two days at

4°Cin the dark before putting into light room.

2.1.5 Plasmids

For BiFC assay, pE-SPYNE-MPK3, MPK4, MPK8, pUC-SPYNE-MPKG6 plasmids for expression N- or C-terminal
cMyc-nYFP fusions were provided by the host laboratory. For expressing GST-MPK3, MPK4, MPK6 using
in the in vitro kinase assay, pGEX4T-1-MPK3, MPK4 and MPK6 plasmids (Feilner et al. 2005) were also
provided by host laboratory. Plasmids p2HAGW?7-MPK3-WT, MPK4-WT and MPK6-WT, and p2HAGW?7-
MPK3-CA, MPK4-CA and MPK6-CA (Genot et al. 2017; Berriri et al. 2012) for expression of N-terminal
hemagglutinin-tag MPK3-WT/CA (constitutively active), MPK4-WT/CA and MPK6-WT/CA were used in the
in vivo phosphorylation mobility shift assay, and provided by Dr. Jean Colcombet (INRA, France). Plasmids
PRT100myc-MKK5® and MKK5PP for expression of N-terminally cMyc-tagged Petroselinum crispum (Pc)
MKK5*® and MKK5PP (Lee et al. 2004) were generated by Dr. Justin Lee and provided by the host laboratory.
Plasmids pCambia1300-cLUC-WRKY34 and pCambial300-MVQ1-nLUC for expression of N-terminal cLUC
and C-terminal nLUC fusions were generated by Samuel Grimm (master student, Lee lab, IPB Halle) and
used as a positive control in slit-luciferase assay. Plasmid pEXSG-ERF104-CFP was expressed in protoplast
as a nuclear marker protein for co-localization experiment, and provided by host laboratory. Plasmids
expressing CPK5-FL, CPK5m-FL, CPK5-VK or CPK5m-VK fused with C-terminal strepll tag were provided by
Prof. Tina Romeis (DCPS, Berlin). Plasmids expressing CPKlac (constitutively active), CPK2ac, CPK3ac,
CPK4ac, CPK5ac, CPK6ac, CPK10ac, CPK1lac, CPK28ac, CPK30ac or CPK32ac fused with Flag-tag were
provided by Dr. Marie Boudsocq (CNRS-INRA, France). For reporter activity assays, pUBQ10-GUS was used
as normalization construct, and p35s-LUC was used as a control. Both of them were provided by the host

laboratory.
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2.2 Methods
2.2.1 Molecular cloning

2.2.1.1 Gateway cloning

CAMTA3 and SR1/P1 coding sequences were PCR amplified from Arabidopsis thaliana Col-0 cDNA. CPK5
and CPK5-VK and their kinase-deficient versions were amplified from in constructs pXCSG-strepll provided
by Prof. Tina Romeis (DCPS, Berlin) (Dubiella et al. 2013) (appendix Table I). Indicated PCR products were
cloned into pENTR/D-TOPO and pDONR221 entry clones using the pENTR™/D-TOPO®-Cloning Kit
(Invitrogen) and BP Clonase™ Il Enzyme mix (Invitrogen). All entry clones were cloned into respective
destination vectors (Table 2-1) using LR Clonase™ Il enzyme mix (Invitrogen). Reactions were performed

according to the manufacturer’s protocol.

Table 2-1 Gateway destination vectors used in this study

Name Selection marker Structure Source

pUGW14 AmpR p35S-GW-3xHA (Nakagawa et al. 2007)
pUGW18 AmpR p35S-4xcMyc-GW (Nakagawa et al. 2007)
pEarleyGate101 Kan®, Bar® p35S-GW-YFP-HA-OCS (Earley et al. 2006)
pUC-SPYCE-GW AmpR p35S-GW-HA-cYFP-nosT (Walter et al. 2004)
pUC-SPYNE-GW AmpR p35S-GW-cMyc-nYFP-nosT (Walter et al. 2004)
pE-SPYCE-GW AmpR p35S-HA-CYFP-GW-pA35S (Walter et al. 2004)
PE-SPYNE-GW AmpR p35S-cMyc-nYFP-GW-pA35S (Walter et al. 2004)
pUBC-YFP Spec®, Bar® pUBQ10-GW-YFP-T35 (Grefen et al. 2010)
pUBC-CFP Spec®, Bar® pUBQ10-GW-CFP-T35 (Grefen et al. 2010)
pCambial300-cLUC-CT  KanF, HygR? p35S-GW-cLUC-Term.RBS (Chen et al. 2008)
pCambial300-nLUC-CT  KanR, Hygk p35S-GW-nLUC-Term.RBS (Chen et al. 2008)
pCambial300-cLUC-NT  KanR, Hyg® p35S-cLUC-GW-Term.RBS (Chen et al. 2008)
pDEST-N110 AmpR pT7-lacO-SD-His10-GW (Dyson et al. 2004)
pDEST™22 AmpR pADH1-Gal4 AD-GW Invitrogen

pDEST™32 Gent®? pADH1-Gal4 DBD-GW Invitrogen
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2.2.1.2 Classical cloning for promoter activity assay

Promoters of EDS1, EIN3, ZAT10, ZAT12, CBF2 and WRKY33 were amplified from Col-0 genomic DNA using
primers introducing a 5’-BamHlI (5’-Pstl for pZAT10) and a 3’-Ncol restriction sites. Vector pNHL10-LUC
was digested by indicated restriction enzymes (Fermentas), and pNHL10 was substituted by indicated
promoter fragments by ligation with T4 ligase (Fermentas). All the primers used for cloning are listed in

appendix Table II.

2.2.1.3  Site-directed mutagenesis (SDM)

SDM was performed on pENTR/D-CAMTA3 entry vector. CAMTA3-mutP1, mutP2, mutP2+ and mutP3
mutants were generated using the mutagenesis method based on Type lls restriction digestion and the
description in (Palm-Forster, Eschen-Lippold, and Lee 2012) (Table 2-2, 2-3), and a Kasl or a Apal restriction
sites were introduced at the site of mutagenesis. CAMTA3 phospho-mimic was synthesized by Invitrogen

(USA).

Table 2-2 SDM PCR mix Table 2-3 SDM PCR programme

Temperature [°C]  Duration Cycles
5xHF buffer 5 98 30” 1
DMSO 15 98 10” 3
dNTP (10 mM) 15 602 10” 3
Each primer (10 uM) 2.5 72 3 3
Template (100 ng/pl) 1 98 10” 20
DNA polymerase! 0.5 723 3’ 20
ddH.0 30.5 72 7’ 1

After gel electrophoresis and elution with Invisorb® Fragment Cleanup (stratec molecular), DNA was
eluted in 20.5 pul of H,0 and digested by Dpnl at 37°C overnight. Dpnl digested DNA products were digested
by Bsal and ligated by T4 DNA ligase in the same reaction as described in Table 2-4 and 2-5.

1 Use commercial high-fidelity DNA polymerase (e.g. Phusion Hot Start Il High Fidelity DNA Polymerase, Thermo
Scientific).

2 Calculate and use the annealing temperature of the complementary sequence of the primer.

3 Calculate and use the annealing temperature of the complete primer sequence (maximum 72°C).
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Table 2-4 SDM restriction and ligation reaction mix Table 2-5 SDM restriction and ligation reaction
Temperature [°C] Duration  Cycles
Dpnl digestion product 25 37 5 20
Dpnl 0.1 16 5 20
Bsal 0.4 16 (00]
10x restriction buffer 0.5
T4 DNA ligase 15
ATP (20 mM) 0.75
ddH20 1.75

5 ul of reaction mix was used for E.coli transformation. All the primers used for SDM are listed in appendix

Table IlI.

2.2.2 Plasmid preparation

Plasmids were isolated from 4 ml LB Medium cultures using Invisorb® Spin Plasmid Mini Two (stratec
molecular) or from 100 ml LB Medium cultures using NucleoBond® Xtra Midi (Macherey Nagel) or 300 ml
LB Medium cultures using NucleoBond® Xtra Maxi (Macherey Nagel). Isolation was performed according

to the manufacturer’s protocols.

2.2.3 Transformations

2.2.3.1 E.coli heat-shock transformation

E. coli strains were transformed using heat shock transformation. Competent cells (50 ul) were thawed
on ice and the appropriate plasmid (50 ng) was added. Cells with plasmids were incubated on ice for 15-
30 min, and applied for a heat shock at 42°C for 1 min. Cells were subsequently incubated for 1 min on ice
and added 500 ul of LB Medium. Cells were incubated with shaking at 37°C for at least 30 min, and plated

on LB media plates with respective antibiotics.

26



2 Materials and Methods

2.2.3.2  Agrobacterium tumefaciens cold-shock transformation

Agrobacterium strain GV3101 was transformed using cold shock transformation. Competent cells (200 pl)
were thawed on ice and added plasmids (1 pg). Cells were incubated on ice for 5-30 min before applying
a cold shock by freezing the cells in liquid nitrogen for 1 min. Subsequently, cells were thawed at 37°C for
5 min. 1 ml of LB Medium were added and cells were incubated at 28°C for 2-3 hours with shaking, and

placed on LB media plates with respective antibiotics.

2.2.3.3  Agrobacterium-mediated plant stable transformation

CAMTA3 was constructed into vector pEarleyGate101 under control of the 35S promoter and fused with
YFP tag. Transgenic A. thaliana lines were generated by Agrobacterium-mediated transformation with the

floral dip method as described in (Logemann et al. 2006; Zhang et al. 2006).

2.23.4 Isolation and transient transformation of A. thaliana mesophyll protoplasts

Protoplast isolation and transformation was performed with 8-10 fully expanded leaves from 4-6 week
old plants as described in (Yoo, Cho, and Sheen 2007) with following changes. After infiltration of leaf
strips with enzyme mix (cellulase R10 and macerzyme R10), leaf strips was digested at 18-20°C for at least
3 hours in the dark. During washing steps, protoplast solution was kept on ice, and 10 pg plasmid DNA
was transfected into every 100 ul protoplasts. After transfection, protoplasts were incubated at 18-20°C
in the dark for 14-16 hours and used in different assays. For protein expression analysis, aliquoted
protoplasts (300 ul) were treated with elicitors or certain chemicals, pelleted and frozen in liquid nitrogen
after removal of supernatant. Pellets were suspended by adding 12 ul of 2x loading buffer (125 mM Tris
pH 6.8; 4% SDS; 20% Glycerol; 2% B-mercaptoethanol; bromophenol blue), and incubated at 95°C for 10

min. Denatured samples were loaded into SDS-PAGE, and western blot was performed subsequently.

2.2.4 Identification of CAMTA3 overexpression homozygous line

2.24.1 Genomic DNA isolation and genotyping CAMTA3 overexpression line

After floral-dip transformation, T1 generation seeds were sowed on soil and selected by BASTA (1:2500)
spraying. BASTA resistant plants were collected and genomic DNA was isolated for genotyping and

southern blot.

27



2 Materials and Methods

Genomic DNA of Col-0 and T1 CAMTAS3 overexpression line were extracted by CTAB method. 50-100 mg
grinded leaf tissue was suspended into 600 pul CTAB buffer (2% CTAB; 20 mM EDTA; 100 mM Tris-HCl pH8.0;
1.4 M NaCl; 1% PVP40, filtered sterilization. 0.2% mercaptoethanol was freshly added before 65°C
preheating) and incubated at 65°C for 30 min. Lysate was centrifuged and supernatants was harshly mixed
with 600 pl chloroform twice. Clear supernatant was mixed gently with equal volume of ice-cold
isopropanol and incubated for DNA precipitation at room temperature for at least 30 min. DNA was spun

down and washed by 70% ethanol. Dry pellet was dissolved into 50 pl double-distilled H,O.

Isolated genomic DNA was used for genotyping CAMTAS3 overexpression lines. Two pairs of primers were
used in one reaction: Basta_F/R and petC_F/R. Primer sequences are listed in appendix Table IV. The lines
with stronger petC than Basta band were picked up for Western blot to check protein expression and

Southern blot to screen for lines with single or low copy insertions.

2.2.4.2 Southern blot

The positive T1 generation was selected and Southern blot was performed as described in (Southern 2006).
Basta resistance gene fragment was used as probe, and amplified with Phusion high fidelity polymerase
(Thermo Fisher Scientific) by PCR from pEarleyGate101 vector. PCR products (403 bp) were separated on
an agarose gel and purified with Invisorb® Fragment CleanUp kit (stratec molecular). 25 ng purified DNA
fragment was labelled with 32P-a-ATP using the Megaprime DNA labelling kit (GE Healthcare) according to
manufacturer’s protocol. Genomic DNA was digested with EcoRI (Thermo Fisher Scientific) overnight and
precipitated (2.5 vol 100% cold ethanol; 0.1 vol NaAc, -80°C for 30 min). DNA was subsequently separated
on a 1% agarose gel (4°C, 40 V). Gel was depurinated (0.2 M HCI), denatured (1.5 M NaCl; 0.5 M NaOH)
and neutralized (1.5 M NaCl; 0.5 M Tris-HCIl) before transferring DNA to Nylon Membrane (positively
charged) (Roche). Both prehybridization and hybridization occur at 42°C. After stringency wash steps,
membrane was exposed to phosphoimaging plate, which was read by scanning with Typhoon FLA 9500

(GE Healthcare).

2243 Segregation analysis

T2 generation was selected again by BASTA, where the surviving plants are homozygous or heterozygous
lines. After growing under long day condition, T3 generation seeds were harvested and sowed on soil. 24
seedlings from individual lines were picked for BASTA selection, and homozygous lines were selected

based on the survival rate (100%).
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2.2.5 Real-time PCR analysis

2.2.5.1 Total RNA extraction

Total RNA was extracted from plant tissues (Arabidopsis seedlings or adult leaves) using TRIzol method.
50-100 mg grinded plant tissue was suspended into 1 ml TRIzol (250 ml Phenol saturated; 45.5 g Guanidine
Thiocyanate; 15.5 g Ammonium; 17.5 ml 3 M Sodium Acetate pH 5.0; 25 ml Glycerol in 500 ml) and
incubated and vortexed at room temperature. Chloroform (200 pl) was added into lysate before vortexing.
After centrifuging, supernatant was mixed with Isopropanol (500 pl) for precipitation at room
temperature for at least 10 min. Pellet was washing by 70% ethanol and dried, and dissolved into 40 pl

RNase free H,0.

2.25.2 cDNA synthesis

2 ug of RNA (adjusted to 8 pl with H,0) was digested by 1 pl of DNase | with 1 pl of 10x buffer with MgCl,
(37°C for 30 min). 1 pl of 25 mM EDTA was added and incubated at 65°C for 10 min. The reaction of cDNA
synthesis included 1 pl of oligo(dT)is, 2 ul of 10 mM dNTPs, 1 ul of RiboLock RNase Inhibitor, 1 ul of
RevertAid Reverse Transcriptase and 4 ul of 5x reaction buffer for RT (Thermo Fisher scientific) with the

program (37°C for 5 min, 42°C for 60 min and 70°C for 10 min).

2.2.5.3 Real-time PCR

Diluted cDNA (1:10) was used for real-time PCR following manufacturer’s protocol from 5xQPCR Mix
EvaGreen® (ROX) (Bio & Sell). Primers and probes are listed in appendix Table V. The PCR was performed
in MX3005P cyclers (Agilent), and the program consisted of an initial activation step (95°C, 15 min)
followed by 40 cycles (15 s at 95°C and 60 s at 60°C).

2.2.6 Protoplast assays

2.2.6.1 Reporter activity assay

Luciferase expression was driven by promoters of EDS1, EIN3, ZAT10, ZAT12, CBF2, WRKY33 and 35S. A
pUBQ10-GUS was co-transfected for normalization. Protoplasts were also transfected with pUGW14-
CAMTA3 or pUGW15-CFP. 200 uM luciferin (Invitrogen) was added to protoplast suspension after

transfection and overnight incubation. Protoplasts were aliquoted (90 pl) for three biological replicates
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by transferring to 96-well microtiter plate (Greiner), and rested for 30-40 min in the dark at room
temperature. Subsequently, protoplasts were elicited with 100 nM flg22 or H,0, and luciferase activity

kinetics was monitored by a 96-well plate Luminoscan Ascent plate reader (Thermo) for continues 3 hours.

For normalization, GUS activity of transfected protoplasts was measured. Protoplast extracts were
prepared by adding extraction buffer (50 mM NaPO4 pH 7.0; 1 mM EDTA; 0.1% TritonX-100; 10 mM -
mercaptoethanol; proteinase inhibitor) to protoplast suspension, and vortexed. 50 pul of extracts were
taken to mix with pre-cooled 10 mM 4-Methylumbelliferyl-B-D-glucuronide (dissolved in 1x extraction
buffer), and kept at 4°C, and immediately 20 ul of the mix was transferred to 200 pl stop buffer (0.2 M
Na»CO:s) (To), while the rest of the mix was incubated at 37°C for 15 min and subsequently transferred 20
ul to stop buffer (Tis). GUS activity for both time points were measured by a Twinkle LB790 plate reader

(Berthold), and luminescence was divided by GUS-value (T1s-To) for normalization.

2.2.6.2 Protein stability assay

After overnight incubation, pUGW14-CAMTA3 transfected protoplasts (300 ul) were co-elicited by 100
nM flg22 and 1 uM Cycloheximide (CHX) for 1 and 3 hours. 50 uM of MG115 (Serva) was used to pretreat
protoplasts for 30 min before flg22 and CHX elicitation. Samples were boiled in loading buffer, and loaded

in SDS-PAGE for western blot.

Without any elicitation, pUGW14-CAMTA3 were also co-transfected with MKK5”°, CPK5-VK or indicated

CDPKac, and western blot was performed to analyze protein stability.

2.2.6.3 Protein phosphorylation-mediated mobility shift assay

After overnight incubation, pUGW14-CAMTA3 transfected protoplasts (300 ul) were elicited by 100 nM
flg22 and harvested at different time points. If necessary, A-phosphatase was used to treat protoplast

extracts according to the manufacturer’s protocol of Lambda Protein Phosphatase (NEB).

Without any elicitation, pUGW14-CAMTA3 were also co-transfected with MKK5PP, CPK5-VK or indicated
CDPKac. Samples were boiled in loading buffer and a Phos-Tag™-based western blot was performed to

analyze protein mobility shift as described in the chapter 2.2.8.1.
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2.2.6.4 Microscopy

For localization studies, pUBC plasmids coding CAMTA3-YFP or SR1IP1-CFP were transfected into
protoplasts. For co-localization studies, pUBC plasmid coding CAMTA3-YFP was co-transfected with the
one coding SR1IP1-CFP or pEXSG-ERF104-CFP that served as a nuclear marker. For the experiment in which
MPK3 and MPK6 were needed to be activated, plasmid of pRT100myc-MKK5°® or MKK5® were co-
transfected. After transfection and overnight incubation, protoplasts were either directly analyzed by
confocal laser scanning microscopy with an LSM780 (Zeiss) or treated with 100 nM flg22 before analyzing.
YFP was excited with a 514 nm laser and emission detected between 500 and 570 nm. CFP was excited

with a 458 nm laser and emission recorded from 480 to 520 nm.

2.2.7 Protein immunoprecipitation from plant materials

2.2.7.1 From protoplasts

Plasmids of pEXSG coding CPK5-FL-strepll and CPK5m-FL-strepll was used as kinases for in vitro
phosphorylation assay. Both plasmids were expressed in and proteins were immunoprecipitated from
protoplasts. Indicated proteins were extracted with protein extraction buffer modified from (Dubiella et
al. 2013) (100 mM Tris pH 8.0; 5 mM EGTA; 5 mM EDTA; 100 mM NaCl; 20 mM DTT; 0.5 mM AEBSF; 2
pg/ml Aprotinin; 2 pg/ml Leupeptin; Protease-Inhibitor Mix P (Serva); 0.5% TritonX-100), and
immunoprecipitated based on the manufacturer’s protocol of MagStrep “type3” XT beads 5% suspension

(IBA Lifesciences).

Plasmids of p2HAGW?7 coding HA-tagged MPK3-WT/CA, MPK4-WT/CA and MPK6-WT/CA were used for in
vivo phosphorylation experiment, and the indicated protein kinase activities were determined by
autoradiography. Indicated proteins were extracted from transfected protoplasts with MAPK extraction
buffer (25 mM Tris pH 7.8; 75 mM NaCl; 15 mM EGTA; 15 mM B-Glycerophosphate; 15 mM 4-
Nitrophenylphosphate; 10 mM MgCl;; 1 mM NaF; 0.5 mM Na3VOs; 1 mM DTT; 0.1% Tween20; 1 mM PMSF;
10 pg/ml Leupeptin; 10 pg/ml Aprotinin) provided by the host laboratory. HA antibody was bonded to the
beads of Protein G Sepharose® 4 Fast Flow (GE Healthcare) and immunoprecipitation was based on the

manufacturer’s protocol.
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2.2.7.2 Protein extraction from seedlings and adult plants

YFP-tagged CAMTA3 was extracted from transgenic lines. Grinded plant materials were suspended and
proteins were extracted by modified RIPA buffer (10 mM Tris pH 7.5; 150 mM NaCl; 0.5 mM EDTA; 0.1%
SDS; 1% TritonX-100; 1% Deoxycholate; 1 mg/ml DNase; 2.5 mM MgCly; 1 mM NaF; 0.5 mM NasVOg; 1
mM PMSF; Protease-Inhibitor Mix P). Proteins were immunoprecipitated using GFP-Trap®_A (Chromotek)

based on the manufacturer’s protocol.

2.2.8 Western Blot

2.2.8.1  Phos-Tag™-based Western blot

Phos-Tag™-based Western blot was used for distinguishing phosphorylated proteins from non-
phosphorylated proteins. According to the large size of CAMTA3, 6% Phos-Tag™ gel was prepared by
polymerized additional 100 uM MnCl; and 50 uM Phos-Tag™ AAL-107 (NARD). Gel electrophoresis and
Western blot were performed based on the manufacturer’s protocol. After separating protein samples on
Phos-Tag™ SDS-PAGE, elimination of the Mn?* from the gel using chelating agent EDTA is necessary to
increase the following transfer efficiency. The gel was washed 3 times 30 min with a transfer buffer
containing 10 mM EDTA and one time with 1 mM EDTA. Subsequently, proteins were transferred in wet
conditions onto Nitrocellulose member (Macherey Nagel) for 135 min at 100 V, and standard Western

blot procedures were performed after that.

2.2.8.2 Quantitative Western blot

Odyssey® CLx multiplex imaging system (Li-COR) was used for Western blot quantification. After blotting,
nitrocellulose membrane was stained with REVERT™ Total Protein Stain (Li-COR) according to the
manufacturer’s protocol. Total proteins for every samples were imaged in the 700 nm channel with
Odyssey® imaging system and quantified with Image Studio™ Software (Li-COR) as described in the

manufacturer’s instruction.

Membrane was blocked with Odyssey® Blocking Buffer (Li-COR) for 1 hour after total protein stain and
subsequently incubated with primary antibody diluted in Odyssey™ Blocking Buffer (0.2% Tween 20) for
1 hour. After wash steps, membrane was incubated with secondary antibody IRDye® 800CW Goat anti-

Mouse or anti-Rabbit 1gG (H+L) (Li-COR) diluted in Odyssey™ Blocking Buffer (0.2% Tween 20) for 1 hour.
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After wash steps, target proteins were imaged in the 800 nm channel with Odyssey® imaging system and

quantified with Image Studio™ Software.

The target protein signals (800 nm) were normalized by total protein quantification (700 nm), and the
calculation was followed REVERT™ Total Protein Stain Normalization Protocol from Odyssey® CLx
Application Protocols Manual (Li-COR). Three biological replicate experiments were performed, and the
normalized values from individual experiment were normalized by the median of each dataset following

by a statistical analysis. All the antibodies used for western blot are listed in Table 2-6 and 2-7.

Table 2-6 List of primary antibodies used in the thesis

Antibody Producer Dilution Secondary antibody
anti-HA Eurogentec 1:1000 anti-mouse
anti-cMyc Sigma-Aldrich 1:1000 anti-mouse
anti-luciferase Sigma-Aldrich 1:5000 anti-rabbit
anti-phospho-p44/43 MAPK Cell Signaling Technology 1:1000 anti-rabbit
anti-Flag Stratagene 1:1000 anti-mouse
anti-GFP Clontech 1:2000 anti-mouse
anti-His Sigma-Aldrich 1:3000 anti-mouse

Strep-Tactin HRP IBA lifesciences 1:4000

Table 2-7 List of secondary antibodies coupled to HRP used in the thesis

Antibody Producer Dilution
anti-mouse Sigma-Aldrich 1:10 000
anti-rabbit Bio-Rad 1:5000
IRDye® 800CW Goat anti-Mouse IgG Li-COR 1:10 000
IRDye® 800CW Goat anti-Rabbit IgG Li-COR 1:10 000
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2.2.9 Protein-protein interaction assays

2.29.1 Bimolecular fluorescence complementation

Arabidopsis Col-0 protoplasts were co-transfected with constructs of pE-SPYNE/pUC-SPYNE or pE-
SPYCE/pUC-SPYCE (Walter et al. 2004) coding nYFP-MPK3, MPK4, MPKS8, CPK5, CPK5m and SR1IP1, cYFP-
CAMTA3, MPK6-nYFP, SR1IP1-nYFP and CAMTA3-cYFP, respectively. Transfected protoplasts were
analyzed by confocal laser scanning microscopy with an LSM780 (Zeiss) after overnight incubation with or
without elicitation (H,O or 100 nM flg22). Reconstituted YFP was excited with a 514 nm laser and

emissions detected between 500 and 570 nm.

2.2.9.2  Split luciferase assay

Split luciferase assay was performed as described in (Furlan et al. 2017) and in Arabidopsis protoplasts
derived from transgenic plants expressing MKK5PP driven by a dexamethasone (DEX)-inducible promoter.
Protoplasts were co-transfected with constructs of pCambia1300-cLUC-CT, pCambial300-cLUC-NT and
pCambial1300-nLUC-CT (Chen et al. 2008) coding CAMTA3-WT/mutP3-cLUC, cLUC-CFP and SR1IP1-nLUC,
respectively. Besides, cLUC-WRKY34 and MVQ1-nLUC were constructed and described in the master
thesis (Grimm 2017), and co-expressed as a positive control. Construct of pUBQ10::GUS was co-
transfected for normalization (Sun and Callis 1997). Ethanol or 2 UM of DEX was added directly after
transfection as mock treatment or to induce MKK5®® expression. After overnight expression and
treatment, three biological replicates were transferred to 96-well microtiter plates (Greiner) and calmed
down in room temperature for half-hour. 1 mM of luciferin (Invitrogen) was added and luminescence was
monitored in the Luminoscan Ascent plate reader (Thermo Fisher Scientific) for continuous 1 hour. Values
are the total luminescence in 1 hour normalized against the GUS assay readings as described in the chapter

2.2.6.1.

2.2.9.3  Yeast two-hybrid

Yeast two-hybrid assay employed the ProQuest™ Two-Hybrid System (Invitrogen) and performed
according to the manufacturer’s protocol. CAMTA3-WT and phospho-mutant variants were fused with
activation domain (AD) cloning into pDEST22, and SR1IP1 was fused with DNA binding domain (DBD)
cloning into pDEST32 (Invitrogen). Empty vector (EV) harboring the AD or DBD served as negative control.
Yeast strain PJ67-4a (James, Halladay, and Craig 1996) was prepared for competent cells. Yeast cells were

grown in YPAD Medium at 28°C till an ODgoo of 1-1.5. After washing steps, competent cells were
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resuspended in TE/LiIOAc for transformation. For every plasmid pair, 0.4 pg of plasmid DNA expressing the
indicated proteins and 20 ug herring sperm DNA (SIGMA Aldrich) were transformed into 20 pl competent
cells by PEG4000 method, which were incubated with shaking at 30°C for 1 hour. Subsequently, a heat
shock was applied at 42°C for 1 hour. Transformants were resuspended in 50 pl SD-LW liquid media, and
10 ul placed onto SD-LW, SD-LWAH and SD-LWAH (50 mM 3-AT) selective plates. Yeasts were allowed to
grow 2-3 days at 28°C.

2.2.10 In vitro kinase assay with recombinant proteins

2.2.10.1 Expression of recombinant proteins in E. coli

CAMTA3-WT and phospho-mutant variants, and CPK5-VK and its kinase-deficient version CPK5m-VK were
expressed as His-tagged fusion proteins via pDEST-N110 in KRX cells according to Promega guideline. After
bacterial cultures grown in selective LB Medium at 37°C till an ODego of 0.4-0.6, indicated proteins were
induced with 0.1% Rhamnose and 1 mM IPTG. CPK5-VK and CPK5m-VK were subsequently grown at 37°C
for 4 hours, and CAMTA3-WT and phospho-mutant variants were grown at 20°C for 10 hours. MPK3, MPK4
and MPK6 (provided by the host laboratory) were expressed as GST-tagged fusion proteins via pGEX4T-1
in BL21 DE3 cells. Indicated proteins were induced with 1 mM IPTG after ODegoo reached 0.5-0.8, and cells

were grown at 16°C for overnight.

2.2.10.2 Protein purification

After induction, bacteria were harvested at 6000 g, 4°C for 20 min, and the pellet was frozen in liquid
nitrogen. For CAMTA3-WT and phospho-mutant variants, pellet was dissolved in lysis buffer (50 mM
NaH,PO4; 0.3 M NaCl; 10 mM Imidazole; Protease-Inhibitor Mix HP (Serva); pH 8.0). Cells were lysed with
Lysozyme (Applichem) to the final concentration of 1 mg/ml for 30 min on ice and subsequently sonicated
using a SONOPULS homogenizer (Bandelin) with a VS70T probe until the lysate was clear (10 s pulse and
15 s pause each at 60% output). TritonX-100 (1%) (Serva) and DNase | (20 pg/ml) (Thermo Fisher Scientific)
were added to the lysate, which incubated for 30 min on ice. After centrifugation at 16000g, 4°C for 40
min, the supernatant was incubated with equilibrated nickel affinity agarose beads Ni-NTA (Qiagen)
according to the manufacturer’s instruction by rotating at 4°C for at least 1 hour. Beads were spun down
at 200 g for 2 min and washed twice with wash buffer (50 mM NaH,PO,4; 0.3 M NaCl; 20 mM Imidazole;
Protease-Inhibitor Mix HP; pH 8.0), once with high salt wash buffer (= wash buffer with 0.5 M NaCl) and

another once with wash buffer. Proteins were finally washed with 50 mM Tris-HCI, pH8.0 buffer and
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stayed on the beads. Purification of GST-tagged MPK3, MPK4 and MPK6 was based on the manufacturer’s
protocol of Glutathione Sepharose™ 4B (GE Healthcare). Pellet was dissolved in lysis buffer (1xPBS,
Protease-Inhibitor Mix HP). After binding to GSH-Sepharose, beads were washed by wash buffer (1xPBS,
0.1% Tween) and high salt wash buffer (= wash buffer with 0.5 M NaCl), and proteins were eluted three
times by elution buffer (20 mM L-Glutathione reduced in 50 mM Tris-HCI pH 8.0).

CPK5-VK and CPK5m-VK were purified by denaturing purification method. Pellet was dissolved in lysis
buffer (0.1 M NaH,PO4; 10 mM Tris; 6 M Guanidinium chloride; pH 8.0) and left in room temperature for
1 hour. After centrifugation, supernatant was incubated with Ni-NTA at room temperature for 1 hour.
Beads was washing three times with wash buffer (0.1 M NaH,PO,; 10 mM Tris; 8 M Urea; pH 6.3). After
taking away all the wash buffer, protein on the beads was refolded on ice overnight by adding 1 M Tris-
HCI, pH 7.5 and 1 mM PMSF, and gradually adding 10 mM Tris, pH 7.5 and 1 mM PMSF. Protein was eluted
by elution buffer (50 mM NaH,PO,; 0.3 M NaCl; 0.25 M Imidazole; Protease-Inhibitor Mix HP; pH 8.0).

Eluted proteins were dialyzed at 4°C overnight using SnakeSkin dialysis tubing (Thermo Fisher Scientific)

in 50 mM Tris-HCl, pH 8.0 buffer.

2.2.10.3 Invitro phosphorylation assay

In vitro phosphorylation assay between MPKs and CAMTA3 variants was performed in kinase substrate
buffer 1 (20 mM HEPES pH 7.5; 15 mM MgCl,; 5 mM EGTA; 1 mM DTT; Protease-Inhibitor Mix HP; 2 uCi
[gamma-32P]ATP) using recombinant His-CAMTA3 variants and GST-MPK3, 4 and 6. Samples were
incubated for 30 min at 37°C, and the reactions were stopped by adding 5x loading buffer with 5 min
boiling. Samples were subsequently separated on SDS-PAGE, which was stained with CBB and analyzed by

autoradiography.

In vitro phosphorylation assay between CAMTA3 and CPK5-FL was performed in kinase substrate buffer 2
(20 mM HEPES pH 7.5; 15 mM MgCl,; 1 mM DTT; 0.1 mM CaCly; Protease-Inhibitor Mix HP; 2 uCi [gamma-
32p]ATP) using recombinant His-CAMTA3 and strepll-CPK5-FL immunoprecipitated from protoplasts, and
2.4 mM EGTA was used instead of CaCl, for negative control. 0.5 pug Calmodulin was also used in one of
the result. While the experiment between CAMTA3 and CPK5-VK was performed in kinase substrate buffer

1. Reactions were performed at 30°C for 30 min.
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2.2.11 Phosphorylation site mapping

Mass spectrometry analysis were performed by Petra Majovsky and Domenika Thieme in the laboratory
of Dr. Wolfgang Hoehenwarter (IPB, Halle). Residue-specific phosphorylation of CAMTA3 by MPK3 and
MPK6 was studied by an in vitro phosphorylation assay and an in vivo approach of infiltration of 1 uM
flg22 into leaves of CAMTAS3 overexpression line. Amino acid residue-specific phosphorylation of CAMTA3
was mapped by liquid chromatography on-line with high resolution accurate mass MS (HR/AM LC-MS).
Proteins separated by SDS-PAGE were subjected to in-gel tryptic digestion or with a combination of Glu-
C. The resulting peptides were separated using C18 reverse phase chemistry employing a pre-column
(EASY column SC001, length 2 cm, ID 100 um, particle size 5 um) in line with an EASY column SC200 with
a length of 10 cm, an inner diameter (ID) of 75 um and a particle size of 3 um on an EASY-nLC Il (all from
Thermo Fisher Scientific). Peptides were eluted into a Nanospray Flex ion source (Thermo Fisher Scientific)
with a 60 or 120 min gradient increasing from 5% to 40% acetonitrile in ddH,0 with a flow rate of 300
nl/min and electrosprayed into an Orbitrap Velos Pro mass spectrometer (Thermo Fisher Scientific). The
source voltage was set to 1.9 kV, the S Lens RF level to 50%. The delta multipole offset was -7.00. The AGC
target value was set to 1e06 and the maximum injection time (max IT) to 500 ms in the Orbitrap. The
parameters were set to 1e04 and 100 ms in the LTQ with an isolation width of 2 Da for precursor isolation
and MS/MS scanning. Peptides were analyzed by a targeted data acquisition (TDA) scan strategy with
inclusion list to specifically select and isolate CAMTA3 phosphorylated peptides for MS/MS peptide
sequencing. Multi stage activation (MSA) was applied to further fragment ion peaks resulting from neutral
loss of the phosphate moiety by dissociation of the high energy phosphate bond to generate b- and y-

fragment ion series rich in peptide sequence information.

MS/MS spectra were used to search the TAIR10 database (ftp://ftp.arabidopsis.org, 35394 sequences,
14486974 residues) with the Mascot software v.2.5 linked to Proteome Discoverer v.1.4. The enzyme
specificity was set to trypsin and two missed cleavages were tolerated. Carbamidomethylation of cysteine
was set as a fixed modification and oxidation of methionine and phosphorylation of serine and threonine
as variable modifications. The precursor tolerance was set to 7 ppm and the product ion mass tolerance
was set to 0.8 Da. A decoy database search was performed to determine the peptide spectral match (PSM)
and peptide identification false discovery rates (FDR). Phosphorylated peptides with a score surpassing
the false discovery rate threshold of 0.01 (g-value<0.01) were considered positive identifications. The
phosphoRS module was used to specifically map phosphorylation to amino acid residues within the

primary structure of phosphopeptides.
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3 Results

3.1 CAMTAS3 negatively regulates defense-related gene expression

3.1.1 Growth phenotypic comparison of Col-0, camta3 mutants, and CAMTA3
overexpression lines

CAMTA3 was reported as a negative regulator of plant immunity, and camta3 mutants displayed
autoimmunity growth phenotype such as dwarfism, chlorotic lesions, and other enhanced disease
resistance-related phenotype such as elevated accumulation of ROS, constitutively activated expression
of PR genes, and increased SA level (Galon et al. 2008; Du et al. 2009; Nie et al. 2012). Here, we grew Col-
0, two camta3 mutant alleles, and four independent CAMTAS3 overexpression lines in short day condition
(8h photoperiod) at 20-22°C. As shown in Fig 3-1, both camta3 mutants displayed reduced growth and
spontaneous chlorotic lesions compared with Col-0 as described in the literature. CAMTA3 expression
construct driven by the native promoter and fused to EYFP (enhanced yellow fluorescent protein) tag
(PCAMTA3::CAMTA3-EYFP) was transformed into camta3-2 mutant, and there is no noticeable growth
phenotypic difference between this complementation line (C4.6) and Col-0, which indicates that the
camta3 phenotype is due to loss of CAMTA3. Meanwhile independent CAMTA3 overexpression lines

(p35S::CAMTA3-YFP) also grows normally like Col-0, and are, in fact, even slightly larger than Col-0.

Col-0 camta3-1 camtad-2 C4.6

OE12 OE19 OE32 OE35

Fig 3-1. Phenotypic comparison of Col-0, camta3 mutants and CAMTA3 overexpression lines. Col-0, two mutants (camta3-1 and camta3-2), four
independent CAMTA3 overexpression lines (OE12, 19, 32, and 35) grown in short day condition (8h photoperiod) at the temperature in the range
of 20-22°C for 4 weeks.
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3.1.2 CAMTAS3 expression is PAMP inducible

Global transcriptome profiling based on Genevestigator showed that besides salicylic acid, treatment with
PAMPs (e.g. flg22, elf26 or chitin) induces the accumulation of CAMTAS3 transcripts. By RT-gPCR, we
confirmed the increase in CAMTA3 expression in Arabidopsis thaliana Col-0 seedlings stimulated with
flg22 (Fig. 3-2). CAMTA3 mRNA levels increased rapidly within 30 min of flg22 treatment, peaks around
60 min and subsided to near basal levels after about 4 h. This increased expression suggests a possible

role of CAMTAS3 in the control of flg22-induced transcriptional reprogramming.

CAMTA3

Relative expression
(norm. to PP2A)

& & & & o b:o
Q& ,\Q& ,EQ@ Q,Qé\ -
1uM flg22

Fig 3-2. CAMTA3 expression is induced by the bacterial PAMP, flg22. Col-0 seedlings (10 days old) were elicited by 1uM flg22, and harvested at
the indicated time-points and processed for RT-qPCR. One-way ANOVA Newman-Keuls multiple comparison test was performed and bars with
different letters are significantly different. Error bars represent = SD (n=4).

3.1.3 CAMTAS3 negatively regulates expression of defense related genes

CAMTA3 was reported to be a transcription factor, and it directly and specifically binds to promoter of its
target genes and regulate their expression. For example, CAMTA3 negatively regulates expression of
several defense related genes. This includes: (1) EDS1, which encodes a positive regulator of SA and SA-
mediated defense immunity and is required for TIR-NBS-LRR-mediated resistance (Du et al. 2009). (2)
NDR1, which encodes a key component in EDR2-mediated plant immunity and is required for CC-NBS-
LRR-mediated resistance. (3) E/IN3, which encodes a key component of ET signaling (Nie et al. 2012).
Additionally, CAMTA3 was also reported positively regulating cold related genes expression, such as CBF2

(Doherty et al. 2009). Notably, all of these CAMTAS3 target genes promoter regions contain CGCG box.
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To investigate how CAMTA3 regulates expression of its target genes and how PAMP elicitation affects this
regulation, we performed a luciferase reporter assay that is based on the monitoring of defense promoter-
driven luciferase activity. Several genes were selected for this assay, including three proven CAMTA3
targets (EDS1, EIN3 and CBF2), ZAT10 and WRKY33, which are defense-related genes with up-regulated
expression in camta3 mutants, and ZAT12, which is a cold-responsive gene with dramatically decreased
expression in camta3 mutant. The -1.2-kb to -3-kb promoter regions (relative to the start codon) were
cloned. Except for WRKY33 promoter which does not contain any CGCG box, the others all included at
least one CGCG box in the promoter region. As a negative control, the CaMV 35S promoter was used. This
promoter is weakly flg22-inducible, but lacks CGCG box. All of these promoters were fused to firefly
luciferase (LUC) reporter gene and transiently expressed in Arabidopsis Col-0 mesophyll protoplasts.
Either CAMTA3 or cyan fluorescent protein (CFP) overexpression constructs were co-transfected with the
promoter::LUC constructs into protoplasts. A GUS reporter gene driven by polyubiquitin10 (UBQ10)
promoter (pUBQ10::GUS) was also included for normalization. Unfortunately, almost no LUC activities
could be detected for constructs driven by pEDS1, pEIN3, and pCBF2 both in the presence and absence of
CAMTA3 overexpression (data not shown), despite these being known targets for CAMTA3. The reason is
unclear, but most likely, the chosen genomic regions are insufficient to act as active promoters. We could
detect luciferase activity for constructs driven by pZAT10, pZAT12, pWRKY33, and p35S. As shown in Fig.
3-3 (A-D), all four promoters are flg22-inducible. However, CAMTA3 overexpression raised the basal
activity of all promoters (Fig. 3-3 A-C). Notably, this boosting effect by CAMTAS3 is seen in promoters that
lack the CGCG elements, like p35S and pWRKY33 (Fig. 3-3 C, D). Even the activity of the UBQ10 promoter
fused with GUS reporter was boosted by CAMTA3 (Fig. 3-3 E), so that this is not a direct effect on the
luciferase enzyme. These results are likely due to the stress generated when isolating protoplasts. Hence,
we used stably transformed CAMTA3 overexpression transgenic lines and quantified endogenous gene

transcript levels by RT-qPCR.
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Fig 3-3. Effect of CAMTA3 on promoter activity of selected genes with reporter assay. A-D. 4 weeks Col-0 plants growing in short day condition
were used for preparing protoplasts. Protoplasts were co-transfected with promoter::LUC and p35S::CAMTA3-3xHA (hemagglutinin) constructs
(or as a control, an unrelated protein, p35S::CFP:3xHA was co-expressed). Luciferase activities in the protoplasts were monitored in the
luminescence reader for continuous 180 min after treating with 100 nM flg22 or H.O as mock treatment, in the presence of 200 uM luciferin.
And luciferase activities were normalized against a constitutively expression pUBQ10::GUS reference and shown as the mean fold change (n=3)
with the CFP-transfected controls (t = 0 min) set as a reference value of 1. Error bars indicate standard errors. E. Protoplasts were co-transfected
with pUBQ10::GUS and p35S::CAMTA3-3xHA constructs (p35S::CFP:3xHA as a control). GUS activities in protoplasts were measured at indicated
time points after treating with 100 nM flg22 or H0. Error bars indicate standard errors.

We investigated the effect of CAMTA3 on defense-related genes expression upon PAMP treatment by
utilizing Arabidopsis adult plants with different genetic background. Col-0 together with two camta3
mutants and two independent CAMTA3 overexpression (OE) lines were used. We first analyzed CAMTA3
transcript levels by RT-gPCR. The basal CAMTA3 transcript level (i.e. in the mock treated tissues) was

significantly higher than Col-0 in two independent OE lines and reduced in the two camta3 mutants. Flg22
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induction of CAMTA3 expression (as shown above in Fig 3-2) further raised CAMTA3 expression in the OE

lines (Fig. 3-4 A).

Next, we analyzed the effect of CAMTA3 on EDS1 expression, which is a known direct target of CAMTAS3,

but was not successfully investigated by the promoter-LUC reporter assay. Loss of CAMTA3 resulted in

high basal EDS1 transcript levels. CAMTA3 overexpression inhibited EDS1 transcript accumulation. Flg22-

induced expression of EDS1 was enhanced in the two camta3 mutants and reciprocally, it was reduced in

the two independent OE lines (Fig. 3-4 B). A similar effect was also shown on NHL10, which is a defence-

related gene but not reported as a direct target of CAMTA3. Analysis of its promoter sequence revealed a

typical CGCG box, which could be a potential CAMTA3-binding site, and suggests that NHL10 may be also

a potential CAMTAS3 target gene (Fig. 3-4 C). These observations are in agreement to CAMTA3 functioning

as a negative regulator during plant immunity response.
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Fig 3-4. CAMTA3 negatively affects expression of defense related genes upon flg22 treatment. A. CAMTA3 transcript levels in different genetic

background upon flg22 or H,0 treatment. Adult Arabidopsis with indicated genetic background (4 weeks old) leaves were infiltrated with H.0 or

1 uM flg22, and harvested after 1 hour and processed for RT-qPCR. One-way ANOVA Newman-Keuls multiple comparison test was performed
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and bars with different letters are significantly different. Error bars represent + SD (n=6). B-C. EDS1 and NHL10 expression in the indicated
genotype upon flg22 or H20 treatment. RT-qPCR was performed as descript before. Pairwise t-test comparison was performed and the resulting
p-values indicated above each column (n=3). For H,O-treated samples, expressions of EDS1 and NHL10 in different genotypes are compared with

that in Col-0 and marked in red, and for flg22-treated samples, it is marked in black.

3.2 flg22 induces CAMTA3 phosphorylation and destabilization in
vivo

3.2.1 flg22 induces a proteasome-mediated CAMTA3 degradation in vivo

To investigate the effect of flg22 treatment on the CAMTA3 protein, we performed western blot analysis
in Col-0 protoplasts transiently expressing CAMTA3 overexpression construct p35S::CAMTA3-3xHA.
Compared to the water-treated control samples, the CAMTA3 protein level was slightly reduced upon
flg22 treatment (Fig. 3-5 A), but this was not always clear in every experiment. We suspect that subtle
effects on the CAMTA3 protein levels may be partially masked by the strong 35S promoter-driven
expression of CAMTA3. To facilitate visualization of the reduction, we co-treated the protoplasts during
the flg22 elicitation with cycloheximide (CHX) to inhibit translation. In this case, the reduction in CAMTA3
levels was evidently stronger with flg22 treatment compared to the water treatment (Fig. 3-5 A). The
destabilization was blocked by MG115 treatment, suggesting the involvement of the proteasome-
mediated degradation pathway (Fig. 3-5 B). Hence, assuming CAMTA3 acts as a transcriptional repressor,
the findings support a model where CAMTAS3 degradation upon PAMP treatment may lead to its removal
from promoters and the de-repression of defense gene expression. In the native context, the flg22-
induced increase in CAMTA3 expression (Fig. 3-2) may reflect the attempt to replace the degraded
CAMTAS3 proteins.
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Fig 3-5. Enhanced protein destabilization by PAMP is dependent on the proteasome pathway. A. flg22 induced CAMTA3 degradation in vivo.
Col-0 protoplasts transfected with plasmids expressing HA-epitope-tagged CAMTA3 were treated with 100 nM flg22 or H20 (as control), and
proteins were extracted for standard SDS-PAGE and western blot analysis. Co-treatment with cycloheximide (CHX, 1 uM) was used to block
protein translation. B. flg22-induced degradation of CAMTA3 relies on proteasome pathway. Pretreatment with MG115 (50 uM for 30 min) of

the transfected protoplasts was used to block proteasome-mediated protein degradation. Anti-HA antibody was used to detect CAMTA3.

3.2.2 CAMTAS3 is phosphorylated upon flg22 elicitation in vivo

Post-translational modifications such as phosphorylation have been speculated to be involved in the
destabilization of CAMTAS3 after bacterial infection (Zhang et al. 2014). For this reason, we investigated
phosphorylation status upon flg22 elicitation. Due to the large size of the CAMTA3 protein, we employed
Manganese (lI)-Phos-Tag™-based western blot analysis, which can be used to monitor phosphorylation
status of proteins. Phosphorylated forms have retarded mobility in the gels compared to the non-
phosphorylated proteins (Kinoshita, Kinoshita-Kikuta, and Koike 2009). Unlike the well-defined band in
standard PAGE, CAMTAS3 from unstressed protoplasts already appears as broad smeary bands on Phos-
Tag-based western blot. This suggests that CAMTA3 is already (partially) phosphorylated prior to
elicitation, which is likely resulting from the stress from handling of the protoplasts. Water treatment led
to gradual increasing appearance of bands with slower migration. By contrast, the mobility shift was very
rapid for flg22 treatment; all the CAMTA3 proteins shifted within 10 min of flg22 treatment (Fig. 3-6 A). A-
phosphatase treatment of the protein extracts (Fig. 3-6 B) abrogated this mobility shift, suggesting that
the smeary bands or reduced mobility bands are a result of phosphorylation. Similar experiments were
also performed with CAMTA3 overexpression transgenic lines. However, the large YFP tag precluded the
visualization of a phospho-mobility shift even in Phos-Tag gels (Fig. 3-6 C). Nevertheless, MS analysis of
the immuno-precipitated CAMTA3 from these transgenic plants allowed us to detect in vivo
phosphorylation (see below). Taken together, the Phos-Tag analysis and the phosphatase study indicate

an in vivo flg22-induced CAMTAS3 phosphorylation.
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Fig 3-6. PAMP induced phospho-mobility shift of CAMTA3. A. flg22 induced mobility shift of CAMTA3. Col-0 protoplasts were transfected with
plasmids expressing HA-epitope-tagged CAMTA3 and treated with 100 nM flg22 or H»O as control. Treated protoplast samples were harvested
at indicated time points, and the extracted proteins were analyzed by Western blot after separation on Manganese(ll)-Phos-Tag™-based SDS-
PAGE. B. flg22-induced CAMTA3 mobility shift was caused by phosphorylation. A-phosphatase was incubated with protein extracts at 37°C for 10
min to verify phosphorylation. Arrowhead= “unmodified” CAMTA3; *= phosphorylated CAMTA3 forms. Amido black staining of the large subunit
of RuBisCO was used as loading control for all western blot analysis. C. flg22-induced phospho-mobility shift was not observed within CAMTA3

overexpression line. 10 days CAMTA3 overexpression seedlings, which grew in % MS medium, were treated with 1 uM flg22 for indicated time,

and harvested. Extracted proteins were separated and analyzed as mentioned in A.

3.3 CAMTAS3 interacts with and is phosphorylated by PAMP-
responsive MAPKs

3.3.1 CAMTAS3 interacts with PAMP-responsive MAPKs in vivo

MAPKs are rapidly activated after flg22 treatment and are thus candidate kinases responsible for the
CAMTA3 phosphorylation. The best studied MAPKs are MPK3, MPK4 and MPK6, which are known to be
activated by pathogens infection or elicitation with PAMPs/MAMPs such as flg22 (Group et al. 2002;
Pitzschke, Schikora, and Hirt 2009). Bimolecular fluorescence complementation (BiFC) assays showed that

CAMTAS3 can indeed interact directly with MPK3, MPK4, and MPK6. By contrast, no interaction with an
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unrelated MAPK, MPKS, was seen (Fig. 3-7 A), suggesting specificity of the assay. Western blot confirmed
expression of intact proteins of the expected sizes (Fig. 3-7 B). Notably, the BiFC signals are mainly nuclear,

suggesting the interaction occurs predominantly in the nucleus.

A
CAMTA3-cYFP

: ¢
-

3

o

=

©

¥

o

=

©

¥

o

chlorophyll  merge brightfield

B

MPK3 MPK4 MPKE MPK8

130kDa— | CAMTAS3-cYFP
— —!— (a-HA)

’
T0kDa—

| " | MPK-nYFP

55kDa—

Fig 3-7. CAMTAS3 interacts with stress-activated MAPKs (MPK3, MPK4, and MPK6). A. Bimolecular fluorescence complementation (BiFC) assay
was performed to detect interactions between CAMTA3 and MPK3, MPK4, and MPK6. Col-O protoplasts were transfected with constructs
encoding the indicated protein fusions to cYFP or nYFP fragments. After allowing the proteins to express/accumulate overnight, the protoplasts
were observed by confocal microscopy. Protein-protein interaction is visualized as reconstituted YFP fluorescence signals. MPK8, a non PAMP-

responsive MAPK, was used as a negative control. Scale bar = 10 um. B. Western blot showed accumulation of proteins of the expected sizes.
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3.3.2 CAMTAS3 is phosphorylated by PAMP-responsive MAPKs in vitro

To investigate whether CAMTAS is directly targeted by flg22-regulated MAPKs, an in vitro kinase assay
was performed. GST-tagged recombinant MPK3, MPK4 and MPK6 were used to phosphorylate purified
recombinant His-tagged CAMTAS3 in vitro. With the incorporation of the 3?P-radioactive labelled ATP, it
showed that CAMTA3 was in vitro phosphorylated by MPK3 (1.00) and MPK6 (0.26), but almost not
phosphorylated by MPK4 (0.01). The numbers within parenthesis represent the quantified
phosphorylation intensity ratio of CAMTA3 compared with that phosphorylated by MPK3, which are

normalized by corresponding phosphorylation intensity of MBP (Fig 3-8).
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Fig 3-8. In vitro kinase assay of recombinant CAMTA3 by PAMP-responsive MAPKs. Recombinant His-tagged CAMTA3 was purified from E. coli
and used as a substrate for the indicated GST-tagged MAPKSs in the presence of 3?P-labelled ATP, and reaction was taken place at 37°C for 30 min.

After SDS-PAGE separation, phosphorylated proteins were visualized by autoradiography.

3.3.3 CAMTAS3 is phosphorylated by MPK3 and MPK®6 in vivo

To verify in vivo phosphorylation, constructs expressing constitutively active MAPKs (CA-MAPKs) (Berriri
et al. 2012; Genot et al. 2017) were co-transfected with vectors expressing CAMTAS3 into protoplasts.
Increased kinase activities of the CA-MAPKs compared to the native kinases were proven by the auto-
phosphorylation of the immunoprecipitated MAPKs. CAMTA3 phosphorylation and any effect on the
protein levels were monitored by Phos-Tag or standard western blot, respectively. The results showed

that CAMTA3 was phospho-shifted through co-expression with CA-MPK6 and it accumulated to lower
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levels. For CA-MPK3 co-expression, some phosphorylation (but weaker compared to MPK6) was observed
but a strong CAMTA3 destabilization was seen. However, CA-MPK4 co-expression did not phosphorylate
CAMTA3, which is consistent with the result of in vitro kinase assay, and did not destabilize CAMTA3 as
well (Fig. 3-9 A). Taken together, in vivo phosphorylation and destabilization is not mediated by MPK4 but

is predominantly through MPK6 and partially by MPK3.

However, some caveats to the above interpretations include: (1) in our hands, the CA-MPK4 displayed
lower autophosphorylation activity than the other two kinases; (2) it is unknown if substrate specificities
or activities of these mutated MAPKs are comparable to the MAPKs natively activated through upstream
MAPK kinases. For this reason, we transiently expressed in protoplasts a constitutively active MKK5
(MKK5PP) to specifically activate endogenous MPK3 and MPK6 but not MPK4 (Lee et al. 2004; Lassowskat
et al. 2014). In this case, MPK3/6 are activated “naturally” through phosphorylation of its kinase activation
loop and not through mutation of secondary sites in the protein sequence. Similar to observations above
for CA-MPK3 and CA-MPK6, CAMTA3 protein level was reduced through MKK5P® co-expression. The
phosphorylated CAMTAS3 proteins are difficult to visualize in the Phos-Tag gels since the reduced protein
levels are further separated into smeary bands. However, the slower mobility of these fuzzy bands is in
agreement with MPK3/6-mediated phosphorylation. Control transfection without any MKKs or co-
transfection with a kinase-inactive MKK5 (MKK5®) did not show these effects (Fig. 3-9 B). Hence, the
results above suggest that the flg22-responsive MAPKs, MPK3 and MPK6, phosphorylate CAMTA3, and
flg22-induced destabilization of CAMTA3 may be triggered by phosphorylation via MPK3 and MPK®6.
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Fig 3-9. CAMTAS3 is phosphorylated by MPK3 and MPK®6 in vivo. A. Transient co-expression of constitutively-active (CA) MPK3 and MPK®6, but not
CA-MPK4 or wild-type (WT) MPKs, led to increased phosphorylation and destabilization of CAMTA3. Protoplasts were transfected with the
indicated constructs and the extracted proteins were analyzed by western blotting after separation on Phos-Tag gel or conventional SDS-PAGE
for detecting phosphorylation status (upper panel) or protein stability (middle panel) , respectively. In bottom panel, CA-MAPKs and WT-MAPKs
were transfected into protoplasts, extracted and immunoprecipitated by HA antibody. Different kinase activities were determined by their auto-
phosphorylation, and visualized by autoradiography. A western blot to estimate equal expression levels of the MPKs. Note that the MPK6
immunological signals are partially overlapping with the IgG heavy chain signals and indicated by a small arrow. B. Co-expression of a constitutive
MKK5 (DD), but not its kinase-dead variant (KR), led to phospho-mobility shift and reduced protein stability of CAMTA3. CAMTA3 and MKK5PP
were co-transfected to protoplasts (MKK5® co-transfection and CAMTAS3 singular transfection as control). After overnight incubation for protein
expression, Phos-Tag based or conventional SDS-PAGE based western blots were performed to show CAMTA3 phosphorylation status (upper
panel) or protein stability (bottom panel), respectively. Expression of CAMTA3 was monitored with anti-HA antibody, and specific MPK3 and
MPK6 phosphorylation by MKK5P? with a-pTEpY antibody, and MKKS5 (DD and KR) with anti-cMyc antibody (note that a mobility shift was observed
with MKK5PP, which is due to its constitutive activity). Arrowhead= “unmodified” CAMTAS3; *= phosphorylated CAMTA3 forms.

3.4 CAMTAS3 is phosphorylated by pathogen-regulated MPK3/6 at
multiple sites, which mediate CAMTAS3 protein destabilization

3.4.1 CAMTAS3 is phosphorylated by MPK3 and MPK6 at multiple sites

The observation that CAMTAS3 is phosphorylated by MPK3 and MPK6 both in vitro and in vivo prompted
us to examine the phospho-sites in CAMTA3. MAPKs phosphorylate substrate proteins on conserved
motifs: serine or threonine followed by a proline (SP/TP). Among the whole sequence of CAMTA3, there
are 11 potential MAPK phosphorylation sites (Fig. 3-10 A). Both in vitro kinase assay (with non-radioactive
ATP) and infiltrating flg22 to CAMTA3 overexpression lines were used for collecting phosphorylated
CAMTA3 protein samples. MPK3- or MPK6-phosphorylated CAMTA3 bands, or flg22-induced
phosphorylated CAMTA3 proteins immunoprecipitated from overexpression plant extracts, were excised
after SDS-PAGE separation on non-radioactive gels. After digestion and phospho-peptide enrichment,
samples were subjected to mass spectrometry (MS) analysis (spectrograms for identified phospho-sites
are shown in appendix Figure |). Three phospho-peptides containing phosphorylated 5272, S454, or S780
respectively were detected (Fig. 3-10 A, marked in red). With this result, we generated phospho-mutant:
CAMTA3-mutP1 (Alanine or glycine were used to substitute serine or threonine). However, the peptide
coverage of the MS analysis did not include some regions of the protein, which may be due to insufficient
trypsin digestion. PhosPhAt 4.0 database, an Arabidopsis thaliana phosphorylation site database

incorporating experimental data from several published large- and medium-scale phosphoproteomic
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analysis (Heazlewood et al. 2008), annotates two further phosphorylation sites at S8 (Hoehenwarter et al.
2013) and S587 in CAMTA3 (Fig. 3-10 A, marked in blue). Therefore, CAMTA3-mutP2 was generated

containing 5 phospho-site mutations in total.

However, in vitro MPK3- or MPK6-mediated phosphorylation of the CAMTA3-mutP1 and mutP2 variants
was not reduced compared to CAMTA3-WT (Fig. 3-10 B), suggesting additional MAPK-targeted sites exist.
To overcome the low peptide coverage of MS analysis, we digested CAMTA3 by both trypsin and
endoproteinase Glu-C. With this combination, the coverage of identified peptides increased to more than
60%, which covered more regions containing SP/TP motifs. Phospho-peptides covering T243, S587 and
S$780 were detected. Notably, T243 (Fig. 3-10 A, marked in green) is a novel phospho-site, never detected
in our earlier analysis or reported in PhosPhAt. Therefore, we generated phospho-mutant CAMTA3-
mutP2+, which include six phospho-sites mutations (S8, T243, S272, S454, S587 and S780). When tested
with in vitro kinase assay, MPK3- or MPK6-mediated phosphorylation of the CAMTA3-mutP2+ variant was
strongly reduced compared to CAMTA3-WT (Fig. 3-10 B), so that these six sites are the major MPK3/6-
targeted sites. We also generated CAMTA3-mutP3, which includes all 11 potential phospho-sites
mutations, and phospho-mimetic mutant CAMTA3-mimic, in which all 11 potential sites (S/T) were
substituted by aspartic acids (D) (Fig. 3-10 A), and the phosphorylation of these variants were completely
blocked (Fig. 3-10 B).
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Fig 3-10. MPK3 and MPK6 drive multi-sites phosphorylation of CAMTAS3. A. Structure diagram of CAMTA3, identification of phospho-sites and
variants of phospho-site mutants of CAMTA3. Functional domains, and all 11 putative MAPK phospho-sites are marked in different colors in the
upper panel. The bottom table shows the variants of CAMTA3 phospho-mutants, which were mutated based on MS analysis results. Three
phospho-site (red) mutations (S/T were substituted for A/G) are included in mutP1, which were detected from both in vitro kinase assay of
recombinant CAMTAS3 by active MPK3 or MPK6 from (37°C for 30 min, in the presence of cold ATP), and in vivo approach of infiltration of 1 uM
flg22 into leaves of CAMTA3-eYFP overexpression plants for 1 hour. Phosphorylated and immunoprecipitated proteins were separated in SDS-
PAGE, and protein bands were cut for trypsin digestion. After phospho-peptide enrichment, samples were analyzed by LC-MS/MS. Two more
phospho-site (blue) mutations were included in the mutP2 variant: S8 was reported by Hohenwarter et al 2013 (phosphoproteomics data on
seedling after activating endogenous AtMPK3 and AtMPK6 by induction of NtMEK2 activity), and S587 was found in PhosPhAt database. T243
(green) and S587 (blue) were further detected to be phosphorylated in our subsequent MS analysis after using Glu-C and trypsin co-digestion to
improve protein sequence coverage during MS. Therefore, mutP2+ was generated on the basis of all MS-based or PhosPhAt-annotated MAPK-
targeted phosphosites. mutP3 includes all 11 theoretical MAPK-type phospho-sites. Meanwhile, CAMTA3-mimic was generated by mutating all
11 sites (S/T) to D. B. CAMTA3 phospho-sites mutant variants displayed different phosphorylation status. An in vitro kinase assay was
performed to incubate purified recombinant CAMTAS3 variants fused with His tag and activated MPK3 or MPK6, as described in Fig 3-8.
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3.4.2 MPK3/6-induced phosphorylation of CAMTAS3 causes its destabilization

To investigate a possible role of phosphorylation in CAMTA3 protein destabilization, we compare the
stability of the different CAMTA3 phosphosite variants. As above, co-expression of MKK5PP was used to
induce MPK3/6 activation. A quantitative western blot system (Li-COR Odyssey® CLx multiplex imaging
system) was used to determine the protein levels in three independent experiments. Fig. 3-11 A shows a
representative western blot from the three replicates, and the column chart from Fig. 3-11 B (upper panel)
shows quantification of three replicates. In agreement with the ECL-based analysis (Fig. 3-9 B), statistically
significant reduction of CAMTAS3 protein level was seen when co-expressed with MKK5PP (Fig. 3-11). The
MKK5PP-induced destabilization of CAMTAS3 is still observed with the CAMTA3-mutP1, mutP2 and mutP2+
phospho-site mutants, which may suggest that there are additional phosphosites remaining that promote
destabilization. Only the CAMTA3-mutP3 mutant, which lacks T/SP motifs and therefore cannot be
phosphorylated by MPK3/6, showed no significant difference in protein levels between co-expression
with MKK5*® and MKK5PP. Thus, the MAPK-targeted phosphosites are crucial for destabilization of the

protein.

The phospho-mimic mutant behaved like the native protein in terms of protein destabilization, which
probably meant that the mutations generated did not provide efficient mimicry of the phosphorylated
residues. Furthermore, it should be noted that destabilization of the mutant mutP2+ variant still occurs
although it is barely phosphorylatable by MPK3/6 in the in vitro kinase assays. Besides differences
between in vitro and in vivo assays, a possible explanation for this result is that activating MPK3 and MPK6
(with MKK5PP) may additionally stimulate proteasome activity. This notion is also supported by the

destabilization of the phospho-mimic, despite it being not further phosphorylatable by MAPKs.

Generally, phosphorylation of CAMTA3 reduces the protein stability of CAMTA3, which is supported by
the observation of higher basal levels of CAMTA3-mutP3 (without activation of MPK3/6 through MKK5®P).
Even the partial phosphosite mutants mutP1 to mutP3 have intermediate levels between WT and the
mutP3 variant. Due to this difference in basal CAMTA3 levels, we calculated the percentage decrease
within each experiment. On the level of individual experiment (differentially color-coded in Fig. 3-11 B
lower panel), mutP3 always had the least percentage decrease. These results indicate that CAMTA3

destabilization induced by flg22 requires its phosphorylation mediated by MPK3/6.
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Fig 3-11. MPK3/6-mediated phosphorylation of CAMTA3 induces its degradation. A. CAMTA3 phospho-site mutant variants were transiently co-
expressed in protoplasts with constitutively active MKK5 (DD) or kinase-deficient version (KR) as negative control. Extracted proteins were
separated by SDS-PAGE and analyzed by quantitative western blotting to detect the CAMTA3 abundance. Anti-c-Myc antibody was used to detect
expression of MKK5, and a-pTEpY antibody was used to detect activated MPK3 and MPK6. This experiment was repeated three times
independently, and a representative blot shown here. B. Quantification of CAMTA3 abundance and role of the phosphosites. CAMTA3 abundance
was quantified as density of protein bands (as described above). For statistical analysis, the absolute values from individual experiment were
normalized by the median of each dataset. One-way ANOVA (p < 0.05) for the normalized datasets was performed for comparison, with
statistically distinct groups marked with different alphabets (upper panel). Due to different basal levels between experiments, percentage
decrease comparing between KR and DD was also calculated within the same genotype for each experiment, using the formula (KR-DD)/KR. Solid

black horizontal bar marks mean of the three replicates within one genotype, and the color lines connect the individual experiment.
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3.5 Potential mechanism of CAMTAS3 destabilization mediated by
phosphorylation

From the above results, we could conclude that phosphorylation mediated by pathogen-responsive MPK3
and MPK®6 triggers CAMTA3 destabilization. This presumably acts to de-repress the negative regulation of
plant immune pathway by CAMTA3. The potential mechanism behind CAMTA3 destabilization through
phosphorylation is still unknown. A previous study showed that SR1IP1 (AtSR1-interaction protein 1), a
substrate adaptor in CUL3-based E3 ubiquitin ligase, directly interacts with full length CAMTA3 (also
named as AtSR1). This recruits CAMTAS3 for ubiquitination and degradation by the 26S proteasome (Zhang
et al. 2014). Thus, we want to investigate the effect of phosphorylation on the SR1IP1-CAMTA3 interaction

and whether it is coupled with ubiquitin-mediated degradation.

3.5.1 The reported interaction between CAMTA3 and SR1IP1 cannot be reproduced

We first wanted to confirm the interaction between SR1IP1 and CAMTA3-WT. We performed several
assays including yeast two-hybrid (Fig. 3-12 A), bimolecular fluorescence complementation (BiFC) (Fig. 3-
12 B), split-luciferase assay (Fig. 3-12 C) and also co-immunoprecipitation assay (co-IP) (data not shown)
in Arabidopsis protoplast system, but none of the assays supported interaction between SR1IP1 and

CAMTAS3 as described in the literature.
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Fig 3-12. Reported interaction between CAMTA3 and SR1IP1 cannot be reproduced. A. A yeast two-hybrid analysis was performed, but failed
to show any interaction between CAMTA3 and SR1IP1. CAMTA3 WT and phospho-mutant variants were fused with the activation domain (AD)
and SR1IP1 was fused with DNA binding domain (DBD) of the Gal4 transcription factor, respectively. Empty vector (EV) harboring the DBD served
as a negative control. The plasmid combinations expressing the indicated fusion proteins were transformed into yeast strain PJ67-4a. Transformed
yeast cells were plated on nutrient-restricted media, SD-LWAH and SD-LWAH + 50 mM 3-AT (synthetic drop-out media lacking leucine, tryptophan,
adenine, histidine, without or with 50 mM 3-Amino-1,2,4-triazole), and incubated in 28°C for 2 to 3 days. One out of three independent
experiments is shown. None of them could show interaction between CAMTA3-WT and SR1IP1, and the interaction between CAMTA3-mimic and
SR1IP1 in this figure didn’t appear in the other two replicates. B. Bimolecular fluorescence complementation (BiFC) assay was performed in
Arabidopsis Col-0 protoplasts. CAMTA3 fused with cYFP, and SR1IP1 fused with nYFP were co-expressed into protoplasts, and MPK8 fused with
nYFP was used as a negative control. After allowing the proteins to express/accumulate overnight, the protoplasts were observed by confocal
microscopy. However, YFP fluorescent signal cannot be observed either with H,O or 100 nM flg22 treatment for 1h. Scale bar = 10 um. Western
blot showed accumulation of proteins of the expected sizes. C. Split luciferase assay was performed in Arabidopsis protoplasts derived from
transgenic plants expressing MKK5PP driven by a dexamethasone (DEX)-inducible promoter. CAMTA3 fused with cLUC and SR1IP1 fused with nLUC
fragments were co-transfected into protoplasts. An unrelated protein, CFP fused with nLUC, served as negative control, while cLUC-WRKY34 and
MVQ1-nLUC co-expression served as a positive control for the split luciferase assay. pUBQ10::GUS was co-transfected for normalization. 2 uM
DEX was added directly after transfection to induce MKK5PP expression, and the same amount of pure ethanol treated as mock treatment. After
overnight expression and treatment, 1 mM luciferin was added and luminescence was monitored in the luminescence plate reader for 1 hour

continuously. Values are the total luminescence in 1 hour normalized against the GUS assay readings. Error bars indicate standard errors (n=3).
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3.5.2 CAMTAS3 and SR1IP1 localize in different cell compartment

Clearly, it is important to clarify why we could not reproduce interaction between CAMTA3 and SR1IP1.
As reported already, CAMTAS3 is a transcription factor and mainly localized in the nucleus (Yang and
Poovaiah 2002), and we could also confirm this in our results (Fig. 3-13 upper panel). However, we
observed SR11P1-CFP signals mainly in the plasma membrane of transfected protoplasts (Fig. 3-13 bottom
panel). Hence, the different localization might explain why we could not detect any interaction between
SR1IP1 and CAMTAS3 in any of the protoplast-based assay. Compared to the protoplast transfection system,
the previous published co-IP assay was performed in SR1IP1 transgenic overexpression line crossed with
CAMTA3 complementation line. More proteins may accumulate or even mislocalize, and may have more
chance to detect interaction. The discrepancy of the yeast two-hybrid assay is hard to explain but notably,
the reported pSOS-based two-hybrid assay (Zhang et al. 2014) relies on myristylation of the bait proteins
and hence recruitment of the reporter to the plasma membrane; interaction may possibly only occur at
membranes. Taken together, the distinct localization of CAMTA3 and SR1IP1 suggests that they cannot
physically interact unless there is a re-localization of either proteins from the nucleus or the plasma

membrane, respectively.

CAMTA3-YFP ERF104-CFP merge brightfield

SR1IP1-CFP chlorophyll merge brightfield

Fig 3-13. Subcellular localization of CAMTA3 and SR1IP1. CAMTA3 fused with YFP was driven by pUBQ10, and co-transfected with ERF104 fused
with CFP (which is used as a nuclear marker protein) to Col-0 protoplasts. SR1IP1-CFP, also driven by pUBQ10, was expressed singly in protoplasts.

After protein accumulating overnight, the protoplasts were observed by confocal microscopy. Scale bar = 10 pm.
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3.5.3 Phosphorylation induces CAMTAS3 subcellular localization change

Interestingly, when transiently expressed in Col-0 protoplasts, the CAMTA3-YFP signal moved out from
nucleus to the cytoplasm upon flg22 elicitation (Fig. 3-14 A). Notably, flg22 treatment affected only
CAMTAS3 localization but not that of SR1IP1 (Fig. 3-14 A). To track the progress of the re-localization, a
single Col-0 protoplast expressing YFP-tagged CAMTA3-WT was monitored over a 2 hours period after
flg22 treatment. A gradual reduction of nuclear YFP signals and appearance of cytoplasmic speckles was
seen after flg22 treatment (Fig. 3-14 B, upper panel) but not with H,O treatment (Fig. 3-14 A and B).
Phosphorylation status appears to be irrelevant since the CAMTA3-mutP3 mutant shows the same
relocalization pattern upon flg22 treatment (Fig. 3-14 A and B). However, activation of MPK3 and MPK6
(through MKK5PP co-expression) caused CAMTA3 relocalization in a similar manner like the flg22
treatment. Surprisingly, the non-phosphorylatable CAMTA3-mutP3 remained nuclear-localized with the
MKK5PP co-expression (Fig. 3-14 C); thus the phosphosites are important for the relocalization in this case.
Western blot confirmed expression of intact proteins of the expected sizes so that the fluorescence signals
reflect the localization of the intact proteins (Fig. 3-14 B, D). These results suggest that CAMTA3
relocalization is caused by its phosphorylation induced by MPK3/6 activation, but in the case of flg22

elicitation, there is/are alternative pathway(s) that induce relocalization.

Although the movement of CAMTA3 into the cytoplasm may permit interaction with SR1IP1 and there
indeed seems to be partially co-localization between CAMTA3 and SR1IP1 (Fig. 3-14 A and C), we did not
obtain any BiFC signals between CAMTA3 and SR1IP1 even upon flg22 elicitation (Fig. 3-12 B).
Nevertheless, we cannot exclude that CAMTA3 does interact with SR1IP1 upon flg22 elicitation, because

it is possible that upon interaction, CAMTAS3 is degraded rapidly, so that no BiFC signals can be detected.
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Fig 3-14. Phosphorylation induces CAMTAS3 subcellular localization change. A. flg22 elicitation affects both CAMTA3-WT and mutP3 subcellular
localizations, but not SR1IP1. CAMTA3-WT or mutP3 fused with YFP and SR1IP1 fused with CFP were driven by a pUBQ10 and co-expressed in
protoplasts. The protoplasts were observed by confocal microscopy in different channels before or after 100 nM flg22 (2h) elicitation. Scale bar
=10 um. B. Confirmation of CAMTA3 subcellular localization change mediated by flg22. Single transfected protoplasts with CAMTA3-WT or mutP3
were continuously monitored for 2 hours after 200 nM flg22 or H,0 treatment. Scale bar = 10 um. Western blot showed accumulation of proteins
of the expected sizes. C. Activated MPK3 and MPK6 affect CAMTA3-WT subcellular localization, but not CAMTA3-mutP3. Protoplast transfection
was as described before. Instead of flg22 elicitation, MKK5PP was co-transfected to activate MPK3 and MPK6. MKK5*® serves as a negative control.
Protoplasts were observed by confocal microscopy after an overnight incubation. Scale bar = 10 um. D. Western blot showed accumulation of

proteins of the expected sizes for A and C.

59



3 Results

3.6 Additional kinases may be involved in flg22-mediated
phosphorylation of CAMTA3

3.6.1 Additional flg22-responsive kinases may phosphorylate CAMTA3, and CPKS5 is
one of the candidates

From results of the last chapter, we could show that the MAPK targeted sites are dispensable for the flg22-
induced subcellular relocalization of CAMTAS3 but essential for the MPK3/6-induced pathway (Fig. 3-14).
We therefore conclude that flg22 activates other processes, besides MPK3/6, that mediate CAMTA3
relocalization. Using Phos-Tag-based western blot, we also proved that CAMTA3 can indeed be
phosphorylated by MPK3 and MPK6 in vivo through co-expression of the upstream MKK5®® (Fig. 3-9 B).
However, as illustrated in Fig. 3-15 A, flg22 elicited a further phospho-mobility shift of CAMTA3, which is
stronger that induced by co-expressing MKK5PP, This strong mobility shift was also seen for the mutP3
variant, while there was almost no difference in the mobility shift between co-expressing MKK5X® and
MKK5P® (Fig. 3-15 A). Thus, besides MPK3 and MPK6, there are other flg22-responsive kinases that
phosphorylate CAMTA3. The analysis with the mutP3 variant that lacks all MAPK-targeted sites also
excludes MPK4 or other MAPKs known to be weakly activated by flg22 (e.g. MPK11 (Bethke et al. 2011;
Nitta, Ding, and Zhang 2014)).

Besides MAPK cascade, calcium-dependent protein kinases (CDPKs or CPKs) have also been shown to be
involved in plant defense responses. Several CDPKs are biochemically activated within a few minutes after
exposure to PAMPs or pathogens. In Arabidopsis, CPK4, 5, 6, and 11 were identified to act in the innate
immunity signaling mediated by PAMP receptor FLS2 (Boudsocq et al. 2010). In particular, CPK5 is
phosphorylated and activated upon PAMP stimulation and is a key regulator of innate immune responses
in plants (Dubiella et al. 2013). Thus, we tested if CPK5 is involved in flg22-mediated CAMTA3
phosphorylation. Removal of the autoinhibitory region and calcium-binding domain from the N-terminal
variable and protein kinase domains results in a constitutively active CPK5 (CPK5-VK). Previous study has
shown that CPK5-VK overexpression triggers cell death in Nicotiana benthamiana leaves (Dubiella et al.
2013). We transiently expressed CAMTA3-WT or mutP3 together with CPK5-VK or kinase-deficient version
(CPK5m-VK) into Col-0 protoplasts. Long exposure of the western blots was necessary to visualize the low
levels of CAMTA3-WT or mutP3 accumulating when co-expressed with CPK5-VK. Importantly, CPK5-VK
induced a strong phospho-shift in both CAMTA3-WT and mutP3, which is comparable to the shift induced
by flg22 stimulation (Fig. 3-15 B, upper panel). Thus, CPK5-VK-induced phosphorylation presumably leads
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to CAMTAS3 destabilization and degradation in vivo. Alternatively, protoplasts expressing CPK5-VK may die
rapidly and there is insufficient time for CAMTA3 proteins to accumulate. However, this is unlikely because
the staining of RuBisCO for loading control was not significantly different, which means most of the
transfected protoplasts were alive. In any case, CPK5 is a candidate for the additional flg22-responsive

kinase(s) regulating CAMTA3.
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Fig 3-15. Additional kinases mediate phosphorylation of CAMTA3, for example CPK5. A. Additional kinases are involved in flg22-induced
phosphorylation of CAMTA3. Col-0 protoplasts were transiently co-expressed with constitutively active MKK5PP or its kinase-dead variant (KR)
with CAMTA3-WT or CAMTA3-mutP3, respectively. Additionally, protoplasts transfected by MKK5DD were treated with 100 nM flg22 for 10 min.
The extracted proteins were analyzed by western blot after separation on Phos-Tag gel to visualize phospho-mediated mobility shift (upper panel)
or conventional SDS-PAGE for MKK5 expression and MPKs activation (bottom panel). B. CPK5 induced CAMTA3 phosphorylation and
destabilization in vivo. Co-transfection of a constitutively active CPK5 (VK), but not a kinase-deficient variant CPK5m-VK, led to a strong phospho-
mobility shift and reduced protein stability of both CAMTA3-WT and mutP3. In upper panel, Phos-Tag based western blot displayed CAMTA3
phosphorylation status, and due to the strong protein degradation, phospho-mobility shift could only be observed under long exposure time. The
standard western blot in bottom panel monitored CAMTA3 stability and also CPK5(m)-VK expression. Arrowhead= “unmodified” CAMTA3; *=
phosphorylated CAMTA3 forms.

3.6.2 CPKs, mainly from subfamily I, affected CAMTAS3 phosphorylation status and
stability mostly

In Arabidopsis, CPKs are encoded by a large gene family of 34 members and classified into four subfamilies
(Boudsocq et al. 2010). To assess specificity of the CAMTA3 phosphorylation induced by CPK5-VK, we

tested various CPK-VK constructs selected from all four subfamilies. Direct comparison is not trivial

61



3 Results

because some of the CPK-VK proteins cannot be reliably detected by western blot despite inducing
CAMTA3 phospho-shift. However, in general, most of CPKs-VK from subfamily | can induce strong
phosphorylation of CAMTA3 (Fig. 3-16 A). CPK3 from subfamily I, also caused CAMTA3 phosphorylation
but since only one member from this subfamily was used, it’s not possible to conclude if the other
subfamily Il members can phosphorylate CAMTA3. Members from subfamily Il and IV only induced a slight
phosphorylation, compared with the others (Fig. 3-16A).

In addition, we also quantified CAMTA3 protein levels in three independent experiments. Interestingly,
CAMTA3 protein abundance was always lowest for those CPKs that trigger stronger phospho-shift.
According to the quantitative western blot and statistical analysis, CAMTA3 protein stability was mostly
affected by CPK1, CPK2, and CPK5, which showed significant reduction compared to negative control
(without co-expressing any CPK-VK). The other members from subfamily | (CPK4, 6, 11) and CPK3 from
subfamily 1l did not affect CAMTAS3 stability significantly. And the tested members from subfamily Il and
IV, which only slightly phosphorylated CAMTAS3, also affected CAMTA3 accumulation significantly but with
increased CAMTAS3 levels (Fig. 3-16 A and B). Taken together, while CPK1-VK and CPK2-VK can modulate
CAMTAS3 stability when overexpressed, they are not known to be activated by PAMPs and probably
involved in other signaling pathways. Among the four reported flg22-responsive CPKs (CPK4, 5, 6, and 11),
only CPKS5 highly phosphorylated and destabilized CAMTAS3. Thus, CPK5 is most likely the flg22-responsive
kinase that mediates the in vivo flg22-induced phospho-mobility shift of CAMTA3.
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Fig 3-16. CPKs, mainly from subfamily I, affected CAMTA3 phosphorylation status and stability mostly. A. CPKs from all 4 subfamilies were
picked up, and their constitutively active VK version were co-expressed in protoplasts with CAMTA3. After overnight incubation for protein
expression, the extracted proteins were analyzed by western blotting after separation on Phos-Tag gel or conventional SDS-PAGE for detecting
phosphorylation status (upper panel) or protein stability (bottom panel), respectively. Expression of CAMTA3 was monitored with anti-HA
antibody, and anti-Flag antibody was used to detect CPKs-VK. Red * pointed indicated CPKs-VK with different size, but some of CPKs-VK were not
able to be detected, such as CPK1, CPK6, and CPK32-VK, and it might be due to unstable of these active CPKs-VK. Arrowhead= “unmodified”
CAMTAS3; *= phosphorylated CAMTA3 forms. B. A quantitative western blot was used for detecting CAMTA3 stability affected by CPKs. Three
independent replicates were done, and only one out of three results is shown in A (bottom panel). Data from all three replicates were analyzed
statistically. The absolute numbers, which represent the density of protein bands, from individual experiment were normalized by the median of

this dataset. Three independent normalized datasets were pooled together, and one-way ANOVA was performed for comparison (p < 0.05).

3.7 CAMTAS3 is an indirect target for CPK5
3.7.1 CAMTAS3 interacts with CPK5 in vivo

To investigate whether CAMTAS3 is a direct target for CPK5, firstly, CAMTA3 interaction with CPK5 was
tested. BiFC assay performed in Col-0 protoplasts showed reconstituted YFP fluorescence, suggesting that
CAMTA3 can indeed interact directly with CPK5. By contrast, no interaction with MPK8, a negative control,
was observed (Fig. 3-17 A, upper panel). A kinase-deficient version CPK5m was shown to interact with
CAMTA3 as well (Fig. 3-17 A, upper panel), which indicates that the interaction between CAMTA3 and

CPK5 is not dependent on its kinase activity. Notably, BiFC signals co-localized with a nuclear marker
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protein ERF104, suggesting the interaction occurs mainly in the nucleus (Fig. 3-17 A, bottom panel).
Western blot confirmed expression of intact proteins of the expected sizes (Fig. 3-17 B). All these results

indicate that CAMTA3 can interact with CPK5 in the nucleus in vivo.
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Fig 3-17. CAMTAS3 in vivo interacts with CPK5. A. Bimolecular fluorescence complementation (BiFC) assay was performed in Col-0 protoplasts.
CAMTAS3 fused with cYFP fragment and CPK5 (or kinase-deficient mutant CPK5m) fused with nYFP fragment were co-expressed in protoplasts,
and MPK8-nYFP fragment fusion was used as a negative control (upper panel). A nuclear marker, ERF104 fused with CFP, was co-expressed as
well to study localization of the interaction (bottom panel). After allowing the proteins to express/accumulate overnight, the protoplasts were
observed by confocal microscopy. Protein-protein interaction is visualized as reconstituted YFP fluorescence signals. Scale bar = 10 um. B. Western

blot showed accumulation of proteins of the expected sizes.

3.7.2 CPK5 does not phosphorylate CAMTAS3 in vitro

After successfully detecting the interaction between CAMTA3 and CPKS5, an in vitro kinase assay was
performed to further investigate whether CPK5 phosphorylates CAMTA3 directly. His-tagged recombinant
CPK5-VK expressed in E.coli was purified and was used without further activation through Ca?* addition.

CPK5m-VK, the inactive version, was used as a negative control. Histone, a generic kinase substrate, was
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phosphorylated by CPK5-VK but not by the inactive CPK5m-VK (Fig. 3-18 A, left panel). However, no
radiolabel signals was observed for CAMTA3 despite longer autoradiography exposure (Fig. 3-18 A, right
panel). Note that consequently, at this exposure of the autoradiography, the CPK5-VK auto-
phosphorylation band (marked with red arrow) was not visible for the gel with histone as substrate (left
panel) as compared to the right panel with CAMTAS3 as a substrate (Fig.3-18 A). Hence, CPK5-VK can trans-
phosphorylate histone but not CAMTA3 and CAMTA3 may be not a direct target for CPK5.

However, the results above may be due to the poor solubility and yield of CPK5-VK expressed in the E.coli
system. As an alternative source of soluble protein, strepll-tagged full length CPK5 (CPK5-FL) and its
kinase-deficient version, CPK5m-FL, were transiently overexpressed and immunoprecipitated from
transfected protoplasts. In the presence of Ca%, both auto-phosphorylation and trans-phosphorylation
activities of CPK5-FL could be observed with histone (Fig. 3-18 B left panel) but not CAMTA3 (Fig. 3-18 B

right panel) as substrates.

Ca?*/CaM-binding is required for CAMTAS3 to suppress plant immune response, and camta3 mutants that
lost their CaM-binding activity were compromised in their function(Du et al. 2009). Thus, calmodulin might
be needed for full kinase activity. We additionally added calmodulin in the kinase reactions, but CAMTA3
was still not phosphorylated by CPK5-FL (Fig. 3-18 C). Taken together, all results indicated that CAMTA3 is
not directly phosphorylated by CPK5. It is possible that the CAMTA3-CPK5 complex (as shown by BiFC)
recruits additional unknown component(s), which presumably includes a kinase that can directly

phosphorylate CAMTA3.
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Fig 3-18. CAMTAS3 is not phosphorylated by CPK5 in vitro. A. Constitutively active CPK5-VK does not phosphorylate CAMTAS3 in vitro. His-tagged
CPK5-VK, kinase-deficient CPK5m-VK and CAMTA3 were expressed and purified from E.coli. Indicated kinases were incubated with either Histone
(left panel) or CAMTA3 (right panel) in the presence of 32P-labelled ATP at 30°C for 30 min. Proteins were separated by SDS-PAGE, and
phosphorylated proteins were visualized by autoradiography. Note that a shorter exposure time was used for the left panel (due to the strong
signals from the phosphorylated histone). B. Full-length CPK5 cannot phosphorylate CAMTAS3 in the presence of Ca?* in vitro. CPK5-FL and kinase-
dead variant CPK5m-FL fused with strepll-tag, were natively expressed in Arabidopsis protoplasts. After immunoprecipitation, indicated kinases
were incubated with Histone (left panel) or purified CAMTA3 (right panel). To show Ca? dependency of the reaction, EGTA was used to chelate
Ca?*. C. CaM-binding does not promote CAMTA3 phosphorylation by CPK5. In vitro kinase assay was performed as described in B, and additionally

0.5 pg calmodulin (purchased from Sigma) was added in each reaction. Histone (left panel) and CAMTAS3 (right panel) were used as substrates,

respectively.
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4 Discussion

The results presented in this thesis support the notion that CAMTAS3 plays a negative role in PTI. CAMTA3
(overexpression) suppresses both basal level and flg22-induced expression of defense genes (Fig 3-4).
However, as a repressor of defense responses, CAMTAS3 is also transcriptionally upregulated upon flg22
perception (Fig 3-2), presumably as a negative feedback regulation to shut down defense gene expression
or to replace the degraded CAMTA3 proteins. Upon flg22 perception, CAMTA3 can be phosphorylated
directly by MPK3 and MPK6 at multiple phosphorylation sites (Fig 3-8, 9 and 10). This phosphorylation
results in CAMTA3 degradation via a proteasome-dependent pathway, and remobilization of CAMTA3
from the nucleus to cytoplasm (Fig 3-11 and 14). PAMP-responsive CDPK (CPK5) can also stimulate
CAMTA3 phosphorylation via a yet unknown mechanism, which also results in CAMTA3 degradation (Fig
3-15). Thus, CAMTA3 may be a converging point downstream of both MAPK cascades and CDPKs to

regulate PAMP-inducible gene expression.

4.1 CAMTA3: a hub in MAPK- and CDPK-mediated defense
responses

In Arabidopsis, two major signaling pathways upon PAMP elicitation - MAPKs and CDPKs - are activated
to induce rapid transcriptional reprogramming and mediate plant immunity. Boudsocq et al. (2010)
showed that activation of both CDPKs and MAPK cascades are activated independently, which is
demonstrated by the unchanged flg22-induced MPK3, MPK4, and MPK6 activation in the cpk5 cpk6 cpk11
triple mutant or by expressing constitutively active CDPKs. Analysis of expression of selected flg22-
inducible genes by RT-PCR also revealed that MAPK cascades and CDPKs can function either synergistically
or independently to regulate the expression of PTI genes. There are some CDPK/MAPK synergistically
regulated genes such as NHL10, CYP82C2 and PER4, and also some MAPK or CDPK specifically regulated
genes such as FRK1 and PHI-1, respectively (Boudsocq and Sheen 2013). Both MAPKs and CDPKs regulate
PTI signaling pathway by phosphorylating their target proteins such as transcription factors or key
enzymes of biosynthetic processes. The typical phosphorylation motifs for MAPKs and CDPKs are different.
The minimum MAPK target site is S/T-P, and numerous MAPK substrates have been identified in the past

few years. The predicted CDPK target motif is ¢-1-[ST]o-¢+1-X-Basic.s-Basic.a (¢ is a hydrophobic residue)
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(Sebastia et al. 2004), and only very few pathogen-responsive CDPK substrates have been identified. These
include RBOHD, a substrate of CPK5 after PAMP stimulation (Dubiella et al. 2013), or WRKYS, 28 and 48,
which are substrates of CPK4, 5, 6 and 11 involved in ETI signaling (Gao et al. 2013). It is still not known
whether the indicated CDPKs phosphorylate another set of transcription factors in regulating PTI gene
expression. Different phosphorylation motifs indicate that the MAPKs and CDPKs might regulate PTI
signaling by targeting different substrates. However, the same target protein might also be
phosphorylated by both kinases at different sites. For instance, ACS2, the key enzyme of ethylene
biosynthesis, is known to be MPK3 and MPK6 substrate (Liu and Zhang 2004; Han et al. 2010). It is also
possibly phosphorylated by CDPKs, because it has one CDPK phosphorylation site (Lyzenga and Stone
2012). It has been proven that tomato homolog LeACS2 is phosphorylated by LeCDPK2 at certain site, and

also by MAPK at different sites in response to wound signaling (Kamiyoshihara et al. 2010).

| could show that in response to flg22, CAMTAS3 is not only phosphorylated by MPK3 and MPK6 at multiple
sites (Fig 3-8, 3-9), but also by the activation of CPK5 (Fig 3-15). Although a direct phosphorylation by CPK5
was not successfully detected using in vitro kinase assay (Fig 3-18), CAMTA3 physically interacted in vivo
with CPKS5 in the nucleus, indicating that CAMTA3 and CPK5 can form a complex (Fig 3-17). It is possible
that an alternative unknown component(s) is/are involved in CPK5-mediated phosphorylation of CAMTAS3,
which might be another kinase that is activated downstream of CPK5. Alternatively, the unknown
component is required for both the interaction with and phosphorylation of CAMTA3 by CPKS5, and thus
may function as a scaffold protein. As mentioned earlier, both MAPKs and CDPKs may target and regulate
the same substrate by phosphorylating different sites, and the results also support this point because Fig
3-15 (A) reveals that flg22 also induced phospho-shift of the CAMTA3 phospho-mutant where all 11
potential MAPK phosphorylation sites are mutated. Thus, there might be interplay between the
phosphorylation sites targeted by MAPK and CDPK.

4.2 CAMTAS3 acts as either transcriptional repressor or activator

As a transcription factor, CAMTA3 is known as a transcriptional repressor in non-stressed plants by binding
to the promoters of defense-related genes (e.g. EDS1/NDR1) (Nie et al. 2012; Du et al. 2009), and the
derepression after pathogen infection is mediated through its removal from promoter through
proteasome-mediated degradation (Zhang et al. 2014). However, in response to cold stress, CAMTAS3 acts

as a transcriptional activator to up-regulate cold-related genes (e.g. CBFs/DREB1s) by binding to the same
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cis-element (CGCG box) in the promoters (Doherty et al. 2009). How CAMTA3 functions as a

transcriptional repressor or an activator in different contexts is still unknown.

Kim et al. (2017) recently revealed that CAMTAS3 represses defense-related gene expression (especially SA
immunity pathway genes) by the N-terminal end of CAMTA3, which is named as N-terminal repression
module (NRM). Du et al. (2009) also showed that the transcriptional repression activity of CAMTA3
required CaM binding to the CaM binding domain, which is in conflict with the observation from Kim et
al. (2017) that only the NRM is sufficient to inhibit expression of SA immunity pathway genes. The position
of NRM is consistent with CG-1 DNA-binding domain of CAMTA3, which indicates that CAMTA3
transcriptional repression activity is probably mainly dependent on DNA-binding ability. Upon pathogen
infection, the expression of these defense genes are derepressed, which might be regulated by removal
of transcriptional repressor CAMTA3 away from promoter. Zhang et al. (2014) showed that CAMTAS3 is
degraded in response to pathogen infection via proteasome-mediated pathway. A CAMTA3-interacting
protein, SR1IP1, was identified as a substrate adaptor for cullin3 E3 ligase, which recruits CAMTA3 for
ubiquitination and degradation when plants are challenged with pathogens. In agreement with this
finding, my results also showed that CAMTAS3 is degraded via proteasome-mediated pathway after flg22
perception (Fig 3-5), but further revealed that this decreased CAMTA3 can be induced after
phosphorylation mediated by the PAMP-responsive MAPKs (MPK3 and 6) and CDPK (CPK5) (Fig 3-8, 9, 11
and 15). In order to test if phosphorylation affects recruitment of CAMTA3 to SR1IP1, various interaction
assays (yeast-2-hybrid, BiFC, split-LUC and colP) were attempted (Fig 3-12). However, in my hands, the
reported interaction between CAMTA3 and SR1IP1 could not be reproduced. In fact, the two proteins are
localized in different cell compartments: CAMTA3 is mainly in the nucleus, while SR1IP1 mainly localizes
to the plasma membrane (Fig 3-13). Besides triggering protein degradation, phosphorylation also results
in exclusion of CAMTA3 from the nucleus to cytoplasm (Fig 3-14). Thus, it is also plausible that
relocalization of CAMTA3 out of the nucleus allows it to interact with SR1IP1 at the membrane. However,
no BiFC or split-LUC positive signals was ever observed even after flg22 treatment (Fig 3-12). Among the
six major MPK3/6-targeted sites, three of them (S8, T243 and T272) are located around CG-1 domain in
NRM (Fig 3-10 A), so it would be interesting to investigate if phosphorylation event effects the DNA-

binding ability and the transcriptional repression activity in the future.

CAMTAS3 is reported as a transcriptional activator to regulate expression of genes responsive to several
general stresses (Bjornson et al. 2014; Benn et al. 2014; Walley et al. 2007) or cold-responsive genes by

recognizing typical CAMTAS3 binding motif, such as CBFs and DREB1s (Doherty et al. 2009; Kidokoro et al.
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2017). One study revealed that CAMTA3 regulates CBF2 expression additionally via protein-protein
interaction. A cold-induced MYB transcription factor MYB96 regulates expression of HHP2 (Heptahelical
Protein 2), and the encoded HHP2 protein in turn interacts with CBF2 upstream transcriptional regulator

CAMTAS3 to stimulate its transcriptional activity (Lee and Seo 2015).

CAMTA3 functions differentially in different gene promoter context, which is probably mediated by
diverse mechanisms. It is also known that suppression of SA immunity pathway by CAMTA3 is overcome
by exposing plants to low temperature, which further increases immunity against bacterial pathogen (Kim
et al. 2013). Kim et al. (2017) further revealed that in response to low temperature, the induction of SA
immunity pathway genes is not caused by degradation of CAMTA3 or exclusion of CAMTA3 from nucleus
(which is different from the case in response to PAMPs/pathogens). Rather, it results from the
downregulation of NRM repression activity by CaM binding to the C-terminal region of CAMTA3, which
probably leads to a conformational change (Kim et al. 2017). Thus, CAMTAS3 is likely a converging point of

the interplay between plant defense and cold stress responses.

4.3 CAMTAS3 is a crucial regulator for both PTI and ETl in Arabidopsis

CAMTAS is reported to play a negative role in plant immunity by several research groups and the
observations supporting this include: (i) Up-regulated genes in camta3 mutant are highly enriched for the
GO term “defense response” (Galon et al. 2008; Prasad et al. 2016). (ii) camta3 knockout mutant shows
the temperature-related autoimmune phenotypes (Du et al. 2009). (iii) CAMTA3 is involved in EDS1- and
NDR1-mediated resistance pathways, which are key components of the respective TIR-type or CC-type of
NLR-mediated resistance, by directly binding to their promoters and repressing their expression (Nie et al.
2012; Du et al. 2009). (iv) CAMTA3 also negatively regulates ET signaling by directly binding to the
promoter of EIN3 and suppressing its expression (Nie et al. 2012). (v) Besides basal defense, CAMTA3 also

suppresses systemic acquired resistance (SAR) via unknown mechanisms (Jing et al. 2011).

While all these results support the negative role of CAMTA3 in plant immunity, it has been challenged by
a recent study that the constitutive immune activation in camta3 mutants is caused by activation of two
correlated NLRs, DSC1 and DSC2. Thus, CAMTA3 acts as a guardee to form a guard-guardee complex with
DSC1 and DSC2 (Lolle et al. 2017). Moreover, CAMTA3 rapidly and transiently activates luciferase reporter

activity driven by rapid stress response elements (RSREs) in response to stresses including flg22. RSRE is
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overrepresented in the promoters of many general stress-responsive genes and identical to the core
CAMTA3-bound element (Benn et al. 2014). Both studies challenge the transcriptional suppression activity
of CAMTA3, but indicate that CAMTA3 acts as a “guardee” or even possesses transcriptional activation

activity in plant immunity.

It is plausible that DSC1 and DSC2 guard CAMTA3 and trigger immunity, but the transcriptional repression
activity of CAMTA3 involved in plant immunity cannot be ignored. First, the effects on immunity regulation
is not restricted to the camta3 knock-out mutants. CAMTA3 transgenic overexpression lines display
compromised SAR and basal defense resistance (enhanced susceptibility to Pst DC3000) (Jing et al. 2011),
but also reduced basal expression level of defense-related genes (EDS1 and NHL10) and flg22-induced
expression level of these genes (Fig 3-4). Furthermore, a CAMTA3 gain-of-function mutant, camta3-3D
was identified as a suppressor of edr2-mediated resistant phenotypes and SAR, which displays opposite
phenotypes to loss-of-function mutant camta3 (Jing et al. 2011; Nie et al. 2012). Finally, unpublished
results from Prof. Hillel Fromm (Israel) showed that a CAMTA3 variant lacking the CG-1 DNA binding
domain cannot complement the camta3 autoimmune phenotype. It indicates that the DNA binding
activity plays a role in regulating immunity and also indirectly demonstrates that CAMTA3 regulates some
gene expression during plant immunity. Furthermore, a recent publication found that the N-terminal end
of CAMTAS3 functions as a repression module (NRM) to suppress SA pathway genes (Kim et al. 2017).
Although this work did not show how the NRM inhibits the expression of SA-related genes, it might

function via directly DNA binding and repression, because this NRM overlaps with the CG-1 domain.

In analogy, RIN4 is key component of plant defense signaling, which acts as both a negative regulator of
PTI and also a guardee modified by pathogen effectors, leading to triggering of ETI. RIN4 was initially
identified as a target for several bacterial effectors (including AvrRpt2, AvrRpm1, and AvrB) and the
modification of RIN4 by these effectors activates RPS2- and RPM1-mediated immunity (Mackey et al. 2003;
Mackey et al. 2002; Axtell and Staskawicz 2003; Axtell et al. 2003). However, RIN4 is also a negative
regulator of PTI. For example, overexpression of RIN4 inhibits PAMP-induced responses, which is
enhanced when RIN4 is absent (Kim et al. 2005). It is known that AvrRpm1 and AvrB cause phosphorylation
of RIN4 at T166, and activates RPM1-mediated immunity (Mackey et al. 2002; Chung et al. 2011).
Phosphorylation of RIN4 is also induced by flg22 but at different site S141, which mediates derepressing
of PTl outputs such as restriction of bacterial pathogen growth, ROS burst, callose deposition and defense
gene induction (Chung et al. 2014). AvrB suppresses PTI via enhancing the phosphorylation of RIN4 at
T166, and interestingly, this enhancement of RIN4 T166 phosphorylation by AvrB (and AvrRpm1)
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suppresses PTI by antagonizing the phosphorylation of RIN4 at S141 that is induced by flg22 elicitation
(Chung et al. 2014). Hence, there are some parallel of CAMTA3 to RIN4, with respect to differential

phosphorylation, negative regulation of PTI and a guarding by NLRs.

Lolle et al. (2017) emphasized in their study that autoimmunity in camta3 is triggered by activation of
NLRs and not caused by loss of CAMTA3 as a transcriptional suppressor of defense. Despite all this, some
of their notions need to be re-evaluated. For instance, to claim that camta3-mediated resistance to Pst
DC3000 is repressed in the camta3 dscl dsc2 triple mutant, they performed a bacterial growth assay by
syringe infiltrating bacteria. They could show that after three days, bacterial growth in camta3 is much
lower than in Col-0 but the resistance in triple mutant is restored to wild-type level. It indicates that
excluding the effect by two NLRs, camta3 no longer displays enhanced pathogen resistance, suggesting
that CAMTA3 does not function as a negative regulator of resistance to pathogen (Lolle et al. 2017).
Similarly, Pst DC3000 grows equally in the double mutant rom1 rps2 and the triple mutant rom1 rps2 rin4
after syringe infiltrating (RPM1 and PRS2 are the two NLRs guarding RIN4) (Belkhadir et al. 2004). However,
after spray inoculation, the growth of Pst DC3000 in rom1 rps2 rin4 is significantly reduced, suggesting
that RIN4 negatively regulates the defense (Kim et al. 2005). Similar result was also reported for the Pst
DC3000 growth in wild-type and fls2 mutant. Again bacteria grow equally after infiltrated into leaves, but
significantly reduced in wild-type after spray inoculation (Zipfel et al. 2004). The same bacterial strains
with different inoculation approaches (i.e. syringe infiltration and spray) display completely different
results. This mostly reflect “stomatal immunity” i.e. the ability of bacteria to enter through opened
stomatal pores and subsequently multiply within the leaf intercellular spaces. Therefore, to evaluate the
effect of CAMTA3 on the basal pathogen resistance, it is necessary to compare the bacterial growth in
triple mutant camta3 dscl dsc2 and wild-type by spray inoculation approach. Moreover, camta3 was
reported to exhibit resistance to necrotrophic fungal pathogen Botrytis cinerea and Sclerotinia
sclerotiorum, biotrophic fungal pathogen powdery mildew (Golovinomyces cichoracearum) and
Arabidopsis non-host bacterial pathogen Xanthomonas oryzae pv. oryzae (Rahman, Yang, et al. 2016;
Rahman, Xu, et al. 2016; Nie et al. 2012); therefore, besides bacterial pathogen Pst DC3000, it may be also

necessary to test these other pathogens in the triple mutant.

There are still many gaps in understanding how CAMTAS3 functions in both PTl and ETI or how it can act as
both a transcriptional activator and as a repressor. Post-translational modification may be part of this
control. In this thesis, phosphorylation of CAMTA3 was studied and shown to induce CAMTA3
destabilization. The major phospho-sites of CAMTAS3 targeted by MPK3 and MPK6 were identified (Fig 3-
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10) but the phospho-sites induced by CPK5 (or other kinases) were not detected. One may assume that
these CPK5-mediated phospho-sites may be more relevant than those of MPK3/6 since the phospho-shift
induced by flg22 treatment resembles that induced by CPK5 (Fig 3-15), rather than the shift induced by
MPK3/6. How these phosphosites can alter CAMTA3 conformationally and affect its intra- or inter-
molecular interactions will help dissect the mechanism of CAMTA3 control. However, to develop these
studies further, one would first have to identify the putative “intermediate” kinase acting downstream of
CPKS5 to phosphorylate CAMTA3. Another challenge is to identify the pathogen effector(s) that target and
modify CAMTAS3, and to find out the type of modifications recognized by DSC1 and DSC2. Further, it would
be also interesting to investigate whether the modifications of CAMTA3 by pathogen effectors affect its
phospho-status regulated by MAPKs or CDPKs and subsequently, other effects caused by phosphorylation
such as phosphorylation-induced CAMTA3 destabilization (Fig 3-11) or change of subcellular localization
(Fig 3-14). One likely scenario is that effector(s) may dephosphorylate CAMTA3 or suppress CAMTA3

phosphorylation (thus allowing CAMTA3 to accumulate and repress expression of immunity genes).

In conclusion, the isolation of CAMTA3 in numerous independent genetic screens for immunity/stress-
related responses coupled with its post-translational control through phosphorylation by two major
stress-responsive kinase pathways, namely MAPKs and CDPKs, highlights it as a central node in immune
and/or stress signaling network. The convergence between environmental (cold) and pathogen (or other
biotic stresses) signaling on CAMTA3 suggests it may control the interplay and trade-offs between growth

and stress response.

4.4 Working model for the function of CAMTAS3 in PTI regulation

In this thesis, | showed that transcription factor CAMTAS3 is a direct target of MPK3 and MPK6 upon PAMP
(flg22) elicitation, and phosphorylated by indicated kinases at multiple sites. Phosphorylation event
results in both degradation and change of subcellular localization of CAMTA3 (from nucleus to cytoplasm).
In the literature, it is reported that pathogen infection triggered CAMTA3 degradation is mediated by the
interaction with SR1IP1, a substrate adaptor in E3 ubiquitin ligase that recruits CAMTAS3 for ubiquitination
and degradation. However, the reported interaction between CAMTA3 and SR1IP1 cannot be reproduced
in my hand, and in fact, both proteins localize in different cellular compartments (nucleus and plasma
membrane, respectively). Nevertheless, phosphorylation induced movement of CAMTA3 from nucleus to

cytoplasm results in a partial co-localization between CAMTA3 and SR1IP1, and may permit interaction
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with SR1IP1, which needs to be further confirmed. In parallel, CPK5 also strongly induces CAMTA3
phosphorylation at different phospho-sites and destabilization upon flg22 perception. However, this
appears to occur indirectly. It is possible that CAMTA3 and CPK5 form a complex and recruit additional
unknown component(s), which presumably includes a kinase that can directly phosphorylate CAMTA3.
Overall, two stress-responsive kinase pathways lead to phosphorylation-induced CAMTAS3 re-localization
and degradation, which remove the transcriptional repressor CAMTA3 from the promoter of defense

genes and derepress the expression of these genes to trigger defense responses (Fig 4-1).

Defense gene

Fig 4-1. Working model for the function of CAMTA3 in regulation PTI
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5 Summary

Plant innate immune responses against pathogenic microorganisms are initiated after recognition of
conserved pathogen-derived molecules (typically named PAMPs, pathogen-associated molecular
patterns). This recognition elicits a complex signaling network that includes early signaling events, such as
activation of mitogen-activated protein kinase (MAPK) cascades and calcium-dependent pathways. The
Arabidopsis thaliana calmodulin binding transcription activator 3 (CAMTA3) is reported to negatively
regulate plant defense pathways. According to microarray analysis, many defense-related genes are
upregulated in camta3 mutants. Among these genes, CAMTA3 appears to be a direct repressor for the
expression of the EDS1, NDR1 and EIN3 genes by directly binding to their promoter regions in a sequence
specific manner. Phosphoproteomics studies suggested CAMTA3 to be potentially phosphorylated by
PAMP-responsive MAPKSs.

In this work, CAMTA3 was shown to be rapidly phosphorylated after PAMP treatment. It interacts with
the PAMP-responsive MAPKs, MPK3 and MPK6, in vivo. Mass spectrometry, following in vitro
phosphorylation assays, identified multiple phospho-sites in CAMTA3 that are directly phosphorylated by
MAPKs. In vivo, MAPK-mediated phosphorylation results in subcellular re-localization (from nucleus to
cytoplasm) and proteasome-mediated degradation of CAMTA3. In parallel, the PAMP-activated calcium-
dependent protein kinase (CDPK), CPK5, also interacts with CAMTAS3 in vivo and also causes CAMTA3
phosphorylation at sites distinct from those targeted by MAPKs. However, in vitro phosphorylation assays
did not support a direct phosphorylation of CAMTA3 by CPK5. Thus, the CAMTA3-CPK5 complex may need
to recruit additional component(s), which presumably includes a kinase that can directly phosphorylate
CAMTA3. The proposed working model is that at least two major PAMP-activated kinase pathways (i.e.
MAPKs and CDPKs) converge on CAMTA3, where phosphorylation induces CAMTA3 subcellular re-
localization and degradation. CAMTAS3 is released from defense-related gene promoters and expression
of downstream defense genes is de-repressed. This supports the negative role of CAMTAS3 in plant innate

immune pathways and a phosphorylation-dependent control of its function.
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6 Zusammenfassung

Die pflanzliche Immunantwort wird nach Erkennung von Pathogenen anhand konservierter
Molekiilstrukturen, sogenannten PAMPs (Pathogen-assoziierte molekulare Muster), ausgeldst. Dabei wird
ein komplexes Signalwege-Netzwerk induziert, das friilhe Antworten, wie die Aktivierung von Mitogen-
aktivierten Protein Kinase (MAPK)-Kaskaden und Calcium-abhangigen Signalwegen beinhaltet. Das
Arabidopsis thaliana Protein Calmodulin-binding Transcription Activator 3 (CAMTA3) wurde als negativer
Regulator der pflanzlichen Abwehr-Signalwege beschrieben. Microarray-Analysen zeigten, dass in
camta3-Mutanten viele Abwehr-relevante Gene induziert sind. CAMTAS3 scheint ein direkter Repressor
der Expression von EDS1, NDR1 und EIN3 zu sein, da es ihre Promotoren in Sequenz-spezifischer Weise
bindet. Laut Phosphoproteomik-Studien konnte CAMTA3 durch PAMP-responsive MAPKs phosphoryliert

werden.

In dieser Arbeit wurde gezeigt, dass CAMTA3 nach PAMP-Behandlung schnell phosphoryliert wird und mit
den PAMP-responsiven MAPKs MPK3 und MPK6 in vivo interagiert. Mit Hilfe von Massenspektrometrie-
Analysen nach in vitro Phosphorylierungsassays konnten mehrere MAPK-Phosphorylierungsstellen
identifiziert werden. Die Phosphorylierung von CAMTA3 durch MAPKs fiihrt in vivo zur Relokalisierung
vom Zellkern ins Cytoplasma und zum Proteasom-abhangigen Abbau. Parallel dazu kann die PAMP-
aktivierte Calcium-abhdngige Protein-Kinase CPK5 mit CAMTA3 interagieren und es an Stellen
phosphorylieren, die sich von den MAPK-Phosphorylierungsstellen  unterscheiden. In
Phosphorylierungsassays in vitro konnte allerdings keine direkte Phosphorylierung von CAMTA3 durch
CPK5 nachgewiesen werden. Der CAMTA3-CPK5-Komplex miisste demnach weitere Interaktionspartner
rekrutieren, darunter moglicherweise eine Kinase, die dann direkt CAMTA3 phosphorylieren kann. Das
vorgeschlagene Arbeitsmodell sieht vor, dass wenigstens zwei unabhangige PAMP-aktivierte Kinase-
Signalwege (MAPKs und CPKs) bei CAMTA3 konvergieren und durch Phosphorylierung dessen subzellulére
Relokalisierung und Abbau induzieren. Die Auflosung der Bindung von CAMTA3 an die Promotoren
Abwehr-relevanter Gene resultiert in deren erhdhter Expression. Die Ergebnisse dieser Arbeit liefern
weitere Hinweise auf die negative Rolle von CAMTAS3 innerhalb der pflanzlichen Abwehr-Signalwege und

zeigen die Kontrolle seiner Funktion durch Phosphorylierung.
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8.1 Tables

Table I: Primers for cloning to entry vector pENTR/D

Description Sequence

CAMTAS3 forward CACCATGGCGGAAGCAAGACGA
CAMTAS3 no stop reverse ACTGGTCCACAAAGATGAGGAC
CAMTAS3 stop reverse TTAACTGGTCCACAAAGATGAGGAC
SR1IP1 forward CACCATGTCAGCAAAGAAGAAAGATCTTT
SR1IP1 no stop reverse AGAAATAGAGTGTCTCCGATCTTTTG
SR1IP1 stop reverse CTATCAAGAAATAGAGTGTCTCCGATC
CPKS5 forward CACCATGGGCAATTCTTGCCG
CPK5-FL no stop reverse CGCGTCTCTCATGCTAATGTTTAG
CPK5-FL stop reverse CTA CGCGTCTCTCATGCTAATGTTTAG
CPK5-VK no stop reverse AACACCATTCTCACAGATCCATG
CPK5-VK stop reverse CTA AACACCATTCTCACAGATCCATG

Table II: Primers for promoters using in the reporter activity assays

Description Sequence

pEDS1-BH5 CATGGGATCCTGCATGTCCTGATTCTTTCG
pEDS1-Nco3 CGCCATGGATCTATATCTATTCTCTTTTCTTTAGTGG
PEIN3-BH5 CATGGGATCCTCACCTCTTGAGAACAGATTTG
PEIN3-Nco3 CGCCATGGTAACCTGTAACAAATCAAATACAC

pZAT10-Pst5

CATGCTGCAGCGTCAAGATTTGTTTCCCAGC

pPZAT10-Nco3

CGCCATGGAGTTAAAGATTCTGAGGATTTCTTG

pZAT12-BH5 CATGGGATCCTGATTGGCCGTATACTCTG
pZAT12-Nco3 CGCCATGGTTCTTCTGATGATGATGATTAAAACG
pCBF2-BH5 CATGGGATCACCGAAACAACCGATTCAGC
pCBF2-Nco3 CGCCATGGATCAGAAGAGTACTCTGTTTCAAG

PWRKY33-BH5

CATGGGATCCAGTCTTCACTCGATCGGAC

PWRKY33-Nco3

CGCCATGGGAAAAATGGAAGTTTGTTTTATAAAAG

pUBQ10-BH5

CATGGGATCCCGACGAGTCAGTAATAAACG

pUBQ10-Nco3

CGCCATGGTGTTAATCAGAAAAACTCAG
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Table Ill: Primers used for SDM on CAMTAS in entry vectors

Mutation Sequence Enzyme Diagnostic
S8G forward AATTGGTCTCGTTCATGAATTAGATGTTGGACAAATAC Apal Bsal
S8G reverse AATTGGTCTCATGAACGGGCCCGAATCGTCTTGC

T51A forward AATTGGTCTCGGCGCCATCAAGTGGGTCTGTTTTTATG Kasl Bsal
T51A reverse AATTGGTCTCGGCGCCGTAGGTGGCTCAGTAGAAATTTG

S156A forward AATTGGTCTCGGCGCCTCAAGAAACTGGGGACGC Kasl Bsal
S156A reverse AATTGGTCTCGGCGCCCGAGCCGCGTCTTCAG

$198G forward AATTGGTCTCCGGGCCCGAACTTGAAGATGCTGAATC Apal Bsal
$198G reverse AATTGGTCTCGGCCCGTGAAAACCATTGACACTTGCTG

T243G forward AATTGGTCTCGGGGCCCAGGGATAGTTATCAAAAAGAGC Apal Bsal
T243G reverse AATTGGTCTCGGCCCCAAAGAGATTTGATAGTAAGGATCAAAAC

$272G forward AATTGGTCTCGGAGTAACAAATGGGTTAAAAAACAG Apal Bsal
S272G reverse  TTAAGGTCTCTACTCCGGGCCCGTTGATAGTTTTGCTTTTG

S454A forward AATTGGTCTCGGCGCCTTCCCTCTCAAAGGAAC Kasl Bsal
S454A reverse AATTGGTCTCGGCGCCATAACATATCCATCCATG

$469G forward AATTGGTCTCCGGGCCCAGCTGGGCTTATGTGGGTTG Apal Bsal
S$469G reverse AATTGGTCTCGGCCCGAAGTCATTGATGCTAAAGAGCTG

S587A forward AATTGGTCTCGGCGCCTGTTTCTGGGAATGACAG Kasl Bsal
S587A reverse AATTGGTCTCGGCGCCGTATTTTCAGATTTCGAGCAC

T736G forward AATTGGTCTCCGGGCCCTCTGATCTAGCCTATGCTAATGGTC Apal Bsal
T736G reverse ~ AATTGGTCTCGGCCCGCTTCCTGATGGGAAATCTG

S780A forward AATTGGTCTCGGCGCCATCCAGCTCATCATTGAC Kasl Bsal
S780A reverse AATTGGTCTCGGCGCCGGAGCCATCTCAACAG

Table IV: Primers for genotyping

Description Sequence Purpose

Basta-F AACTTCCGTACCGAGCCGCA BAR gene

Basta-R GCTGAAGTCCAGCTGCCAGAAAC

petC-F TAAGACTCATGGTCCCGGTGAC Genomic PCR of single copy gene
petC-R ACCATGGAGCATCACCAGTCCT
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Table V: Primers and probes for RT-qPCR

Description Sequence

EDS1 forward TCATTTGGATGGAGAAAACTCA

EDS1 reverse CCTCTAATGCAGCTTGAACGTA

EDS1 probe FAM-AGTCTACGCTCAATGACCTTGGAGT-BHQ
NHL10 forward ACGCCGGACAGTCTAGGA

NHL10 reverse CCCTAAGCCTGAACTTGATCTC

NHL10 probe FAM-ACGCGGAGAGGATATCCGGTGT-BHQ
CAMTAS3 forward GACGATTCAGCCCAGTTCAT

CAMTAS3 reverse AGAAATTTGAAATCTTTGGTAATTCTG
CAMTAS3 probe FAM-TCTCAGAAGCACGACATCGATGGC-BHQ
PP2A forward GACCGGAGCCAACTAGGAC

PP2A reverse AAAACTTGGTAACTTTTCCAGCA

PP2A probe CY5-GATCTGGTGCCTGCATATGCTCGTC-BBQ
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Table VI: List of constructs used in this study

Construct

Point

Vector type

Fusion protein

Size

Selection in

PENTR/D-CAMTA3

mutations

Gateway entry

[kDa]

bacteria [pg/ml]
Kanamycin [50]

PENTR/D-CAMTA3-

S272G, S454A,

Gateway entry

Kanamycin [50]

mutP2+

S272G, S454A,
S587A, S780A

mutP1 S780A
PENTR/D-CAMTA3- S8G, S272G, Gateway entry - - Kanamycin [50]
mutP2 S454A, S587A,
S780A
PENTR/D-CAMTA3- S8G, S243G, Gateway entry - - Kanamycin [50]

mimic

mutated to DP

PENTR/D-CAMTA3- All S/TP are Gateway entry - - Kanamycin [50]
mutP3 mutated to
A/GP
pPDONR221-CAMTA3- All S/TP are Gateway entry - - Kanamycin [50]

PENTR/D-SR1IP1

Gateway entry

Kanamycin [50]

PENTR/D-CPK5-VK

Gateway entry

Kanamycin [50]

PENTR/D-CPK5m-VK D221A Gateway entry - - Kanamycin [50]
pUGW14-CAMTA3 - Plant expression CAMTA3-3xHA 120 Ampicillin [100]
pUGW14-CAMTA3- S272G, SA54A, Plant expression CAMTA3-mutP1- 120 Ampicillin [100]

mutP1 S780A 3xHA

pUGW14-CAMTA3- S8G, S272G, Plant expression CAMTA3-mutP2- 120 Ampicillin [100]

mutP2 SA454A, S587A, 3xHA
S780A
pUGW14-CAMTA3- S8G, S243G, Plant expression CAMTA3-mutP2+- 120 Ampicillin [100]
mutP2+ $272G, S454A, 3xHA
S587A, S780A
pUGW14-CAMTA3- All S/TP are Plant expression CAMTA3-mutP3- 120 Ampicillin [100]
mutP3 mutated to 3xHA
A/GP
pUGW14-CAMTA3- All S/TP are Plant expression CAMTA3-mimic- 120 Ampicillin [100]
mimic mutated to DP 3xHA
pUGW18-SR1IP1 - Plant expression 4xcMyc-SR1IP1 73 Ampicillin [100]
PE-SPYCE-CAMTA3 - Plant expression HA-cYFP-CAMTA3 128 Ampicillin [100]
pUC-SPYCE-CAMTA3 - Plant expression CAMTA3-HA-cYFP 128 Ampicillin [100]
PE-SPYNE-SR1IP1 - Plant expression cMyc-nYFP-SR1IP1 87 Ampicillin [100]
pUC-SPYNE-SR1IP1 - Plant expression SR1IP1-cMyc-nYFP 87 Ampicillin [100]
PE-SPYNE-CPK5 - Plant expression cMyc-nYFP-CPK5 59 Ampicillin [100]
PE-SPYNE-CPK5m D221A Plant expression cMyc-nYFP-CPK5m 59 Ampicillin [100]
pUBC-CAMTA3-YFP - Plant expression CAMTA3-YFP 145 Spectinomycin [50]
pUBC-CAMTAS3- All S/TP are Plant expression CAMTA3-mutP3- 145 Spectinomycin [50]
mutP3-YFP mutated to YFP
A/GP
pUBC-SR1IP1-CFP - Plant expression SR1IP1-CFP 99 Spectinomycin [50]
pCambial300- - Plant expression CAMTA3-cLUC 135 Kanamycin [50]
CAMTA3-cLUC
pCambial300- All S/TP are Plant expression CAMTA3-mutP3- 135 Kanamycin [50]
CAMTA3-mutP3-cLUC mutated to cLuc
A/GP
pCambial300-cLUC- - Plant expression cLUC-CFP 50 Kanamycin [50]
CFP

94



8 Appendix

pCambial1300-SR1IP1- - Plant expression SR1IP1-nLUC 112 Kanamycin [50]
nLUC
PEDS1-LUC - Plant expression - - Ampicillin [100]
PEIN3-LUC - Plant expression - - Ampicillin [100]
PpZAT10-LUC - Plant expression - - Ampicillin [100]
PZAT12-LUC - Plant expression - - Ampicillin [100]
pCBF2-LUC - Plant expression - - Ampicillin [100]
PWRKY33-LUC - Plant expression - - Ampicillin [100]
p35S-LUC - Plant expression - - Ampicillin [100]
pEarleyGate101- - Plant expression CAMTA3-YFP-HA 146 Kanamycin [50]
CAMTA3 Rifampicin [75]
Gentamycin [15]
Basta (1:2500)
pDEST-N110-CAMTA3 - Bacterial His10-CAMTA3 118 Ampicillin [100]
expression
PpDEST-N110- S272G, S454A, Bacterial His10-CAMTA3- 118 Ampicillin [100]
CAMTA3-mutP1 S780A expression mutP1
PpDEST-N110- S8G, S272G, Bacterial His10-CAMTA3- 118 Ampicillin [100]
CAMTA3-mutP2 S454A, S587A, expression mutP2
S780A
PpDEST-N110- S8G, S243G, Bacterial His10-CAMTA3- 118 Ampicillin [100]
CAMTA3-mutP2+ S272G, S454A, expression mutP2+
S587A, S780A
PDEST-N110- All S/TP are Bacterial His10-CAMTA3- 118 Ampicillin [100]
CAMTA3-mutP3 mutated to expression mutP3
A/GP
pDEST-N110- All S/TP are Bacterial His10-CAMTA3- 118 Ampicillin [100]
CAMTA3-mimic mutated to DP expression mimic
PDEST-N110-CPK5-VK - Bacterial His10-CPK5-VK 42 Ampicillin [100]
expression
PpDEST-N110-CPK5m- D221A Bacterial His10-CPK5m-VK 42 Ampicillin [100]
VK expression
pDEST™22-CAMTA3 - Yeast expression AD-CAMTA3 - Ampicillin [100]
pDEST™22-CAMTAS3- S272G, S454A, Yeast expression AD-CAMTA3-mutP1 - Ampicillin [100]
mutP1 S780A
pDEST™22-CAMTAS3- S8G, S272G, Yeast expression AD-CAMTA3-mutP2 - Ampicillin [100]
mutpP2 SA454A, S587A,
S780A
pDEST™22-CAMTA3- S8G, S243G, Yeast expression AD-CAMTA3- - Ampicillin [100]
mutP2+ $272G, S454A, mutP2+
S587A, S780A
pDEST™22-CAMTA3- All S/TP are Yeast expression AD-CAMTA3-mutP3 - Ampicillin [100]
mutP3 mutated to
A/GP
pDEST™22-CAMTAS3- All S/TP are Yeast expression AD-CAMTA3-mimic - Ampicillin [100]

mimic

mutated to DP

pDEST™32-SR1IP1

Yeast expression

DBD-SR1IP1

Gentamycin [15]
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Figure 1. MS spectra of peptides with phosphorylated site found in CAMTA3. Purified His-CAMTA3 was used for in vitro phosphorylation assay

with MPK3 and MPK6 for 30 min at 37°C. After SDS-PAGE separation, excised bands were analyzed by LC-MS/MS.
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