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ABSTRACT
Immune signaling in plants involves both positive and negative regulators. Maintaining a
balance between growth and defense responses is important because there is a fitness cost
to the plants if immune responses are left unchecked. Suppression of immune responses
in the absence of pathogens as well as after the threat has passed is critical in maintaining
such a balance between growth and defense responses. Upon pathogen perception, the
positive regulators counter the immune repression to induce defense responses. We
investigated the roles of two genes, CBP60a and PCRK1 in the regulation of defense
responses against Pseudomonas syringae pathogen in the model system Arabidopsis
thaliana. CBP60a is a negative regulator of immune responses. We showed that CBP60a
is a CaM binding protein and that CaM binding is important for its function in
transducing defense signals. Mutants of CBP60a were more resistant to Pseudomonas
syringae infection suggesting that CBP60a was a negative regulator of defense responses.
We found that CBP60a functions in repressing immune signaling under conditions where
the plants are not challenged by a pathogen. We also investigated the role of a putative
kinase, PCRK1, in immune signaling. We showed that pcrk1 mutants are more
susceptible to Pseudomonas syringae than wild type plants suggesting that PCRK1 has a
positive role in immune responses. We also showed that PCRK1 is important for
immunity triggered by some of the conserved Microbe Associated Molecular Patterns
(MAMP) as well endogenous signals generated as a result of pathogen activity called
Damage Associated Molecular Patterns (DAMP).
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INTRODUCTION

Plants, pathogens and the pathosystem
Plants are constantly assailed by a number of pathogens. However, plants have
evolved defense mechanisms with which they are able to successfully fend off most
pathogen attacks. Being sessile organisms, such a defense system should be effective
enough to ward off an array of pathogens while being able to distinguish the harmful
pathogens from the more benign and potentially beneficial interactions with symbiotic
organisms. Indeed, plant immune signaling forms one of the most complex processes
studied in plants.

There are a wide variety of pathogens that are known to attack plants such as fungi,
bacteria, oomycetes, viruses, phytoplasma, nematodes and insects. As seen in mammalian
systems, different pathogens have differing modes of infection, proliferation and ability
to cause diseases. While plants have evolved mechanisms to recognize and limit
pathogen growth, pathogens have adapted to evade detection and compromise host
immunity and this has led to an evolutionary “arms race” of adaptation and co-adaptation
(Stahl and Bishop, 2000). At each instance, the outcome of pathogen activity vs plant
defenses depends on a number of environmental and genetic factors that might render one
more superior to the other and hence there is disease or resistance.

Plant pathogens, specifically bacterial, oomycete and fungal pathogens, can be
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broadly classified as necrotrophs, biotrophs, or hemi-biotrophs. Necrotrophs as the name
suggests, actively kill their host cells, derive nutrition from dead cells and often have a
broad host range (Oliver and Ipcho, 2004). Necrotrophs often secrete toxins and cell wall
degrading enzymes into host tissue to kill the host (Laluk and Mengiste, 2010). Examples
of necrotrophs are Botrytis cinerea, a fungal necrotroph that causes grey mold disease
and Pectobacterium carotovorum, a bacterial necrotroph that causes soft rot disease.
Biotrophs on the other hand derive nutrition from living cells and therefore are more
specialized on a narrower host range (Oliver and Ipcho, 2004). Examples of biotrophs are
Ustilago maydis that causes smut disease in Maize and Blumeria graminis which causes
powdery mildew disease in many crops such as wheat, barley and rye. Many biotrophic
pathogens make specialized structures such as haustoria that help them colonize their host
and absorb nutrients (Schulze-Lefert and Panstruga, 2003). Hemi-biotrophs like
Glomerella graminicola (anamorph: Colletotrichum graminicola) thread a third category
that begin as biotrophs and at some point switch to a necrotrophic mode (Behr et al.,
2010).

Defense against pathogens in plants can be either constitutive or induced.
Constitutive defense responses are present in the plants at all times and are usually very
effective in preventing pathogen activity. Constitutive defenses include, but are not
limited to, preformed barriers like cell walls and waxy cuticle. Inducible defenses such as
production of toxic alkaloids and hypersensitive cell death are initiated after pathogens or
pathogen activity has been perceived. Since there is a fitness cost associated, strict
regulation of the inducible responses to appropriate stimuli are important to the plant
2

(Herms and Mattson, 1992).

Arabidopsis thaliana, a small plant belonging to the family Brassicaceae, has been
used extensively as a model system in the study of plant pathogen interaction. A small
genome, a relatively short life cycle and the availability of genetic and genomic resources
has made this plant highly desirable for use in molecular studies of plant defense
responses.

Figure 1: Disease symptoms on Arabidopsis leaves caused by DC3000 infection. Leaves (indicated with
arrows) were syringe infiltrated with 5 x 105 cfu/mL of Pst DC3000 and pictures were taken four days after
inoculation. The whole plant is shown in (A). A close-up of a diseased leaf is shown in (B) (Katagiri et al.,
2002).

The interaction of Arabidopsis and the bacterial pathogen Pseudomonas syringae as
a pathosystem has been developed since the early1990s (Dong et al., 1991; Whalen et al.,
1991). The two most widely used bacterial pathogens to study many of the molecular and
genetic aspects of the inducible defense responses in Arabidopsis are P. syringae pv.
tomato DC3000 (Pto DC3000) and P. syringae pv. maculicola ES4326 (Pma ES4326).
3

Two days after infection, Pto DC3000 and Pma ES4326 cause a typical response of
“water soaked” lesions on the leaves of Arabidopsis, presumably due to leakage of
nutrients from the cells to the intercellular spaces. Such lesions eventually turn into
necrotic specks. The leaves also show chlorosis and necrosis (Figure 1) (Katagiri et al.,
2002). In this thesis, the bacterial hemi-biotrophic pathogen Pseudomonas syringae has
been used to examine the defense responses in the model plant Arabidopsis thaliana.

Plant defense system - PTI and ETI
Inducible plant defenses are initiated in plants by the perception of pathogens. One
of the ways in which plants can detect pathogens is by the presence of evolutionarily
conserved molecular signatures on the pathogen called Microbe Associated Molecular
Patterns (MAMPs). MAMPs are specific epitopes capable of electing immune responses
such as flg22 peptide from flagellin, elf18 peptide from elongation factor-Tu (EF-Tu),
and parts of glucans, glycoproteins, chitin, lipopolysaccharides, etc (Zhang and Zhou,
2010). Many MAMPs are evolutionarily conserved because there is a fitness cost
associated with their loss or modification. Therefore it is unlikely that microbes would
acquire mutations that would significantly alter such MAMPs. MAMPs are perceived by
plants through cell surface receptors called pattern recognition receptors (PRRs) which
often belong to the Receptor-Like Kinase family (RLKs). In addition to MAMPs, plants
also perceive so called Damage Associated Molecular Patterns (DAMP) that are
endogenous signals generated as a consequence of pathogen activity (Kauss et al., 1999;
Huffaker and Ryan, 2007). In Arabidopsis, the transcription of a family of PROPEPs is
4

induced in response to pathogen activity. PROPEPs are precursors of Atpep peptides
(pep1 to pep8) that act as DAMPs and elicit immune responses (Huffaker and Ryan,
2007; Bartels et al., 2013). Perception of MAMPs or DAMPs by PRRs triggers several
physiological changes that collectively induce immunity and this is called Pattern
Triggered Immunity (PTI).

Induction of PTI entails several responses such as production of reactive oxygen
species (ROS), spike in intracellular Ca2+, activation of Mitogen Associated Protein
kinases (MAPKs) by phosphorylation, callose deposition at the cell wall, induction of
biosynthesis of defense hormones such as Salicylic acid (SA) and extensive
reprogramming of the transcriptome (Monaghan and Zipfel, 2012). The role of PTI can
be well demonstrated in plants that have mutations in PRRs that render them insensitive
to MAMP perception, resulting in enhanced susceptibility of such mutants to both
adapted and non-adapted pathogens. For example, fls2 mutant plants that lack the
receptor FLAGELLIN INSENSITIVE 2 (FLS2) for bacterial flagellin peptide flg22, a
potent inducer of PTI responses, support high titers of bacterial growth compared to wild
type plants (Zipfel et al., 2004). Similarly, efr plants that harbor a mutation in the
receptor EF-TU RECEPTOR (EFR) for the MAMP elf18 from EF-Tu, also show higher
bacterial growth than wild type plants (Kunze et al., 2004).

In most instances, PTI is sufficient to stop the progress of pathogens. Many
pathogens have adapted to circumvent PTI. These pathogens can secrete effectors that
can help the pathogen evade or suppress host immunity leading to effector triggered
5

susceptibility (ETS) of the host. The targets of many such effectors seem to be important
for mounting PTI responses against the pathogen. For example, the effectors HopA1 and
AvrRps4 target EDS1 which is a central regulator of SA mediated responses during PTI
(Bhattacharjee et al., 2011). The P. syringae effector HopAI1 targets pathogen activated
MAPK proteins MPK3, MPK4 and MPK6 to effectively block host immunity (Zhang et
al., 2007; Zhang et al., 2012).

Plants have evolved intracellular receptors, typically nucleotide-binding leucinerich repeat (NB-LRR) proteins encoded by the so called “R genes” that can recognize the
effectors or the effector activity within the infected cells resulting in the initiation of the
second mode of immunity, Effector-Triggered Immunity (ETI) (Jones and Dangl, 2006).
A model outlining the function of R gene encoded proteins in monitoring the effector
targets in plants is called the guard hypothesis of plant defense (van der Biezen and
Jones, 1998; Dangl and Jones, 2001). ETI usually results in hypersensitive response
(HR), a form of programmed cell death triggered in cells that have been infected such
that spread of further infection is limited. For example, effectors AvrRpt2 and
AvrRpm1/AvrB from Pseudomonas syringae target the RPM1 INTERACTING
PROTEIN 4 (RIN4) and this perturbation is recognized by the Arabidopsis intracellular
NB-LRR proteins RESISTANT TO P. SYRINGAE 2 (RPS2) and RESISTANCE TO P.
SYRINGAE PV MACULICOLA 1 (RPM1) to trigger ETI (Grant et al., 1995; Mackey et
al., 2003)

Thus, an evolutionary arms race is set in motion wherein both the host and the
6

pathogen are continuously evolving, with the pathogen attempting to overcome or evade
host defenses while the host must maintain the integrity of its immune response. Since
the pathogens can evolve much faster than the host, owing to their typically faster
reproductive rate and relative population size, the defense response of the host has to be
multifaceted and robust enough to counterbalance the faster evolution of the pathogen
(Figure 2) (Jones and Dangl, 2006).

Figure 2: Pathogens encounter dual level of immunity, PTI and ETI in plants: PTI is triggered by
conserved microbial patterns such as flagellin and lipopolysaccharide (LPS). Pathogens can overcome PTI
by injecting with effectors that can target the immune components thus making the plants susceptible.
Plants have adapted to recognize effectors or their activity by deploying R genes that can specifically
perceive effector activity, thus setting up resistance called effector triggered immunity or ETI. This figure
is obtained from a review article (Bent and Mackey, 2007).

ETI responses share several common features with PTI. Responses triggered
during PTI such as ROS burst, Ca2+ spike, activation of MAP Kinases and transcriptional
reprogramming also occur during ETI. In fact, it has been reported that there is a
significant overlap between transcriptional response to PTI elicitors such as flg22 and
7

ETI elicited by an avirulence gene (Navarro et al., 2004). Nevertheless, there also seem to
be some key differences between the two modes of immunity. PTI can be triggered by
both non-pathogenic and pathogenic organisms. PTI also imparts a broad spectrum
generic immunity irrespective of the elicitor involved; however, ETI is more specific in
that immune responses are induced due to the recognition of specific pathogen motifs or
effector activity against a particular pathogen, suggesting that there are several
differences between the two modes. For example, the amplitude and duration of ROS
burst is transient during PTI; however, during ETI, ROS accumulation is biphasic with a
transient low level ROS burst caused by recognition of pathogen motifs followed by a
more pronounced and prolonged burst caused by ETI (Torres et al., 2006). Similar to the
case of ROS, the nature of activation of MPK3 and MPK6 seen during both ETI and PTI
was different. Compared to PTI, ETI displayed a longer and sustained activation of
MPK3 and MPK6 resulting in the induction of SA responsive genes in the absence of SA
(Tsuda et al., 2013).

The importance of shared immune network components between PTI and ETI
was demonstrated by analysis of dde2 ein2 sid2 pad4 quadruple mutants. Biosynthesis of
jasmonic acid (JA) and SA, hormones that are important for defense signaling, are
extremely reduced in dde2 and sid2 mutants respectively (Wildermuth et al., 2001; von
Malek et al., 2002). Mutation in the EIN2 gene results in strong insensitivity to ethylene
(ET) and confers compromised ET responses (Alonso et al., 1999). PAD4 is a key
defense gene that controls SA mediated defense responses and pad4 mutants are
extremely susceptible to pathogen infection (Jirage et al., 1999; Glazebrook et al., 2003).
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Combinatorial silencing of key phytohormone and immune signaling sectors resulted in
the loss of approximately 80% of flg22 induced PTI and AvrRpt2-triggered ETI,
suggesting that the defense signaling machinery between the two modes of immunity is
extensively shared (Tsuda et al., 2009). Interestingly however, individual single
mutations have a larger impact on PTI compared to ETI. During PTI, part of the signaling
network is used in a synergistic manner with different signaling pathways functioning in
concert such that mutation in any one of the major network nodes leads to larger effects
on immunity. In ETI however, the same signaling pathways are used in a compensatory
manner where in the networks back up one another in a way that the immune system is
made more robust to the loss of one sector due to interfering pathogen effectors (Tsuda et
al., 2009). The importance of hormones in modulating immune responses is highlighted
by the attempts of pathogens to manipulate these processes by synthesizing their own
hormones and mimics and their targeting of the host defense system. For example,
bacterial pathogens such as Pto DC3000 can produce a phytotoxin called coronatine, a JA
mimic that can repress SA mediated defense responses (Brooks et al., 2005)

Plant defense responses-role of phytohormones
Much of the signal relay during plant defense signaling relies on three well
characterized phytohormones, Salicylic acid (SA), Jasmonic acid (JA) and Ethylene (ET)
(van Loon et al., 2006; Browse, 2009; Vlot et al., 2009). Studies of mutants with defects
in synthesis of or responses to individual hormones suggested that in many cases, SA is
important for resistance to biotrophs while JA and ethylene are important for resistance to
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necrotrophs (reviewed by (Glazebrook, 2005)). Additionally, other plant hormones such
as abscisic acid (ABA), gibberellins (GA), cytokinins, auxins and Brassinosteroids (BR)
also modulate plant immune responses (Nakashita et al., 2003; Walters and McRoberts,
2006; Navarro et al., 2008; Kazan and Manners, 2009; Ton et al., 2009; Moreau et al.,
2010) . The concentration and signaling cascade elicited by the phytohormones are
important factors that mediate the type and amplitude of plant immunity. In addition to
individual hormonal signaling cascades, interaction and crosstalk between the hormone
sectors is also important for fine tuning of immune responses. There is evidence for
significant synergistic and compensatory interaction between different hormone signaling
pathways as well as antagonism (Tsuda et al., 2009).

Salicylic acid
SA plays a major role in defense against biotrophic pathogens. Biosynthesis of SA
is carried out via two pathways; the phenylalanine ammonia lyase (PAL) and
isochorismate synthase (ICS) pathways. In the PAL pathway, SA is synthesized from
cinnamate via ortho-coumarate or benzoate as precursors (Coquoz et al., 1998; Chen et
al., 2009). SA synthesized by the ICS pathway is required for providing local and
systemic immunity (also called systemic acquired resistance or SAR) (Wildermuth et al.,
2001). In the ICS pathway, SA is synthesized in chloroplasts from chorismate via
isochorismate by the enzyme isochorismate synthase (ICS) (Wildermuth et al., 2001). In
Arabidopsis there are two ICS genes and although both seem to be involved in SA
synthesis, ICS1 plays the major role in SA induction in response to pathogens. In sid2
plants with a mutation in the ICS1 gene there is a drastic reduction in SA compared to
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ics2 mutants. Therefore, ICS2 may only have a marginal contribution towards SA
biosynthesis (Wildermuth et al., 2001; Garcion et al., 2008). Interestingly, even though
95% of SA seems to be synthesized via the ICS pathway in Arabidopsis, it appears that
high PAL activity is important for pathogen-induced SA formation in other plants (Elkind
et al., 1990; MauchMani and Slusarenko, 1996; Pallas et al., 1996).

Apart from ICS genes, other genes have also been shown to be important for SA
accumulation after pathogen infection. Among them are Enhanced Disease Resistance 5
(EDS5) which encodes a multidrug and toxin extrusion (MATE) transporter family
protein and the eukaryotic lipase like genes Phytoalexin Deficient 4 (PAD4) and
Enhanced Disease Resistance 1(EDS1). EDS5 is located on the chloroplast envelope and
aids in the export of SA from the chloroplast. In eds5 mutant plants, SA is trapped within
the chloroplast which results in suppression of SA biosynthesis due to an SA-mediated
negative feedback loop (Serrano et al., 2013).

The lipase like genes, PAD4 and EDS1, are also important regulators of SA
mediated responses. EDS1 interacts with the sequence-related PAD4 and
SENESCENCE-ASSOCIATED GENE 101 (SAG101) another positive regulator of
immunity. PAD4, EDS1 and SAG101 all play redundant as well as independent functions
in plant immunity (Lipka et al., 2005; Zhu et al., 2011a). EDS1 and PAD4 are part of a
positive feedback loop with SA signaling. SA levels in pad4 and eds1 mutants are lower
than in wild type plants. EDS1 and PAD4 are important for the onset of SA biosynthesis
during the TIR-NB-LRR (a NBS-LRR subfamily) mediated immunity (Wiermer et al.,
11

2005). Defense responses in eds1 and pad4 mutants are rescued by exogenous SA
treatment suggesting that they act upstream of SA (Parker et al., 1996; Zhou et al., 1998;
Feys et al., 2001), however both EDS1 and PAD4 are known to participate in an SA
independent manner as well. FLAVIN-DEPENDENT MONOOXYGENASE1 (FMO1)
and the Nudix family protein NUDT7 regulate the SA independent activity of
EDS1(Bartsch et al., 2006). Poly(A) polymerase 1 (PAPS1) also negatively regulates
defense responses to Hyaloperonospora arabidopsidis in an SA independent, but EDS1,
PAD4 dependent way (Vi et al., 2013; Gerda et al., 2014).

EDS1 and PAD4 are important for basal defense response against biotrophic
pathogens (Feys et al., 2001). EDS1 is also important for R gene mediated resistance
(Aarts et al., 1998). For example, RPS4, a TIR-NB LRR class R gene, can recognize the
effector AvrRps4 from Pseudomonas syringae. RPS4 mediated resistance by perception
of AvrRps4 requires the nuclear accumulation of EDS1 for transcriptional reprograming
(Garcia et al., 2010). EDS1 dimers are localized to the cytoplasm, while the EDS1-PAD4
heterodimers are localized to both cytoplasm and the nucleus and EDS1- SAG101
complexes are confined to the nuclei (Feys et al., 2005). Nucleo-cytoplasmic movement
of EDS1 in fact is necessary for full TIR-NB-LRR immunity as well as basal immunity
(Garcia et al., 2010; Heidrich et al., 2011). While EDS1 associates with PAD4 and
SAG101 in separate complexes, a ternary SAG101-EDS1-PAD4 complex in the nucleus
has also been detected (Zhu et al., 2011a). The role of SAG101 in immunity is less clear
given that PAD4 seems to compensate for SAG101 in basal resistance and ETI (Rietz et
al., 2011). Nevertheless, a non-redundant function of SAG101 against Turnip crinkle
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virus has been reported as well (Zhu et al., 2011a).

For a long time, the mechanism by which SA was perceived by plants was
unknown. Several SA binding proteins (SABPs) have been identified including a methyl
salicylate esterase, carbonic anhydrase, catalase and ascorbate peroxidase, but an SA
receptor and the signaling mechanism had been elusive. Recently, NPR1-LIKE
PROTEIN 3 (NPR3) and NPR1-LIKE PROTEIN 4 (NPR4) were shown to be the elusive
SA receptors (Fu et al., 2012). NPR3 and NPR4 are paralogs of NON-EXPRESSOR OF
PR GENES1(NPR1), a positive regulator of the TGA clade of transcription factors which
regulate SA signaling and defense-related PATHOGENESIS-RELATED (PR) genes
(Dong, 2004). While PAD4 and EDS1 function upstream of SA, NPR1 forms a major
regulatory node downstream of SA. Plants that lack NPR1 show accumulation of SA but
no activation of PR genes that are typically induced by SA. Interestingly, in a separate
study, using an equilibrium dialysis ligand binding method, NPR1 was also reported to be
an SA receptor (Wu et al., 2012). However, in the study using conventional ligand
binding assays, by Fu et al., only NPR3 and NPR4 were found to bind SA and not NPR1.

NPR3 and NPR4 interact with NPR1 to modulate SA mediated responses. NPR3
and NPR4 both are adaptor proteins for the CUL3 E3 ligases that target NPR1 for 26S
proteasome mediated degradation. The degradation of NPR1 takes place in an SA
concentration dependent manner. When not induced, NPR1 is sequestered in the
cytoplasm as an oligomer by S-nitrosylation of intermolecular disulphide bonds (Tada et
al., 2008). NPR1 monomerization is triggered by redox changes in the cytoplasm and it is
13

translocated to the nucleus where it induces the expression of many defense related genes
including PR genes (Mou et al., 2003; Dong, 2004; Tada et al., 2008). In the nucleus,
under low SA conditions, NPR1 is bound to NPR4 and is sequestered away from
inducing defense responses and is degraded through the 26S proteasome pathway. When
the concentration of SA increases during pathogen infection, SA binds to NPR4 which
has a high affinity for SA, disrupting its interaction with NPR1. NPR1 acts as a cofactor
by associating with TGA family of transcription factors. These transcription factors can
bind the promoters and induce the expression of defense genes such as PR-1. At very
high concentrations of SA typically seen during ETI, there is sufficient SA to bind NPR3
which has a lower affinity for SA, and the interaction of NPR3 and NPR1 promotes the
degradation of NPR1 and hypersensitive cell death ensues. Thus a cocktail of factors of
SA concentration and differential affinity of SA receptors successfully modulate SA
induced defense responses (Fu et al., 2012).

Defense responses thus induced locally also trigger Systemic Acquired Resistance
(SAR) in the whole plant, a mechanism that allows the plant to attain SA dependent
broad spectrum defensive status protecting the plant from secondary infections (Fu and
Dong, 2013). SAR induction results in the accumulation of SA as well as the production
of the PR proteins. SAR induced by exogenous application of SA can be long lasting and
can protect the plant several weeks to months after infection. In fact, there is evidence for
the protective effect of SAR on the progeny of the plants by epigenetic mechanisms
(Slaughter et al., 2012). NPR1 seems to be an important regulator of SAR along with
NPR3 and NPR4 (Fu and Dong, 2013).
14

Jasmonic acid
JA and related compounds such as methyl jasmonate (MeJa), cis-jasmone,
jasmonoyl isoleucine (JA-Ile), jasmonoyl ACC (JA-ACC) etc., collectively called
jasmonates, are important for defense against necrotrophs and responses to wounding and
herbivory. In plants, JA synthesis commences in the chloroplast and then continues in the
peroxisome, via the oxylipin pathway. Oxylipins are oxidation products of unsaturated
fatty acids (Andersson et al., 2006). In this pathway, C18-PUFA (linolenic acid or α-LeA)
released from the chloroplast membrane is converted to 12-oxo-phytodienoic acid
(OPDA) via various intermediates and by the action of enzymes such as
LIPOXYGENASE 2 and ALLENE OXIDE SYNTHASE (AOS). All these steps take
place within the plastids. cis (+)-OPDA is transported from plastids into peroxisomes,
where OPDA is converted to different jasmonates such as JA-Ile, JA-ACC and Me-JA
(Vick and Zimmerman, 1983). The biologically active form JA-Ile is derived from
conjugation of the amino acid isoleucine by a GH3 family protein encoded by the JA
resistant 1 (JAR1) gene (Staswick and Tiryaki, 2004).

CORONATINE INSENSITIVE1 (COI1), an F-box protein is the JA receptor (Xie
et al., 1998; Yan et al., 2009). COI1 is a part of the SCFCOI1 E3 ubiquitin ligase complex
which upon binding JA-Ile, targets JAZ transcription factors for degradation by the 26S
proteasome pathway (Chini et al., 2007; Thines et al., 2007; Yan et al., 2009). JAZ
proteins are transcriptional repressors of JA signaling. They bind to and repress the
transcription factor activity of the basic Helix Loop Helix transcription factors MYC2, 3
15

and 4 that positively regulate JA signaling (Fernandez-Calvo et al., 2011; Niu et al.,
2011). In the presence of JA, the JAZ mediated repression is removed to initiate JA
signaling.

Generally, JA signaling is considered to consist of two branches. One requires the
transcription factors MYC2, 3 and 4 and is important for wound response and defense
against insects. The activity of this branch can be monitored with the marker gene
VEGETATIVE STORAGE PROTEIN2 (VSP2). The other branch requires the Ethylene
Response Factor (ERF) transcription factors. Activation of this branch leads to induction
of the marker gene PLANT DEFENSIN1.2 (PDF1.2). The ERF branch of JA signaling,
important for defense against necrotrophic pathogens, requires transcription factors such
as ERF1, AtERF2, AtERF14, and ORA59 that act as positive regulators and ERF4 that
acts as a negative regulator (Lorenzo et al., 2003; McGrath et al., 2005; Onate-Sanchez et
al., 2007; Pre et al., 2008). Activation of the ERF branch of JA signaling is ET
dependent. In the absence of JA, the transcription factors ETHYLENE INSENSITIVE3
(EIN3) and EIN3-LIKE1 (EIL1) that are stabilized by ET interact directly with JAZ
proteins and inhibit the transcriptional activity of EIN3/EIL. But in the presence of JA,
COI1 targeted degradation of JAZ proteins removes the suppression and enhances the
transcriptional activity of EIN3/EIL1, providing a clue to the regulation of the ERF
branch of JA signaling (Zhu et al., 2011b).

The MYC branch of JA signaling is usually considered to be important for defense
against insects and in wounding responses. MYC2, 3 and 4 directly interact with JAZ
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proteins that repress its activity. In the presence of JA, the JAZ imposed repression on
these transcription factors is removed. In turn, MYC3 and 4 can act additively with
MYC2 to induce a suite of early JA responsive genes including several critical
transcription factors such as WRKYs, AP2/ERFs and MYBs (Lorenzo et al., 2004;
Fernandez-Calvo et al., 2011). Downstream of MYC2, JA signaling is further branched,
with MYC2 acting as a repressor of pathogen responsive genes such as PR-1 and
PDF1.2, but as a positive regulator of wounding responses by inducing genes such as
VSP2 and LOX3(Lorenzo et al., 2004). Interestingly, the ERF branch co-regulates the
same set of genes but in an opposing way by activating PR genes and repressing wound
responsive genes (Lorenzo et al., 2004).

After considering the role of hormones and the important regulators of defense
signaling pathways, the next section will delve into understanding the mechanisms and
processes involved in PTI signaling, since these mechanisms are germane to the current
thesis.

Pattern Triggered Immunity and its role in defense responses:
Pathogen recognition and signal transduction
PTI in plants can be triggered by invading pathogens by their conserved motifs or
MAMPs such as cell wall components or flagellin (Jones and Takemoto, 2004). The
perception of MAMPs happens at the cell surface by the pathogen recognition receptors
(PRR) that belong to the large Receptor-Like Kinase (RLK) family. RLKs form one of
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the largest protein families in plants with more than 600 members in Arabidopsis and
more than 1000 members in rice (Shiu and Bleecker, 2001). RLKs are closely related to
the Interleukin-1 Receptor-Associated Kinase (IRAK) family of kinases in humans and
Drosophila melanogaster Pelle kinase (Shiu and Bleecker, 2001). All the PRRs identified
in plants to date are Receptor-Like kinases (RLKs) with an Ectodomain(ED),
Transmembrane domain (TM) and a cytoplasmic, intracellular kinase domain. Using
molecular phylogenetics and the structural features of the proteins, the RLKs are further
dived into subfamilies (Shiu and Bleecker, 2001). Those that consist of only an ED and a
TM domain and no intracellular kinase domains are called Receptor-Like Proteins
(RLPs) (Monaghan and Zipfel, 2012). Many RLKs entirely lack the ED and possess only
the intracellular kinase domain. These are called Receptor-Like Cytoplasmic Kinases
(RLCK) (Shiu and Bleecker, 2001).

The ED of RLKs displays remarkable diversity in structure and organization and, as
shown in Figure 3, they contain a variety of different motifs. While there is some overlap
in the ED motifs between plants and animals, many motifs are unique to plants.

There

are different motifs in the EDs of RLKs (Figure 3). Of particular interest is the leucinerich repeat (LRR) containing RLKs (LRR-RLKs). There are 235 LRR-RLKs in
Arabidopsis forming the largest subfamily of RLKs each containing 1 to 32 leucine-rich
repeats in their EDs (Shiu and Bleecker, 2001). The LRR-RLKs are organized into over
12 subfamilies with differing numbers and locations of LRR in their EDs. While the
ligands for some of the RLKs have been discovered, the vast majority remain unknown.
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Figure 3: Representative members of the Receptor-Like Kinase (RLK) family. The different motifs in
the ED and intracellular kinase domain of RLKs and RLCKs in Arabidopsis. The gray line represents the
plasma membrane with the putative ED above the gray line and the kinase domain below. This figure has
been adapted from Shiu and Bleecker 2001.

Animals contain a small number of RLKs in comparison to plants. For example, the
human genome contains four IRAKs, kinases that are closely related to plant RLKs. In
contrast, the RLK family has expanded explosively in plants. The expansion continued
even after the monocot-dicot split. Intriguingly however, in Arabidopsis, the expansion
seems to be restricted largely within those subfamilies involved in biotic stress such as
the DUF26, LRK10L-2, LRR-I, LRR-XII, SD1, SD-2b, and WAK subfamilies, but not
those implicated in the control of development (Lehti-Shiu et al., 2009). Considering the
number of RLKs in plants, it is hypothesized that the expansion of the family may have
allowed for the recruitment of a diverse set of domains for signal perception. In addition,
many RLKs such as LRR-RLKs can interact with a diverse group of proteins, effectively
increasing the combinatorial repertoire of signal responses to varying pathogen
challenges.
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In Arabidopsis there are ~200 RLCKs and 379 in rice (Shiu et al., 2004; Vij et al.,
2008). RLCKs, especially, the subfamily VII, is overrepresented in RLK family
members that are induced during biotic stress responses (Lehti-Shiu et al., 2009). Many
of the RLCKs are predicted to be associated with the plasma membrane because of the
presence of putative myristoylation and/or palmitoylation motifs in their N-termini
(Zhang et al., 2010). Large scale phosphoproteomics studies of plasma membrane
associated proteins have revealed that many RLCKs are phosphorylated within minutes
of MAMP perception (Benschop et al., 2007; Nuehse et al., 2007).

Binding of MAMPs induces conformational changes in their corresponding PRRs
resulting in defense signal initiation. In RLKs, the intracellular kinase domain of the
protein is involved in transducing the defense signal by phosphorylating an associated
protein. The best studied example is the ligand-receptor pair of flg22-FLS2. Upon
binding flg22 (a conserved flagellin peptide), the receptor FLS2 associates with an LRRRLK called BRI1 associated Kinase 1 (BAK1), its co-regulatory interaction partner
(Chinchilla et al., 2007). BOTRYTIS-INDUCED KINASE1 (BIK1) is an RLCK
associated with both BAK1 and FLS2 and is rapidly phosphorylated upon flg22
perception in a FLS2 and BAK1 dependent manner (Lu et al., 2010; Zhang et al., 2010).
Interestingly, the kinase activity of BAK1 was found to be dispensable for its interaction
with FLS2 and the EF-Tu receptor EFR, but critical for its role in flg22 induced immune
signaling (Schwessinger et al., 2011). BIK1 seems to be the link between signal
perception and defense response initiation, but, the exact mechanism remains to be
determined. A recent report also identified a receptor-like protein, RLP30, in association
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with two RLKs, BAK1 and SUPPRESSOR OF BIR1-1/EVERSHED (SOBIR1/EVR) to
mediate immune signaling induced by a partially purified elicitor called SCLEROTINIA
CULTURE FILTRATE ELICITOR1 (SCFE1) from the necrotrophic fungal pathogen
Sclerotinia sclerotiorum (Zhang et al., 2013). The results of this study suggested that
RLPs together with RLKs could form a signal perception unit during MAMP signaling.

BAK1 and BIK1 are important for not only flg22 induced immunity but also
immunity induced by other MAMPs such as bacterial elf18 (a conserved peptide of the
elongation factor-Tu), lipopolysaccharides (LPS), peptidoglycans (PGN), harpin protein
HrpZ, cold shock protein csp22 and fungal MAMPs such as chitin (Shan et al., 2008;
Krol et al., 2010; Lu et al., 2010; Zhang et al., 2010). This suggests that there is
significant crosstalk in PTI signaling pathways irrespective of the signal inducer. It also
suggests that a variety of elicitors could confer a protective status by inducing immunity
by triggering several core components of the immune system. Speaking to this possibility
it is seen that many RLKs such as BIK1, PBS1-like 1 ( PBL1) and PBS1-like 2 (PBL2)
are targeted by microbial effectors in an attempt to overcome the PTI responses of plants.
For example, BIK1, PBS1, and PBL1 are targeted and cleaved by P. syringae effector
AvrPphB (Zhang et al., 2010). PBL1 and BIK1 are also uridylylated by AvrAC resulting
in the inhibition of their activity during the immune response (Feng et al., 2012).

Another well studied case of PTI is induced by elf18 peptide derived from the
bacterial elongation factor EF-Tu. The receptor for elf18 is the EF-Tu receptor (EFR).
Like FLS2, EFR is a non-RD kinase belonging to the LRR subfamily XII with 21 LRRs
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in its ecto domain (Kunze et al., 2004; Zipfel et al., 2006). EFR is restricted to
Brassicaceae, perhaps because perception of EF-Tu was an innovation in this family.
Interestingly, ectopic expression of EFR in species lacking EFR such as Nicotiana
benthamiana render them responsive to elf18 signifying conservation of downstream
signaling after elicitor perception by PRRs. Indeed, many of the signaling components in
flg22 mediated immune signaling also seem to be involved in elf18 induced signaling.
For example, EFR also interacts with BAK1 and this interaction occurs within 5 minutes
of elf18 treatment (Schwessinger et al., 2011). BIK1 also interacts with EFR and was
shown to be important for elf18 induced immunity (Zhang et al., 2010).

Apart from MAMP induced PTI, immunity is also induced by DAMPs that are
endogenously derived signals. Damage induced degradation products such as
oligogalacturonides (OGs), cutin monomers and peptides such as the Arabidopsis
thaliana AtPeps 1-8 can activate DAMP induced immunity (Kauss et al., 1999; Huffaker
and Ryan, 2007; Yamaguchi et al., 2010; Rasul et al., 2012; Bartels et al., 2013). AtPeps
are recognized by two homologous receptor-like kinases, PEPR1 and PEPR2 (Krol et al.,
2010; Yamaguchi et al., 2010). PEPR1 interacts with and phosphorylates BIK1 as well as
another RLCK PBL1. Double mutants of pepr1pepr2 show reduced ET sensitivity,
elongated hypocotyls, reduction in ET induced defense gene expression as well as
compromised resistance to Botrytis cinerea. Additionally, pep1 application partially
mimicked ET-induced seedling growth inhibition in a PEPR- and BIK1-dependent
manner but independent of canonical ET signaling suggesting that ET signaling could act
in concert with PTI in some cases (Liu et al., 2013). MAMPs such as flg22 and LPS can
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induce SAR (Mishina and Zeier, 2007). Similarly, PTI induced by pep1 via the PEPR
receptors also seems to bridge local and systemic immunity by triggering SA and JA
defense pathways in systemic leaves upon exogenous application of peps (Ross et al.,
2014).

Pattern Triggered Immunity
While there have been several studies identifying both PRRs as well as proteins
associated with PRRs during immune signaling, a mechanistic insight into downstream
signaling after pathogen perception is needed. In the case of FLS2 mediated signaling, an
elegant study demonstrated that the receptor FLS2 is internalized by endocytosis from the
plasma membrane after flg22 perception (Robatzek et al., 2006). It is unclear if the
internalization of FLS2 itself is important for signaling, however, a point mutant in a
threonine residue in FLS2 affects both signaling as well as endocytosis of the protein
suggesting a link between the two (Robatzek et al., 2006). It was also seen that two
closely related E3 ubiquitin ligases, PUB12 and PUB13, are activated by BAK1
phosphorylation and target FLS2 for 26S proteasome mediated degradation (Lu et al.,
2011), thus attenuating a prolonged or excessive activation of flg22 signaling.

The perception of MAMPs results in initiation of several defense responses such as
generation of reactive oxygen species (ROS), membrane depolarization, medium
alkalinization, intracellular Ca2+ spike, callose deposition at the cell wall, activation of
MAPKs by phosphorylation and transcriptional reprograming, collectively a part of
defense response (Gomez-Gomez et al., 1999; Jeworutzki et al., 2010). Rapid ROS
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production is one of the earliest responses to MAMP perception in plants. ROS
accumulation is mediated primarily by two genes RBOHD and RBOHF in Arabidopsis
(Torres et al., 2002; Zhang et al., 2007). Accumulation of phytoalexins such as
camalexin, known to be an important antimicrobial compound, following pathogen
infection requires ROS. MYB51 genes as well as a root expressed CYP71A12 that are
important for camalexin production were down regulated in prx33/34 mutants displaying
reduced ROS burst after flg22 treatment (Daudi et al., 2012).

Deposition of callose, a β-1,3 linked glucose, at the cell wall is important for
defense against pathogens (Kim et al., 2005). Callose is thought to act as a physical
barrier to slow pathogen invasion. Like camalexin accumulation, callose deposition is
dependent on ROS production during defense responses. A significant reduction of flg22
induced callose deposition was seen in atrbohD mutant plants as well as plants treated
with an ROS inhibitor (Zhang et al., 2007). These studies also point to the fact that many
of the signaling components triggered by pathogens are interconnected providing
robustness to the defense responses.

Ca2+ signaling during defense responses
One of the classical hallmarks of PTI is the transient intracellular Ca2+ spike in
plant cells exposed to MAMPs (Blume et al., 2000; Ranf et al., 2011). Ca2+ acts as a
secondary messenger in a variety of signaling pathways like abiotic stress signaling,
biotic stress signaling, light signaling and temperature sensing (Sanders et al., 1999).
While most of the studies focus on cytosolic Ca2+, a study using plants expressing the
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Ca2+ reporter aequorin targeted to different cellular compartments showed Ca2+ fluxes in
nuclei, mitochondria and chloroplasts after MAMP treatment (Manzoor et al., 2012).

During PTI responses, using an ion-selective microelectrode, membrane
depolarization was shown to occur after flg22 and elf18 treatment. It was also seen that
an increase in the cytoplasmic Ca2+ concentration was indispensable for membrane
depolarization. Furthermore, BAK1 is important for the MAMP induced Ca2+ spike and
anion channel opening, placing Ca2+ signaling as a very early response during PTI
(Jeworutzki et al., 2010). It appears that different MAMPs and DAMPs have different
Ca2+ elevation signatures (amplitude, duration and pattern) based on the cytosolic spike
observed after MAMP or DAMP treatment. Additionally, Ca2+ signatures were also
varied based on the concentration of MAMPs employed (Aslam et al., 2009). Such
differences in MAMP induced Ca2+ signature could indicate alterations in defense
strategies employed based on the type and relative concentration of MAMPs present.

The ROS burst, an early response to MAMP treatment, is inter-connected with Ca2+
signaling. For example, Ca2+ influx is known to trigger ROS generation. The Ca2+ sensor
Calmodulin (CaM) has been shown to be important for ROS generation after MAMP
treatment. RBOHD and RBOHF proteins, important for generating ROS, are activated by
Ca2+ binding and phosphorylation. Binding of Ca2+ by the EF-hands, a Ca2+ binding
motif, in RBOHD protein results in conformational changes in the protein which is
critical for activation of the protein (Ogasawara et al., 2008). An SA induced cytosolic
Ca2+ concentration was significantly increased upon exposure to H2O2 produced by
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treatment with horse radish peroxidase (Kawano and Muto, 2000; Desikan et al., 2001).
Therefore, ROS accumulation also appears to increase the intracellular Ca2+ levels.
Evidence for the role of the ROS mediated feedback loop on Ca2 has been shown. A
secondary Ca2+ spike generated usually after MAMP treatment was lost in rbohd mutants
and plants exposed to ROS inhibitors (Ranf et al., 2011). The rise in intracellular Ca2+
triggers the generation of ROS which in turn is important for cytosolic Ca2+ flux,
suggesting the presence of a positive feedback loop in these two early PTI events.

Ca2+perception in plants:
Ca2+ signal is perceived and decoded by several different Ca2+ sensors. Ca2+ sensors
can be broadly divided into sensor responders and sensor relays (Sanders et al., 2002).
The calcium sensing function requires the presence of helix-loop-helix EF-hand motifs
that can bind Ca2+ bringing about a conformational change in the protein (Chin and
Means, 2000). Calcium sensors such as CaMs, CAM-like proteins (CMLs) and
Calcineurin B-like proteins (CBLs) can bind Ca2+ directly. These proteins have no
enzymatic function and therefore require Ca2+dependent protein-protein interaction in
order to relay the Ca2+signal (Figure 4). Signal responders such as Calcium dependent
protein kinases (CDPKs) and CBL interacting kinases (CIPKs), possess an enzymatic
function and can either bind Ca2+directly or can interact with Ca2+ relay proteins and
transduce the signal (Sanders et al., 2002). With exception of CaM, other Ca2+ sensors
seem to be plant specific.
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Figure 4. Conceptual classification of Ca2+ sensor proteins: relays and responders. Representative Ca2+
sensor proteins are shown with highlights on the principal functional domains. CaMs and CMLs that have
no other identified functional domain but Ca2+ sensing EF-hand motifs regulate target proteins via Ca2+
dependent protein–protein interactions. By contrast, CDPKs and CBL–CIPK complexes possess protein
kinase activity as a responder function. This figure is from (Hashimoto and Kudla, 2011).

Among the Ca2+ binding proteins, CaMs are one of the best characterized
categories of Ca2+ sensors. In Arabidopsis there are seven CaM encoding genes that
produce four CaM isoforms namely, CAM1/4, CAM2/3/5, CAM6 and CAM7 each
differing by one to four amino acids. CaMs are small proteins (~ 150 amino acids) with
two pairs of EF hands for binding Ca2+. With no inherent catalytic activity, CaMs after
binding Ca2+, transmit signals by binding to a broad category of targets such as
transcription factors, ion channels, kinases and other catalytic enzymes (DeFalco et al.,
2010).

Plants, uniquely, seem to have evolved an expanded group of CMLs, for example,
the Arabidopsis genome consists of close to 50 CMLs. To date, only a few members of
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this family have been functionally characterized. The few that have been investigated,
show that CMLs are involved in a broad range of functions from developmental to
defense responses (Bender and Snedden, 2013). Like CaM, CMLs are predicted to
undergo conformational changes upon binding Ca2+, facilitating their interaction with
target proteins. The number of EF hands on a CML protein varies from one to seven and
it has been hypothesized that CMLs may dimerize to bind Ca2+ and transduce signals.

The characterized CMLs such as CML7, 23, 24 and 42 are involved in
developmental functions such as regulation of trichome morphology, root hair elongation
and transition to flowering (Tsai et al., 2007; Dobney et al., 2009; Won et al., 2009).
Promoter and transcript analysis has also suggested roles for CMLs like CML9, 24 37
and 38 in several stress responses such as salinity, drought, oxidative stress, mechanical
wounding, ABA and temperature changes (Delk et al., 2005; Vanderbeld and Snedden,
2007; Magnan et al., 2008).

CMLs appear to be important for biotic stress responses as well. Expression of
several CMLs is induced upon treatment with oral secretions from the larvae of the
butterfly moth Spodoptera littoralis. Larval development was impaired on cml42 loss of
function mutants. The JA receptor COI1 seems to negatively regulate the expression of
CML42, and the increased resistance of the mutants maybe due to enhanced JA signaling
and hyper activated transcript accumulation of the JA responsive genes VSP2 and THI2.1
(Vadassery et al., 2012). CML43 is predicted to function as an SA inducible root specific
Ca2+ sensor (Bender et al., 2014). The expression of CML43 is induced by pathogen
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treatment and SA. Overexpression of CML43 resulted in enhanced HR in plants infected
with Pto DC3000 carrying avrRpt2. Moreover, suppression of APR134, a tomato ortholog
of Arabidopsis CML43, resulted in increased susceptibility of plants to Pseudomonas
syringae (Chiasson et al., 2005). Expression of CML9 is induced by flg22, SA application
and the bacterial pathogen Pto DC3000 in a manner dependent on FLS2 and SA (Leba et
al., 2012). Elevation of pathogen and HR induced nitric oxide (NO), a defense signaling
molecule, is significantly reduced in cml24 mutants suggesting that CML24 is important
for innate immunity (Ma et al., 2008).

CDPKs form another large category of calcium sensors, combining the function of
calcium relay proteins (signified by the presence of EF hand motifs) as well as calcium
responders (signified by Ca2+ induced catalytic function). CDPKs are predicted to harbor
N-myristoylation and S-palmitoylation sites at the N termini making them membrane
associated. Binding Ca2+ and the ability to swiftly dissociate from the membrane to
transduce the signal would indicate an important role for CDPKs in Ca2+ signaling. Such
a function would be especially significant in perceiving both biotic and abiotic stress
stimuli. In Potato, Phytophthora infestans induced ROS production was modulated by
StCDPK4 and StCDPK5 (Kobayashi et al., 2007). NtCDPK2 was swiftly phosphorylated
within 5 minutes after the treatment with Avr9, an elicitor of defense responses in
tobacco cell cultures. The study also showed that this CDPK was upstream or
independent of the ROS signaling machinery (Romeis et al., 2000). CPK5 and 6
(orthologs to StCDPK4 and StCDPK5) are activated by flg22 treatment and were shown
to be important for SA mediated resistance to Pto DC3000 with defense responses being
29

compromised in cpk5 mutants due to reduced CPK5 dependent RBOHD phosphorylation.
Moreover, CPK5 and RBOHD seem to form a self-propagating mutual activation circuit
in response to flg22. The ROS mediated signal transduction resulted in activation of
CPK5 in distal leaves. The defense gene activation in distal leaves is compromised in
cpk5 and rbohd mutants suggesting an involvement of ROS and Ca2+ in SA mediated
resistance to Pto DC3000 in a systemic manner (Dubiella et al., 2013). A group of CPKs
were shown to phosphorylate WRKY transcription factors, WRKY8/28/48 to control
resistance during ETI (Gao et al., 2013).

While the presence of EF-hand motifs in a protein is an indicator of Ca2+ binding
capacity of that protein, the nature of the CaM binding domain and motifs therein are not
well defined. It appears though that CaM binding peptides of these proteins are typically
arranged in an amphipathic α-helix in which the residues form a distinct hydrophobic side
and a hydrophilic side. Currently, there are an estimated 500 genes predicted to encode
CaM binding proteins in the Arabidopsis genome (Poovaiah et al., 2013).

Several CaM binding proteins (CBPs) have been implicated in mediating immune
responses. Among these, cyclic nucleotide gated channels (CNGCs) that are Ca2+ influx
channels are known to be important for immunity and are negatively regulated by CaMs
(Hua et al., 2003). On the other hand, Ca2+ efflux channels such as ACA2 and ACA8 are
positively regulated by CaM (Harper et al., 1998; Bonza et al., 2000). AtSR1/CAMTA3, a
member of the Calmodulin binding Transcription Activator (CAMTA) transcription
factor family, has been shown to be involved in regulation of defense responses. Loss-of30

function mutants of AtSR1/CAMTA3 showed increased resistance to Pto DC3000 as
well as constitutively high PR gene induction consistent with high SA levels in plants.
AtSR1 negatively regulates SA by binding the promoter of and suppressing EDS1 which
is important for SA accumulation (Du et al., 2009). AtSR1/CAMTA3 was also shown to
be important in the regulation of responses to herbivory. Null mutants of atsr1/camta3
were more susceptible to herbivore attack perhaps due to elevated levels of SA in the
mutants which could negatively impact JA biosynthesis and signaling (Laluk et al., 2012;
Qiu et al., 2012).

CaM binding family 60 (CBP60) family proteins have also been investigated for
their role in Ca2+ mediated immune signaling. The CBP60s are a family of eight
transcription factors predicted to bind CaM. Previous studies in our lab identified two
members of this family, CBP60g and SARD1, as positive regulators of immune
responses in Arabidopsis. CBP60g is a CaM binding protein, but SARD1 is not (Wang et
al., 2009; Wang et al., 2011). We found that cbp60g and sard1mutant plants showed
increased susceptibility to Pma ES4326 as well as differential expression of a suite of
both SA independent and SA dependent genes. CBP60g is important during early
responses to Pma ES4326. SA accumulation and SA dependent gene expression were
impaired at early time points in cbp60g mutants. SARD1 on the other hand is important
for later defense responses. In sard1 mutants, reduction in flg22 induced SA
accumulation as well as defense gene expression was impaired at a much later time point
(24h after treatment) compared to that in the cbp60g mutants (9h after treatment). Double
mutants of cbp60g sard1 showed a stronger susceptibility to pathogen than either of the
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single mutants, with the effect of the double mutation more than the additive effect of the
single mutations suggesting that CBP60g and SARD1 play partially redundant roles
during defense responses (Wang et al., 2011).

This thesis describes the study of two genes important for immune responses in
Arabidopsis. Chapter 1 of the thesis describes CBP60a, the third member of the CBP60
family of proteins. Chapters 2 and 3 describe PCRK1, an RLCK, and its function in
defense responses. In chapter 1 we show that CBP60a is a CaM binding protein and is a
negative regulator of immunity with the mutant cbp60a plants showing enhanced
resistance to Pma ES4326. We also show that CBP60a can bind CaM and that CaM
binding is important for the function of CBP60a (Truman et al., 2013).

In chapters 2 and 3, we show that PCRK1 contributes positively to defense
responses. The pcrk1 mutants are more susceptible to Pma ES4326 and Pto DC3000
infection. We also show that PCRK1 is important for PTI responses induced by both
MAMPs and DAMPs. As outlined in the earlier sections of this document, the RLCK
subfamily VII appears to be important in regulating biotic stress responses. With only a
handful of genes in this family having been investigated for their role in immune
signaling, most of the others in the family remain to be characterized for their role in
immunity. My work on PCRK1 contributes to the current knowledge on role of RLCKs
in regulating immune responses in Arabidopsis.
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1

CHAPTER I

The Calmodulin Binding Protein 60 Family Includes Both
Negative and Positive Regulators of Plant Immunity

CHAPTER SUMMARY
Two members of the eight-member Calmodulin Binding Protein 60 (CBP60) gene
family, CBP60g and SARD1, encode positive regulators of plant immunity that promote
production of salicylic acid (SA) and affect expression of SA-dependent and SAindependent defense genes. Here, we investigated the other six family members. Only
cbp60a mutations affected growth of the bacterial pathogen Pseudomonas syringae pv.
maculicola ES4326 (Pma ES4326). In contrast to cbp60g and sard1 mutations, cbp60a
mutations reduced pathogen growth, indicating that CBP60a is a negative regulator of
immunity. Bacterial growth was increased by cbp60g only in the presence of CBP60a,
while the increase in growth due to sard1 was independent of CBP60a, suggesting that
the primary function of CBP60g may be to counter the repressive effect of CBP60a. In
the absence of pathogen, levels of SA, as well as of several SA-dependent and SAindependent pathogen-inducible genes were higher in cbp60a plants than in wild-type,
suggesting that the enhanced resistance of cbp60a plants may result from activation of
immune responses prior to pathogen attack. CBP60a bound calmodulin, and the
calmodulin-binding domain was defined at the C-terminal end of the protein. Transgenes
1
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encoding mutant versions of CBP60a lacking the ability to bind calmodulin failed to
complement null cbp60a mutations, indicating that calmodulin-binding ability is required
for immunity-repressing function of CBP60a. Regulation at the CBP60 node involves
negative regulation by CBP60a as well as positive regulation by CBP60g and SARD1,
providing multiple levels of control over activation of immune responses.

34

Notes on others’ contribution to this chapter:
The results presented in this chapter include the work of Dr. William Truman who did the
SA quantification, some of the bacterial growth assays and q-RT PCR based gene
expression studies. You Lu screened the double and triple mutants of CBP60a with
CBP60g and SARD1. Dr. Gerit Bethke helped with western blotting experiments. Dr.
Kenichi Tsuda helped with SA quantification. Dr. Fumiaki Katagiri helped with
statistical analysis of data. Dr. Jane Glazebrook helped with writing and editing the
manuscript.

35

INTRODUCTION:
Plant innate immunity depends on recognition of pathogen attack, activation of a
complex signaling network, and expression of defense genes. One type of recognition is
mediated by pathogen recognition receptors in the plasma membrane that bind molecules
characteristic of microbes, called microbe associated molecular patterns (MAMPs),
resulting in pattern triggered immunity (PTI). Adapted pathogens produce effector
proteins that promote virulence by targeting the receptors themselves or critical
components of the defense signaling machinery. A second type of pathogen recognition
involves detection of pathogen effectors by plant resistance proteins, resulting in effector
triggered immunity (ETI) (Jones and Dangl, 2006). In PTI, pathogen recognition is
followed rapidly by early responses including influx of Ca2+ into the cytoplasm and
nucleus (Gust et al., 2007; Ranf et al., 2011; Ranf et al., 2012), an oxidative burst,
deposition of callose at the cell wall (Gomez-Gomez et al., 1999), and activation of a
MAP kinase cascade (Zhang and Klessig, 1998; Nühse et al., 2000; Zhang et al., 2000).
After a few hours, signaling hormones ethylene, jasmonic acid-isoleucine conjugate (JA)
and salicylate (SA) are produced and mediate expression changes of a large number of
genes (Dodds and Rathjen, 2010). The efficacy of PTI can be observed by pre-treating
plants with a MAMP, such as the peptide flg22 derived from bacterial flagellin, and then
challenging with a virulent pathogen (Zipfel et al., 2004; Tsuda et al., 2009). Pathogen
growth is reduced in plants pre-treated with the MAMP, presumably due to activation of
defenses prior to pathogen challenge. ETI responses often include a form of programmed
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cell death called the hypersensitive response (HR), as well as production of ethylene, JA,
and SA and associated changes in gene expression (Dodds and Rathjen, 2010).

The pathogen studied in this work, Pseudomonas syringae pv. maculicola strain
ES4326 (Pma ES4326) is a moderately virulent pathogen not known to trigger an ETI
response in Arabidopsis (Dong et al., 1991). It does elicit a strong SA response, which is
known to be important for limiting pathogen growth, as plant mutants with defects in SA
production or SA signaling allow much more bacterial growth than wild-type plants
(Glazebrook et al., 1996). Wild-type levels of SA production require the related lipaselike genes EDS1 and PAD4, which are also required for many SA-independent gene
expression changes in response to infection (Falk et al., 1999; Jirage et al., 1999;
Wiermer et al., 2005; Wang et al., 2008). EDS1 and PAD4 indirectly increase expression
of SID2/ICS1, which encodes isochorismate synthase, an enzyme required for SA
synthesis (Wildermuth et al., 2001). The SA signal is detected by the NPR3 and NPR4
proteins, resulting in translocation of NPR1 to the nucleus, where it controls gene
expression through physical interaction with transcription factors (Zhang et al., 1999;
Mou et al., 2003; Dong, 2004; Fu et al., 2012).

SA signaling is also affected by two members of the calmodulin binding protein
60 family, CBP60g and SARD1 (Wang et al., 2009; Zhang et al., 2010; Wang et al.,
2011). Both genes are induced by flg22 treatment or Pma ES4326 infection, with the
response of CBP60g being faster than that of SARD1 (Wang et al., 2009; Wang et al.,
2011). Single mutations in either gene cause modest increases in growth of Pma ES4326
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(Wang et al., 2009; Wang et al., 2011). Double cbp60g sard1 mutants allow greatly
increased growth of Pma ES4326 and reduced levels of SA (Wang et al., 2011). The
effect on bacterial growth is larger than that of sid2, while the effect on SA is less than
that of sid2, indicating that the mutations also affect an SA-independent defense response
(Wang et al., 2011). Expression profiling of plants 24 hours after Pma ES4326 infection
revealed this SA-independent defense. The genes whose expression was affected in
cbp60g sard1 plants included the SA-dependent genes as well as a subset of the SAindependent genes whose expression is affected in pad4 and eds1 plants (Wang et al.,
2011). This analysis placed the CBP60g/SARD1 signaling node between the
PAD4/EDS1 and SA nodes in the immune signaling network (Wang et al., 2011).
CBP60g bound calmodulin (CaM) in vitro, while SARD1 did not (Wang et al., 2009;
Wang et al., 2011).

The CaM-binding domain of CBP60g lies near the N-terminal end (Wang et al.,
2009). Transgenes encoding site-directed mutants that could not bind CaM failed to
complement the Pma ES4326 growth phenotype, indicating that CaM binding is required
for the function of CBP60g in immunity (Wang et al., 2009). Calmodulin (CaM) is a
small protein consisting almost entirely of four so-called "EF-hand" domains (Chin and
Means, 2000). Each EF-hand binds one Ca2+ ion with micromolar affinity, causing a
conformational change in the protein (Chin and Means, 2000). Calmodulin mediates
Ca2+ signals by controlling the activities of other proteins by binding to them in a Ca2+dependent manner (Chin and Means, 2000). In the case of CBP60g, CaM binding
occurred only in the presence of Ca2+ (Wang et al., 2009). These results suggest that
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CBP60g constitutes a link between the Ca2+ influx that occurs early after pathogen
recognition and subsequent production of SA and expression of SA-independent
immunity genes (Wang et al., 2009). It was proposed that SARD1 may provide a similar
function in activation of defenses, but in a Ca2+-independent manner, allowing
persistence of defense after Ca2+ returns to the resting level (Wang et al., 2011).

Both CBP60g and SARD1 were shown to be located in the nucleus and to bind to
the SID2 promoter in chromatin immunoprecipitation assays (Zhang et al., 2010). Using
electrophoretic mobility shift assays, the central portions of both proteins were found to
bind to an oligonucleotide of sequence GAAATTTTGG (Zhang et al., 2010). A portion
of this sequence, GAAATTT, was over-represented in the promoters of 25 genes whose
pathogen-induced expression was found to be reduced in cbp60g sard1 plants (Wang et
al., 2011). The results suggest that CBP60 proteins may directly bind to the promoters of
genes they control, thereby affecting their transcription (Zhang et al., 2010).

The extent of the CBP60g/SARD1 regulon was explored by mining expression
profiling data obtained using the ATH1 microarray. Experiments in which CBP60g and
SARD1 were co-expressed with SID2 were selected. Within these experiments, genes
strongly co-expressed with any of the 44 genes whose expression was affected in cbp60g
sard1 plants were selected. This gene set was then clustered based on strength of coexpression. The effects of cbp60g sard1 on expression of representative genes from
clusters enriched with GAAATT promoter motifs were determined by qRT-PCR. While
expression of some genes whose promoters were enriched in GAAATT motifs was
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reduced in cbp60g sard1 plants, expression of other genes was unaffected, and expression
of some genes was increased. These results indicate that enrichment of GAAATT motifs
is not a sufficient condition for CBP60g/SARD1-dependent induction of gene expression
(Truman and Glazebrook, 2012).

CBP60g and SARD1 have also been implicated in responses to abiotic stresses.
Both genes are induced during response to cold, with the kinetics following those of
SID2, which is also induced (Kim et al., 2013). It is not yet known whether CBP60g and
SARD1 are required for the cold induction of SID2. Overexpression of CBP60g resulted
in increased tolerance to drought stress and abscisic acid (ABA), while cbp60g plants
showed increased sensitivity (Wan et al., 2012).

The Arabidopsis CBP60 gene family contains eight members. In view of the
known roles of CBP60g and SARD1 in responses to biotic and abiotic stress, we decided
to test the other six family members for roles in biotic stress responses by testing the
effects of mutations in these genes on growth of Pma ES4326. Only cbp60a mutants had
a substantial effect, in that bacterial growth was reduced relative to wild-type plants.
Levels of SA and expression of selected pathogen-inducible genes were elevated in
cbp60a plants in the absence of pathogen. The CaM-binding domain of CBP60a was
located at the C-terminus of the protein, in contrast to CBP60g, whose CaM-binding
domain lies near the N-terminus. The CaM-binding ability of CBP60a was required for
complementation of the reduced bacterial growth phenotype of cbp60a null mutants. In
contrast to CBP60g and SARD1, CBP60a is a repressor of immunity.
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RESULTS
CBP60a Negatively Affects Plant Immunity
As cbp60g and sard1 mutations compromise plant immunity, allowing enhanced
growth of Pma ES4326, we decided to test mutations in the other six CBP60 family
members for effects on Pma ES4326 growth. As shown in Figure 5A, two independent
cbp60a T-DNA insertion alleles resulted in reduced growth of Pma ES4326, indicating
that immunity to this pathogen is enhanced in cbp60a plants. Among the other cbp60 TDNA insertion mutations tested, mutations in cbp60c and cbp60d caused very small but
statistically significant increases in Pma ES4326 growth. These small differences were
not pursued further, and could be due to secondary mutations in the T-DNA lines, as
additional alleles were not tested.

Wild-type CBP60a constructs, containing the native introns and promoter, with Cterminal HA tags, complemented the Pma ES4326 growth phenotype of the cbp60a-1
mutant, further confirming that mutations in cbp60a cause enhanced resistance (Figure
5B). Growth of two other P. syringae strains, virulent Pto DC3000, and an isogenic
avirulent strain expressing an effector recognized by the R protein RPS2, Pto DC3000
avrRpt2, was also reduced in cbp60a plants (Figure 1C, D). Thus, CBP60a acts as a
repressor of immunity, in contrast to CBP60g and SARD1, which are activators of
immunity. CBP60a, CBP60g, and SARD1 define a clade distinct from the other five
CBP60 genes (Wang et al., 2011), and each member of this clade plays a role in
immunity.
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Figure 5. Growth of P. syringae is reduced in cbp60a plants. A, Pma ES4326. B, Complementation of
cbp60a-1 by CBP60a. C, Pto DC3000. D, Pto DC3000 avrRpt2. Bacterial titers were determined
immediately (Day 0) or three days (Day 3) after inoculation of wild-type Col-0, cbp60a-1, cbp60a-2,
cbp60b, cbp60c, cbp60d, cbp60e, cbp60f, Comp #1(complementation line cbp60a-1: CBP60a-HA #1),
Comp #2 (an independent complementation line cbp60a-1: CBP60a-HA #2) and pad4 plants. Data were
obtained in 2 (A and B) or 3 (C and D) independent experiments, each with 4 (Day 0) or 12 (Day 3)
biological replicates, combined with mixed linear models. Error bars indicate standard error, asterisks
indicate q<0.05 for the comparison to Col-0.
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Figure 6. Expression of CBP60 genes in various genetic backgrounds. A, Expression of CBP60a; B,
Expression of CBP60g; C, Expression of SARD1. Note the different scales on the Y-axes for different
genes. Plants were mock-inoculated or inoculated with Pma ES4326 (OD600 =0.01) and gene expression
was determined by qRT-PCR 24 hours later. Data from four biological replicates were merged using a
mixed linear model and the mean log2 ratio to ACTIN2 expression plotted along with the standard error.
There were no statistically significant differences among genotypes (p<0.05).

The level of CBP60a mRNA was induced by Pma ES4326 inoculation, but to a much
lesser extent than CBP60g or SARD1. Expression of CBP60a was not affected by
cbp60g, sard1, or sid2 mutations, indicating that it is controlled independently of
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CBP60g, SARD1, and SA. Expression of CBP60g and SARD1 was not affected in
cbp60a plants (Figure 6).

The Effect of cbp60a on Pma ES4326 Growth is Epistatic to cbp60g, but Additive
With sard1.
To explore the genetic relationships among the three CBP60 family members with
effects on plant immunity, we constructed all three double mutants and the triple mutant,
and compared growth of Pma ES4326 in plants of all cbp60 genotypes and Col-0 wildtype. Figure 7 shows that the cbp60a single mutant showed reduced growth, while
cbp60g and sard1 mutations increased growth, consistent with Figure 5 and previous
results (Wang et al., 2009, Wang et al., 2011). Interestingly, growth in the cbp60a
cbp60g double mutant was lower than in Col-0, and indistinguishable from growth in
cbp60a. The effect of cbp60g in a wild-type background was 0.4 log10 units, while the
effect of cbp60g in a cbp60a background was indistinguishable from 0 (Figure 7B),
indicating that the effect of cbp60a is epistatic to that of cbp60g. In contrast, growth in
the double cbp60a sard1 mutant was intermediate between that in cbp60a and that in
sard1. The effects of sard1 in wild-type background and in a cbp60a background were
not significantly different, indicating that cbp60a and sard1 have independent effects on
Pma ES4326 growth (Figure 7C). Growth in cbp60a cbp60g sard1 was slightly lower
than in cbp60g sard1. These data are consistent with the idea that CBP60g is needed to
counter the suppressive effect of CBP60a on immunity, while the effects of CBP60a and
SARD1 are independent.
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Figure 7. Growth of Pma ES4326 in combinatorial cbp60 mutants. A, Bacterial titers determined
immediately (Day 0) or three days (Day 3) after inoculation of plants with the genotypes indicated. B,
Effects of cbp60g in wild-type or cbp60a backgrounds on bacterial titer at Day 3. C, Effects of sard1 in
wild-type or cbp60a backgrounds on bacterial titer at Day 3. Data were obtained in three independent
experiments, each with 4 (Day 0) or 12 (Day 3) biological replicates, combined with a mixed linear model.
Error bars indicate standard error, different letters indicate statistically significant differences between
means (q<0.05).

To test for an effect on PTI, plants of each genotype were treated with flg22 or
mock-treated, and inoculated with Pma ES4326 one day later. Pathogen titers were
determined after a further two days. The extent of PTI was defined as the difference in
pathogen titer in mock-pretreated plants vs flg22-pretreated plants. As shown in Figure
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8, cbp60a and cbp60a cbp60g plants had reduced PTI. This was due entirely to the
increased resistance of mock-treated plants, as titers in flg22-treated plants were
indistinguishable from Col-0. Increased PTI was observed in cbp60a cbp60g sard1

A

B

Figure 8. Flg22-induced PTI in cbp60 mutants. Plants were treated with water (mock) or 1 µM flg22
peptide. One day later, they were inoculated with Pma ES4326. After a further 2 days, bacterial titers were
determined. Data were obtained in three independent experiments, each with 12 biological replicates,
combined with a mixed linear model. A. Bacterial titers. Error bars indicate standard error, different
uppercase letters indicate statistically significant differences between means of mock-treated samples,
different lower-case letters indicate differences between flg22-treated samples (q<0.05). B. PTI, as the
difference between mock and flg22-treated samples for each genotype. Asterisks indicate statistically
significant differences from Col-0 (q<0.05).
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plants, as the increased growth in mock-treated plants was slightly larger than the
increased growth in flg22-treated plants. We conclude that cbp60g and sard1 mutations
genes do not compromise PTI. Formally, cbp60a does compromise PTI, but this is due to
decreased bacterial growth in mock-treated plants rather than increased growth in flg22treated plants, which is the phenotype usually associated with reduced PTI.

SA Levels are Elevated in cbp60a Plants
Immunity-related increases in SA levels are reduced in cbp60g and sard1 plants.
As cbp60a plants are more resistant to P. syringae, while cbp60g and sard1 plants are
more susceptible, we hypothesized that SA levels might be high in cbp60a plants. To test
this, we measured SA levels in wild-type and all the combinatorial cbp60 mutants 24
hours after mock-inoculation or inoculation with Pma ES4326. Each sample was divided
into two parts. Total SA was measured in one part by including β-glucosidase to
hydrolyze SA glucoside before determination of SA, yielding measurements of total SA.
In the other part, β-glucosidase was omitted, yielding measurements of free SA. SA
glucoside (SAG) was determined as the difference between the total and free SA values.
As shown in Figure 9, total SA levels were elevated in cbp60a, cbp60a cbp60g, cbp60a
sard1, and cbp60a cbp60g sard1 mock-inoculated plants. In inoculated plants, SA levels
in cbp60a cbp60g sard1 plants were higher than in cbp60g sard1 plants, but cbp60a did
not affect SA levels in other genotypes. The small reduction in SA levels previously
observed in sard1 single mutants (Wang et al., 2011) was not reproduced here, likely due
to an unknown variation in experimental conditions. No significant differences in free
SA levels were observed between cbp60a and corresponding CBP60a genotypes, while
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the effects of cbp60a on SAG levels were analogous to the effects on total SA, except
that the difference between Col-0 and cbp60a was not significant (Figure 10). Evidently,
the difference in total SA levels caused by cbp60a is due to its effect on SAG levels,
rather than free SA. Taken together, these data show that CBP60a represses SA levels in
the absence of pathogen. The elevated SA levels in cbp60a plants likely contribute to
their increased resistance to P. syringae.

Figure 9. Total SA levels in cbp60 mutants. Plants were inoculated with Pma ES4326 at OD600 = 0.01 or
mock-inoculated, and total SA levels were determined 24 hours later. Each bar represents the mean and
standard error of data from three independent experiments, each with one sample of each type, combined
using a mixed linear model. Different letters indicate significant differences (q<0.05).
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Figure 10. Levels of free SA and SA glucoside (SAG) in various cbp60 genotypes 24 hours following
mock-inoculation or inoculation with Pma ES4326. Plants were inoculated with Pma ES4326 at OD600
= 0.01 or mock-inoculated, and SA levels were determined 24 hours later. Each sample was divided into
two parts. One part was treated with β-glucosidase to liberate SA from SA glucosides, yielding the total
SA measurement shown in Figure 9. The other part was not treated with β-glucosidase, yielding the free
SA measurement shown in A. SAG was calculated as the difference between total and free SA, and shown
in B. Each bar represents the mean and standard error of data from three independent experiments, each
with one sample of each type, combined using a mixed linear model. Different letters indicate significant
differences (q<0.05).
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Expression Levels of Selected Immunity-Related Genes are Elevated in cbp60a
Plants
CBP60g and SARD1 are involved in the transcriptional regulation of SID2 and
SA-dependent genes. To determine whether CBP60a affects expression of SA-dependent
genes, we determined expression levels of the SA marker gene, PR-1, as well as SID2.
Loss of CBP60a singly, or in a cbp60g background, caused up-regulation of PR-1 in
plants 24 hours after mock inoculation but did not affect expression following inoculation
with Pma ES4326 (Figure 11A). Thus, the baseline or starting point for SA associated
defenses, which play a critical role against biotrophic pathogens, is elevated. Expression
of the key SA biosynthesis gene SID2 was also elevated in mock inoculated cbp60a
plants (Figure 11B). These expression patterns mirror the accumulation of SA in
response to mock inoculation. However, neither SID2 nor PR-1 expression were
significantly altered in Pma ES4326 infected cbp60a cbp60g sard1 plants compared with
cbp60g sard1, in contrast to measurements of total SA.

In a previous study, we clustered genes that were co-expressed with known
CBP60g/SARD1 dependent genes. For representative genes whose promoters are
enriched with the GAAATT motif thought to be bound by CBP60g and SARD1, we
found that CBP60g and SARD1 acted as inducers, repressors, or had no effect on gene
expression. Here, we determined expression levels of these genes in Col-0, cbp60a,
cbp60g sard1, and cbp60a cbp60g sard1 plants (Figure 11B). Strikingly, for eight of
these nine genes, as well as PR-1, the cbp60a mutation resulted in elevated expression
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levels compared with wild-type Col-0 following mock inoculation. This indicates that
CBP60a is involved in the blanket suppression of these immune response genes, even
though CBP60g/SARD1 affect these genes in a variety of ways. Genes such as
A

B

Figure 11. Immunity gene expression levels in cbp60 mutants. qRT-PCR measurement of gene
expression 24 hours after mock or Pma ES4326 inoculation (OD600 =0.01). A, PR-1 expression in all
plants with all combinations of cbp60 genotypes. B, Expression of indicated genes in Col-0, cbp60a,
cbp60g sard1, and cbp60a cbp60g sard1. Note the different scales on the Y-axes for different genes. Data
from four (or seven for SID2) biological replicates were merged using a mixed linear model and the mean
log2 ratio to Actin2 expression plotted along with the standard error. Letters denote significantly different
groups with lower case used for mock treated plants and upper case for infected plants with q-value ≤0.05
for (A) or with p-value ≤ 0.05 for (B).
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At1g51890 and PBP1 are up-regulated in mock inoculated cbp60g sard1 plants though
there does not appear to be any additive effect of cbp60a in the level of gene expression
in mock-inoculated plants. With SID2, FMO1 and PR-1 the repression of expression in
mock inoculated plants by CBP60a is CBP60g/SARD1 dependent and the transcript level
in the triple mutant is similar to wild-type. At1g64610, At2g32030, SYP122 and
At5g41750 have intermediate expression levels in cbp60g sard1 that are
indistinguishable from either wild-type on the lower side or cbp60a / cbp60a cbp60g
sard1 on the higher side. For Pma ES4326-inoculated plants the comparison of Col-0
and cbp60a single mutant is not significantly different for any of the selected genes.
Curiously, the cbp60a cbp60g sard1 triple mutant exhibits down-regulation in
comparison to cbp60g sard1 for FMO1, PBP1 and SYP122, genes which are,
respectively, suppressed, induced or unchanged in cbp60g sard1 compared to wild-type.
In summary, these data show several patterns of CBP60a effects on gene expression. For
nearly all GAAATT-enriched genes tested, expression in cbp60a plants is higher than in
Col-0 plants in the absence of pathogen. While the primary effect of cbp60a on gene
expression in mock-inoculated plants is positive, in Pma ES4326-inoculated plants the
only significant effects were negative, suggesting that CBP60a can act as a repressor or
activator of gene expression depending on whether or not plants are responding to a
pathogen attack.

CBP60a Binds CaM Through a C-terminal Domain
CBP60 family members are known to bind CaM (Reddy et al., 2002). The Cterminal domain was predicted to contain the CaM-binding site based on sequence
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similarity (Reddy et al., 2002). To test this, we fused full-length CBP60a to GST and
expressed it using an IPTG-inducible system in E. coli. CaM binding was tested using an
immunoblot with bovine CaM conjugated to biotin. CBP60a bound CaM (Figure 12),
and no binding was observed in the presence of 50 mM EGTA, indicating that binding is
Ca2+-dependent. To define the CaM-binding domain, we fused various fragments of
CBP60a to a His tag, expressed them in E. coli, and tested for CaM binding. A 120 aa
fragment from the C-terminal end was sufficient for binding (Figure 12). To further
refine the position of the CaM binding domain, fragments of the C-terminal 120 aa were
A
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B

D

Figure 12. Delineation of the CaM-binding domain of CBP60a to the C-terminal 120 aa. A, Binding
of CaM by full-length CBP60a fused to GST. B, Schematic of fragments of CBP60a fused to GST. C,
Detection of CaM-binding by fragments of CBP60a with His tags. Expression of all fragments was induced
with IPTG. D, Detection of His-tag in CBP60a fragments. “-” indicates no IPTG induction, “+” indicates
IPTG induction.
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fused to GST and expressed in E. coli. As shown in Figure 13A, only fragments
containing the C-terminal 31 aa bound CaM, and this fragment was sufficient for CaM
binding (Figure 13B). Immunoblotting with anti-GST antibody showed that all the
A

B
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Figure 13. Determination of the CaM-binding domain of CBP60a. A, Fragments from the C-terminus
of CBP60a that were fused to GST for expression in E. coli. B, The upper panel shows detection of CaM
binding by GST fusion proteins produced in E. coli. The lower panel shows detection with an anti-GST
antibody. “+” and “-” in the lower panel indicate whether or not expression was induced by IPTG,
respectively. Asterisks indicate full-length fusion proteins. C, Amino acid sequence of the 31 aa Cterminal sequence of CBP60a that was sufficient for CaM binding. The sequence begins with V446 and
ends with I476. Numbers below the sequence indicate relative likelihood of a CaM binding site, with
higher numbers indicating higher likelihood. The bar above the sequence indicates the region shown in
(D). D, Helical wheel projection of the sequence from G448 to L465. The lower side of the helix is
hydrophobic, while the upper side is hydrophilic. Yellow indicates non-polar residues, blue indicates
charged polar residues, purple indicates uncharged polar residues, gray indicates alanine and glycine, light
blue indicates histidine. Residues determined to be required for CaM binding are indicated by asterisks. E,
CaM binding of full-length CBP60a proteins with the indicated mutations fused to GST.
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protein fusions were expressed (Figure 13B). The 31-aa sequence was tested for likely
CaM-binding regions using the Calmodulin Target database (Yap et al., 2000). This
suggested that the region from W455 to V467 might constitute a CaM-binding domain
(Figure 13C). Generally, CaM-binding domains are disordered regions that form
amphiphilic helices upon CaM binding, with CaM binding to the hydrophobic sides
(Rhoads and Friedberg, 1997). Using the Heliquest algorithm (Gautier et al., 2008), we
found that the region from G448 to L465 could form an amphiphilic helix. To locate the
CaM-binding site, we created six mutant versions of the C-terminal 31 aa of CBP60a
fused to GST, each with one hydrophobic aa changed to lysine, and fused them to GST.
CaM binding assays on fusion proteins expressed in E. coli showed that L458K, V461K,
and L465K abolish CaM binding, indicating that these L and V residues form part of the
CaM-binding site, thus precisely defining its location at the C-terminal end of the protein
(Figure 13E).

CaM Binding is Required for the Function of CBP60a in Immunity
To test for a requirement of CaM binding for the function of CBP60a in
repressing immunity, we constructed site-directed mutants of CBP60a encoding proteins
that do or do not retain CaM-binding activity, and tested them for complementation of the
Pma ES4326 growth phenotype of cbp60a plants. A genomic clone of CBP60a including
the promoter and ending with a C-terminal Myc tag, was used to create the mutants. We
constructed mutants V461K and L465K that do not bind CaM, and mutants F459K and
V467K that do bind CaM. These constructs were then introduced into cbp60a plants, and
transgenic progeny carrying one or two copies of the insertions were selected by qPCR.
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Figure 14. Complementation of cbp60a by various CBP60a transgenes. A, Growth of Pma ES4326.
Plants were inoculated with Pma ES4326 and bacterial titers determined immediately (Day 0) or after three
days (Day 3). Bars represent means and standard errors of at least 4 independent experiments per
genotype, each with 4 or 12 biological replicates for Day 0 or Day 3, respectively, combined using a
mixed-effect linear model. Different letters indicated statistically significant differences (q<0.05). There
were no significant differences between genotypes at Day 0. B, qRT-PCR of the mRNA levels of CBP60a
in the lines used in (A). Data are means and standard error or two biological replicates (except F459K#1,
which had only one sample) combined using a mixed linear model. Asterisks indicate significant
differences from Col-0 (q<0.05). C, Detection of CBP60a constructs transiently expressed from the 35S
promoter in Nicotiana benthamiana. The “no construct” control was leaves infiltrated with Agrobacterium
lacking any CBP60a construct.
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Growth of Pma ES4326 was determined in Col-0, cbp60a, and two or three independent
transgenic lines for each construct. As shown in Figure 14A, cbp60a plants carrying the
wild-type CBP60a construct unexpectedly allowed significantly more bacterial growth
than wild-type plants. All five cbp60a lines expressing versions of CBP60a that cannot
bind CaM allowed growth significantly lower than the cbp60a lines expressing wild-type
CBP60a, and two lines were significantly lower than Col-0. Growth in the two cbp60a
lines expressing the F459K mutant was indistinguishable from growth in cbp60a plants
expressing wild-type CBP60a while growth in the cbp60a lines carrying V467K was
similar to that in the V461K and L465K lines. We were unable to detect the proteins
produced from the CBP60a transgenes in the cbp60a plants by immunoblotting.
However, expression of transcripts was measured by qRT-PCR (Figure 14B). Expression
of wild-type CBP60a was higher than in Col-0, and expression of V467K in line #2 was
very low, but all other transgenes were expressed at levels similar to Col-0. All the
CBP60a proteins were similarly stable when transiently expressed from the strong 35S
promoter in Nicotiana benthamiana (Fig. 14C). Thus, it is unlikely that differences in
effects on bacterial growth were due to differences in transgene expression or protein
stability. As cbp60a lines expressing either mutation that eliminated CaM-binding
activity allowed reduced bacterial growth relative to cbp60a lines expressing wild-type
CBP60a, but growth was not reduced to the level in cbp60a plants, we conclude that loss
of CaM binding greatly reduces the function of CBP60a as a repressor of immunity, but
may not completely abolish it. It seems likely that the V467K mutation interferes with
CBP60a function in a manner independent of CaM binding.
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DISCUSSION AND CONCLUSIONS
Plants with cbp60a mutations are significantly more resistant to P. syringae than
wild-type plants. Pathogen growth is a highly summarized phenotype, presumably
resulting from the combined effects of many biological processes influencing immunity.
In the absence of pathogen, cbp60a plants have higher levels of SA, in the form of SAG,
as well as higher expression of nine of ten Pma ES4326–inducible genes assayed. Except
for PR-1 and AGP5, these genes do not require SA for induced expression (Wang et al.,
2008), indicating that, like CBP60g and SARD1, CBP60a affects SA levels and
expression of a suite of SA-independent defense genes. In the absence of pathogen,
immune responses in cbp60a plants are at a higher level than in wild-type plants, likely
explaining the increased resistance observed.

We explored the relationships among CBP60a, CBP60g, and SARD1 by
comparing phenotypes of single, double, and triple mutants. For Pma ES4326 growth,
the phenotype of cbp60a cbp60g plants was indistinguishable from that of cbp60a,
indicating that CBP60g impacts growth only when CBP60a is present. In contrast, the
effects of cbp60a and sard1 were additive, indicating that CBP60a and SARD1 act
independently. These observations suggest that CBP60g counteracts the immunesuppressing effect of CBP60a. However, similar relationships were not observed in SA
levels or in the expression pattern of PR-1. The effects of single cbp60 mutations on
these phenotypes are small or undetectable, so the effects on bacterial growth may result
from as-yet unknown responses, and/or from the combined effects of small changes in
many defense responses.
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Figure 15. Speculative model showing the relationship between CBP60s in controlling defense
responses. Transcript levels for CBP60a, CBP60g and SARD1 are represented by circles with areas
proportional to expression detected in Figure 6. In the uninfected state CBP60a represses the expression of
SID2 and other genes involved in defense. Following infection with Pma ES4326 the expression of EDS1 is
up-regulated despite the inhibition by CAMTA3, leading to a strong induction of CBP60g and SARD1.
Repression of defense responses by CBP60a is now relieved by CBP60g. The induction of CBP60g /
SARD1 dependent defense responses is augmented by as-yet uncharacterized components, some of which
may be activated by CBP60a in the absence of CBP60g / SARD1.
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Our targeted survey of the influence of CBP60a on gene expression revealed a
consistent repression of the basal expression of genes with GAAATT rich promoters.
This repression did not hold sway over expression levels in infected leaves, a condition
where the expression of CBP60g is very strongly induced, possibly titrating out any
antagonistic interaction with the more modestly up-regulated CBP60a. Intriguingly,
CBP60g and SARD1 also repress the basal expression of some of these genes with
CBP60a and CBP60g / SARD1 acting redundantly as a brake on their expression. The
genes selected for this study are all induced by Pma ES4326 infection and no
combination of CBP60 mutations abolished this up-regulation implicating other, as yet
undefined, transcriptional regulators as critical for their response. The interaction of
CBP60a with other regulators may explain the capacity for CBP60a to act both as a
repressor and an activator of FMO1, PBP1 and SYP122 expression under different
conditions. That this activator role is only observed in the absence of CBP60g and
SARD1 implies some competition for access to these other regulators.

In the complementation experiments shown in Figure 14A, a transgene encoding
wild-type CBP60a, tagged at the C-terminus with Myc and expressed from the native
promoter in cbp60a plants, increased Pma ES4326 growth above the level in wild-type
plants. A similar transgene carrying the F459K mutation, which does not affect CaM
binding, had a similar effect. However, the CBP60a transgene used in the experiment
shown in Figure 5B, which was also expressed from the native promoter but had an HA
C-terminal tag, did not have this effect. It is possible that the enhancement of bacterial
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growth by the Myc-tagged CBP60a protein was caused by some alteration of protein
function due to the Myc tag.

Our data show that CBP60a is a CaM-dependent negative regulator of immunity,
affecting SA levels and SA-independent gene expression. There are other CaMdependent negative regulators of immunity. The transcription factor known as CAMTA3
and AtSR1 represses SA accumulation and other defense responses by binding to the
promoter of EDS1, reducing its transcription (Du et al., 2009). Combining camta3
mutations with mutations in the other two family members, camta1 and/or camta2
mutations results in even higher SA levels, increased expression of CBP60g and SARD1,
and severe dwarfism (Kim et al., 2013). The CaM-binding NAC transcription factor
CBNAC acts as a transcriptional repressor, and binding to DNA is enhanced by CaM
(Kim et al., 2007). CBNAC binds to the PR-1 promoter, and the cbnac1 mutant is more
resistant to Pto DC3000 and has increased expression of PR-1 (Kim et al., 2012). Thus,
at least three distinct proteins mediate CaM-dependent repression of immunity in the
absence of pathogen attack. It is not clear how this occurs. There is Ca2+ influx into the
cytoplasm and nucleus that occurs rapidly after pathogen recognition, and this likely
promotes CaM binding to its targets. However, repression is occurring in the absence of
pathogen, so there must be enough Ca2+ and CaM present in the absence of pathogens to
allow function of the CBP60a, CAMTA, and CBNAC repressors.

For plants to effectively respond to pathogen attack, repression of defense by
CBP60a and other repressors must be removed. We propose the following model as one
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explanation of how this might occur (summarized in Figure 15). In the absence of
pathogen, CBP60a is repressing immunity and CBP60g and SARD1 have low activity. If
a microbe activates a PTI response, the associated Ca2+ spike further enhances repression
of EDS1-dependent immunity, including SA synthesis. This prevents activation of a full
immune response, which is detrimental to growth, every time a plant detects a microbe.
If the microbe is in fact a pathogen, the MAMP signal may be stronger, persist longer,
and/or include an additional signal that leads to expression of CBP60g, which is induced
by nine hours in response to a strong MAMP signal or Pma ES4326 infection. CBP60g
removes repression by CBP60a, consistent with the data in Figure 7 showing that cbp60a
is epistatic to cbp60g. The action of CBP60g is enhanced by elevated Ca2+ due to CaM
binding. Continued presence of the pathogen requires an even stronger response,
mediated by induction of SARD1 expression by 24 hours after pathogen attack, resulting
in continued activation of defenses in a CaM-independent manner. In this model, there
must also be mechanisms for relief of suppression by CAMTAs and CBNAC.

The finding that three CBP60 family members play roles in immune signaling,
with one having a suppressive effect and two having inducing effects, begs the question
of what evolutionary forces drove this arrangement. There are at least two attractive
hypotheses. One possibility is that it provides more stringent control of defense
activation. In the absence of pathogen attack, immune responses are low due to
combined effects of suppression by CBP60a, insufficient Ca2+ to activate CBP60g by
CaM binding, and low expression levels of CBP60g and SARD1. Once a pathogen has
been detected, these factors reverse, with CBP60g/CaM removing the effect of CBP60a,
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maintenance of the response by CaM-independent SARD1, and increased expression of
CBP60g and SARD1, encoding the activators. This system likely confers a much greater
dynamic range than could be achieved through the controlling the activity of a single
family member. Another possible explanation is that this CBP60 system provides
resilience against pathogen attack. The plant immune system is subject to evolutionary
pressure from pathogens, which evolve to produce effectors that interfere with immune
signaling. If a pathogen produced an effector that blocked function of CBP60 proteins,
the inducing effects of CBP60g and SARD1 would be lost, reducing immunity.
However, the suppressing effect of CBP60a would also be lost, enhancing immunity,
albeit not to the level achieved by the intact system. Thus, the level of both positively
and negatively-acting components at the CBP60 node may provide a measure of
resilience in the face of effector attack.

MATERIALS AND METHODS

Plant Genotypes, Growth Conditions, and Pathogen Inoculation
Wild-type Col-0, pad4-1 (At3g52430 (Jirage et al., 1999), cbp60g-1 (At5g26920,
SALK_023199), sard1-1 (At1g73805, SALK_138476), cbp60a-1 (At5g62570,
SALK_124410), cbp60a-2 (SALK_036108), cbp60b (At5g57580, SAIL_40E09), cbp60c
(At2g18750, SALK_005511), cbp60d (At4g25800, SALK_130657), cbp60e (At2g24300,
SALK_067569), cbp60f (At4g31000, SAIL_576D02), and sid2-2 (At1g74710
(Wildermuth et al., 2001b)) Arabidopsis plants were grown in autoclaved BM2
germinating mix (Berger, Inc., Quebec, CA) in a growth chamber at 22ºC and 75%
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relative humidity on a 12 hours light/12 hours dark cycle under 100 mM m-2 s-1
fluorescent illumination. Where not otherwise specified, "cbp60a" refers to cbp60a-1.
Plants used in experiments were 4-5 weeks old. P. syringae was cultured in King's B
medium at room temperature as described (Tsuda et al., 2008b). For bacterial growth
assays, Pma ES4326, Pto DC3000, and Pto DC3000 avrRpt2 were suspended in 5 mM
MgSO4 at OD600 = 0.0001 and infiltrated into the abaxial sides of leaves using a needleless 1 ml syringe. Flg22 peptide was used at 1 µM and introduced by infiltration.
Determination of bacterial titers was as described previously (Tsuda et al., 2008).

Quantification of SA and mRNA
For determination of SA, plants were inoculated with Pma ES4326 at OD600 =
0.01 or mock-inoculated. Total and free SA were determined by GC-MS as described
previously (Tsuda et al., 2008). mRNA levels were determined by qRT-PCR, as
described previously (Truman and Glazebrook, 2012), using the SuperScript III Platinum
SYBR Green One-Step qRT-PCR Kit (Invitrogen, CA) in a Roche LightCycler 480
(Roche, Basel, Switzerland). Primers used for Actin2, CBP60a, CBP60g, SARD1, PR-1,
SID2, FMO1, AGP5, At1g51890, At1g64610, PBP1, At2g32030, SYP122 and
At5g41750 are provided in Appendix 1.

Cloning and Site-Specific Mutagenesis of CBP60a
To create an epitope-tagged genomic clone of CBP60a for the complementation
experiment shown in Figure 5B, the genomic sequence of At5g62570, including introns
and 2986 bp upstream from the translation start codon was amplified by the polymerase
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chain reaction (PCR) using KOD Hot Start DNA polymerase (Novagen, CA), and TAcloned into vector pCR8 according to the manufacturer's instructions (Invitrogen, CA).
This clone was then integrated into the Gateway®-compatible binary vector pEG301
(Earley et al., 2006) using the LR reaction, thereby adding a C-terminal HA tag. To test
for CaM binding, the coding sequence of CBP60a, without introns, was amplified from
cDNA, cloned into pCR8, and recombined into the Gateway® destination vector
pDEST15 (Invitrogen, CA), creating an N-terminal fusion to GST. To create the D1-D6
constructs used in Figure 8, portions of CBP60a were PCR-amplified, cloned into pCR8,
and recombined into Gateway® destination vector pDEST17, creating N-terminal fusions
to a His epitope tag. To create sub-constructs D6_1 to D6_2 shown in Figure 13,
fragments were amplified by PCR and cloned into pDEST15 as described above. To
define the CaM-binding domain within fragment D6_6, the desired sequence changes
were created in primers used to amplify linear versions of D6_6 in pDEST15, which were
then ligated with T4 DNA ligase, generating plasmids with the desired sequence changes.
To create point mutants in the context of the full-length protein, for use in the
complementation experiments shown in Figure 14, the genomic CBP60a construct in
pCR8 was amplified using primers containing the desired mutations, as described above.
The point mutants were recombined into the Gateway® binary vector pEG303 (Earley et
al., 2006), thereby adding a Myc tag at the C-terminus. DNA sequences of all cloned
PCR products were verified by sequencing. For transient expression in Nicotiana
benthamiana, wild-type and mutant constructs in pCR8 were recombined into pEG201
(Earley et al., 2006), thereby adding the 35S promoter and an N-terminal HA tag. These
plasmids were transformed into Agrobacterium tumefaciens strain GV3101(pMP90)
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which was infiltrated into N. benthamiana. After two days, tissue was collected and used
for immunoblot analysis.

Arabidopsis Transformation and Determination of Transgene Copy Number
A. tumefaciens strain GV3101(pMP90) was used to transform Arabidopsis by dipinoculation as described (Clough and Bent, 1998). For estimation of transgene copy
number, 3–4 leaves from each 4-weeks-old primary transformant were collected and
homogenized in liquid nitrogen using a mortar and pestle in 0.5 ml of extraction buffer
(100 mM Tris pH = 8.0, 50 mM EDTA pH = 8.0, 500 mM NaCl, and 1.3% SDS).
Samples were incubated at 65°C for 10 minutes, and DNA was precipitated by adding
130 µl 5 M potassium acetate. Samples were then treated with 10 µg ml-1 RNase,
ethanol-precipitated, washed and DNA concentrations were determined. The copy
number of the BAR transgene relative to that of the single copy gene, PEN1, was
determined by qPCR experiments as described (Bubner and Baldwin, 2004) using SYBR
Green PCR Master Mix (Invitrogen, CA, USA) following the manufacturer's protocol.
Experimental readouts were obtained using Roche LightCycler 480 (Roche, Basel,
Switzerland). Primers used in these experiments are listed Appendix 3. Estimated
transgene copy numbers for all transgenic lines described here are listed in Appendix 3.

Statistical Analysis
For all experiments yielding quantitative data, experiments were repeated multiple times.
Generally, one plant of each genotype studied was included in each pot of plants, with
eight pots to each flat. Data from multiple experiments were combined using mixed66

effect linear models including genotype and treatment as fixed effects, and experiment,
flat, and pot, as random effects. Factors that did not significantly contribute to a
particular model, as determined by Akaike's Information Criterion, were excluded. When
appropriate a multiple testing correction was used, utilizing the Benjamini and Hochberg
procedure to control the false discovery rate (Benjamini and Hochberg, 1995). In these
cases the corrected q-values were used to determine significance, rather than uncorrected
p-values. All statistical analyses were carried out in the R programming environment
using the lme4 package (Bates and Maechler, 2010; R_Development_Core_Team, 2013).
Web Addresses for Bioinformatics Tools
Calmodulin Target database: http://calcium.uhnres.utoronto.ca/ctdb/ctdb/home.html
Heliquest: http://heliquest.ipmc.cnrs.fr/cgi-bin/ComputParamsV2.py
The R Project for Statistical Computing: www.r-project.org
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CHAPTER II

The Receptor-Like Cytoplasmic Kinase PCRK1 Contributes to
Pattern Triggered Immunity against Pseudomonas syringae in
Arabidopsis thaliana
CHAPTER SUMMARY
Receptor-like kinases (RLK) form one of the largest protein families in
Arabidopsis thaliana with more than 600 members. Receptor-Like Cytoplasmic Kinases
(RLCK) are a subset of RLKs that lack a distinct transmembrane domain. RLCKs
including AvrPphB Susceptible 1 (PBS1) and Botrytis-Induced Kinase 1 (BIK1) are
known to be important for plant immunity. Pattern triggered immunity (PTI)
Compromised Receptor-Like Cytoplasmic Kinase 1 (PCRK1) is an RLCK gene whose
expression is induced following pathogen infection. Growth of the bacterial pathogen
Pseudomonas syringae pv. maculicola ES4326 (Pma ES4326) was significantly higher in
pcrk1 mutant lines compared to wild type Col-0. Mutant pcrk1 plants show reduced PTI
against Pma ES4326 after pretreatment with a peptide derived from flagellin (flg22), a
peptide derived from elongation factor-Tu (elf18) and an endogenous Arabidopsis
peptide called pep1. Following flg22 treatment, production of reactive oxygen species
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and deposition of callose was reduced in pcrk1 plants, indicating a role of PCRK1 in
activation of early immune responses. A PCRK1 transgene containing a mutation in a
conserved lysine residue important for phosphorylation activity of kinases (K118E) failed
to complement a pcrk1 mutant for the Pma ES4326 growth phenotype, suggesting that
kinase activity is important for the function of PCRK1.
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INTRODUCTION

Plants are constantly exposed to many pathogens and have evolved effective
mechanisms to defend themselves. Pathogen perception, signal relay and induction of
downstream responses such as defense gene activation and production of defense
compounds are key components of induced defense responses. Much of the signal relay
relies on three phytohormones, jasmonic acid (JA), salicylic acid (SA) and ethylene (ET).
Studies of mutants with defects in synthesis of or responses to individual hormones
suggested that in many cases, SA is important for resistance to biotrophs while JA and
ethylene are important for resistance to necrotrophs (reviewed by (Glazebrook, 2005)).
More recent work has shown that all three hormones can positively contribute to
immunity against both biotrophic and necrotrophic pathogens, due to complex
interactions among them (Tsuda et al., 2009).

Induced immunity begins with pathogen perception. Plants have two major modes
of pathogen recognition. In the first mode, immunity is triggered by plant recognition of
molecules characteristic of microbes, called microbe/pathogen-associated molecular
patterns (MAMPs/PAMPs). These include cell wall components, flagellin, and translation
factors. Resistance responses induced by MAMPs are called pattern-triggered immunity
(PTI) (Jones and Takemoto, 2004). Similar responses are induced by endogenous signals
called damage associated molecular patterns (DAMPs) produced as a consequence of
pathogen activity. They include oligogalacturonides (OGs), cutin monomers and peptides
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such as the Arabidopsis thaliana AtPeps 1-8 (Kauss et al., 1999; Huffaker and Ryan,
2007; Yamaguchi et al., 2010; Rasul et al., 2012; Bartels et al., 2013).
In PTI, defense responses are activated following recognition of pathogen MAMPs, such
as flg22, a fragment of flagellin. Early responses include a Ca2+ influx into the cytoplasm,
production of reactive oxygen species (ROS), MAP kinase activation, and deposition of
callose against the cell wall (Gomez-Gomez et al., 1999). In Arabidopsis, ROS
production during PTI is mediated primarily by the NADPH oxidase AtRBOHD, and
AtRBOHD is required for callose deposition (Torres et al., 2002; Zhang et al., 2007).
Later responses include production of ethylene, jasmonic acid, and salicylic acid, as well
as many changes in gene expression (van Loon et al., 2006; Browse, 2009; Vlot et al.,
2009). Collectively, these responses confer effective resistance against pathogen attack.
Adapted pathogens have evolved effector proteins that disable PTI by targeting various
plant defense proteins. This leads to a state called effector triggered susceptibility (ETS).
In response, plants have evolved the second mode of pathogen recognition, in which
receptors, typically nucleotide-binding leucine-rich repeat (NB-LRR) proteins, recognize
effectors directly, or recognize products of effector activity resulting in effector-triggered
immunity (ETI) (Jones and Dangl, 2006).

MAMPs are perceived by pattern recognition receptors (PRRs) in the plasma
membrane. The PRRs FLS2, EFR and CERK1 perceive flg22, elf18 and chitin,
respectively, by direct binding (Chinchilla et al., 2006; Zipfel et al., 2006; Miya et al.,
2007; Yamaguchi et al., 2010). AtPeps are perceived by two redundant PRRs, PEPR1
and PEPR2 (Krol et al., 2010; Yamaguchi et al., 2010). All the PRRs identified in plants
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to date are Receptor-Like Kinases (RLKs), each consisting of an ectodomain, a
transmembrane domain, and an intracellular cytoplasmic kinase domain. Recently,
recognition of an unknown MAMP from the necrotrophic fungal pathogen Sclerotinia
sclerotiorum was found to require Receptor-Like Protein 30 (RLP30) in association with
two RLKs, BRI1 ASSOCIATED KINASE1 (BAK1) and SUPPRESSOR OF BIR11/EVERSHED (SOBIR1/EVR), raising the possibility of MAMP recognition by an RLP
(Zhang et al., 2013). RLPs are related to RLKs, but lack intracellular kinase domains
(Monaghan and Zipfel, 2012).

In addition to RLKs and RLPs, another class of kinases called the Receptor-Like
Cytoplasmic Kinases (RLCK) is involved in PTI. RLCKs lack ectodomains and
transmembrane domains but include kinase domains closely related to those of the RLKs
(Shiu and Bleecker, 2001). Together, the RLKs, RLPs, and RCLKs form a large
monophyletic family that consists of more than 600 members in Arabidopsis and more
than 1,000 members in rice (Shiu et al., 2004). Two observations suggested that many
RLCKs may be involved in immunity. RLCKs generally, particularly members of
subfamily VII, are over-represented among genes induced in response to biotic stress
(Lehti-Shiu et al., 2009). Furthermore, large scale phosphoproteomics studies of plasma
membrane associated proteins have revealed that many RLCKs are phosphorylated
within minutes of MAMP perception (Benschop et al., 2007; Nuehse et al., 2007).
The role of the RLCK subfamily VII member BIK1 in recognition of flg22 by FLS2 has
been well-studied. Upon binding flg22, the receptor FLS2 associates with another RLK,
BAK1 (Chinchilla et al., 2007; Schulze et al., 2010). BIK1 is associated with both BAK1
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and FLS2 and is rapidly phosphorylated upon flg22 perception in an FLS2- and BAK1dependent manner. BIK1 in turn phosphorylates FLS2 and BAK1 (Lu et al., 2010; Zhang
et al., 2010). BAK1 is important for responses induced by other MAMPs and DAMPs
such as elf18, lipopolysaccharides (LPSs), peptidoglycans (PGNs), HrpZ, csp22 (derived
from cold shock protein), and AtPep1 (Shan et al., 2008; Krol et al., 2010) probably by
forming complexes with their respective PRRs as has been shown for FLS2 and PEPR1
and PEPR2 (Postel et al., 2010). BIK1 was also shown to associate with other PRRs such
as EFR and CERK1 with BIK1 being phosphorylated by PEPR1 upon treatment with
pep1 (Zhang et al., 2010; Liu et al., 2013).

Evidence for roles of other RLCK subfamily members in plant immunity has been
obtained. Like BIK1, other members of the RLCK VII subfamily, PBS1 and PBS1 like
1(PBL1) also interact with PRRs FLS2, EFR and CERK1 (Zhang et al., 2010; Liu et al.,
2011). MAMP induced responses such as ROS accumulation and callose deposition were
reduced in bik1, pbs1 and pbl1 mutants. However, reduction in bacterial growth in
MAMP treated plants was compromised only in bik1 mutants plants but not in pbs1 or
pbl1 plants (Zhang et al., 2010). In rice, a subfamily VII RLCK, OsRLCK185, interacts
with the chitin receptor CERK1 and is important for chitin induced PTI against
Xanthomonas oryzae (Yamaguchi et al., 2013).

Several RLCKs are targeted by bacterial effectors, signifying their importance for
immunity. BIK1, PBL1, and PBS1 are cleaved by P. syringae effector AvrPphB (Zhang
et al., 2010). Cleavage of PBS1 by AvrPphB activates the NBS-LRR R protein RPS5
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(Shao et al., 2003; Ade et al., 2007). A different effector, AvrAC, urididylates BIK1,
PBL1, and PBS1 resulting in the inhibition of their activity during immune responses
(Feng et al., 2012). The RLCK RIPK phosphorylates RPM1-interacting protein 4 (RIN4),
a protein whose status is monitored by NBS-LRR proteins RPS2 and RPM1 (Bent et al.,
1994; Grant et al., 1995; Mackey et al., 2002). RIPK is a target of the bacterial effector
AvrB (Liu et al., 2011). Rice OsRLCK185 is targeted by Xoo1488, an effector of the rice
pathogen Xanthomonas oryza. Xoo1488 suppresses the CERK1medaited phosphorylation
of OsRLCK185 and inhibits the chitin triggered immunity to Xanthomonas oryza
(Yamaguchi et al., 2013). Collectively, these results suggest that RLCKs play a major
role in plant immunity, particularly during PTI responses.

Here, we describe another RLCK subfamily VII member with a role in PTI. From
a previous gene expression study (Wang et al., 2008), we identified many genes that are
induced by Pseudomonas syringae pv. maculicola strain ES4326 (Pma ES4326). This
strain is a moderately virulent pathogen on Arabidopsis and is known to induce a strong
SA response (Glazebrook et al., 1996). We have named one of the Pma ES4326 induced
genes PTI Compromised Receptor-Like Cytoplasmic Kinase1 (PCRK1). We show that
PCRK1 is important for PTI against Pma ES4326 induced by MAMP and a DAMP, and
that production of reactive oxygen species and callose deposition is compromised in
pcrk1 mutants.
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RESULTS
PCRK1 Is a Putative Kinase in the Family of Receptor-Like Cytoplasmic Kinases
PCRK1 (At3g09830) is a member of the large family of RLCKs in Arabidopsis.
Phylogenetic analysis placed PCRK1 among the members of sub-family VIIa, which also
includes PBS1 and BIK1 (Lu et al., 2010; Zhang et al., 2010). Examination of the amino
acid sequence of PCRK1 revealed the presence of a single kinase domain defined by the
presence of several amino acid residues that are conserved among most kinases in
eukaryotes (Hanks and Hunter, 1995). A Lysine (K) residue at position 118 lies in the

Figure 16. PCRK1 is a putative Receptor-Like Cytoplasmic Kinase. Amino acid sequence of the
predicted kinase domain of PCRK1 aligned with a select set of known kinases of the RLCK subfamily
VIIa, with the length of each protein indicated as number of amino acids after each sequence. Only the
parts of the protein relevant for identifying the different domains are shown and the remainder of sequences
are indicated by “–”. The Roman numerals inside black boxes indicate the various subdomains of kinases.
Bold letters indicate the highly conserved residues present in most kinases. An invariant lysine (K) in the
ATP binding region is indicated with a * and this lysine lies in the 118 th position in PCRK1. The presence
of an Arg(R) before the conserved Asp(D) in subdomain VIB(underlined) defines the RD kinases. The
kinase domain figure was adapted from Hanks (2003).

predicted ATP binding pocket of PCRK1. A multiple sequence alignment of the PCRK1
kinase domain with other members of RLCK family VIIa shows that K118 is highly
76

conserved (Figure 16). Additionally, PCRK1 is predicted to be an RD kinase based on the
presence of Arginine (R) and Aspartic acid (D) residues close to the predicted activation
domain (AD) (Fig. 16). The Arg residue in the RD kinases is required for neutralizing the
negatively charged residues in the AD domain and providing the correct orientation for
phosphotransfer (Krupa et al., 2004).

Expression of PCRK1 Is Induced by Pma ES4326 Inoculation.
Microarray results from our previous study (Wang et al., 2008a) showed that
PCRK1 was significantly induced 24 h after Pma ES4326 infiltration compared to mock.
To test this result, real-time quantitative polymerase chain reaction (qRT-PCR) was used

Figure 17. Changes in PCRK1 expression levels after pathogen or flg22 treatments. Each bar
represents the log2 of the mean expression value with standard errors of two biological replicates calculated
using a mixed linear model. Data were normalized using the control gene ACTIN2 (At2g18780). Asterisks
indicate significant differences from mock treated Col-0. PCRK1 expression in response to inoculation
with (A) Pma ES4326 infection and (B) flg22 treatment.

to monitor the expression of PCRK1 at various time points after Pma ES4326 infection or
treatment with the MAMP, flg22. The expression of PCRK1 was significantly higher in
Pma ES4326 inoculated plants than in mock-inoculated plants 24 h after infection,
77

confirming the result from microarray data (Figure 17A). There were no significant
differences in the expression of PCRK1 between mock and flg22 treated plants
(Figure17B). Evidently, transcript levels of PCRK1 increase in response to Pma ES4326,
but are not significantly affected by treatment with flg22.

PCRK1 Contributes to Immunity Against P. syringae
Since PCRK1 is induced by Pma ES4326, we tested pcrk1 mutant lines for altered
immunity. Two independent T-DNA insertion lines were obtained and named pcrk1-1
(SALK_057158) and pcrk1-2 (SALK_145629) (Figure 18A). Mutant plants were
backcrossed once to Col-0 and the F2 progeny were genotyped to obtain homozygous
mutant lines. Reverse transcription PCR (RT-PCR) was used to test for reduced PCRK1
transcript in the mutant lines. No transcript was detectable in either pcrk1 mutant,
suggesting that both mutations are null (Figure 18B). To test for a role of PCRK1 in
immunity, a bacterial growth assay was conducted. Wild type (WT) Col-0, pcrk1-1,
pcrk1-2 and pad4 plants were infected with Pma ES4326, and bacterial titers were
determined immediately and three days post inoculation (dpi).

The growth of Pma ES4326 was significantly higher in pcrk1-1 and pcrk1-2
compared to Col-0, but lower than in the extremely susceptible pad4 plants used as a
control (Zhou et al., 1998). To further test the idea that the mutations in pcrk1 are
responsible for the increased bacterial growth, a complementation construct consisting of
a genomic clone of PCRK1 driven by its own promoter was introduced into pcrk1-1
plants The bacterial growth assay was conducted on four independent complemented
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lines. In all four lines tested, the pcrk1-1 mutant phenotype was fully complemented
(Figure 18C). Growth of two other P. syringae strains was examined. P. syringae pv.
tomato strain DC3000 (Pto DC3000) is a virulent strain that is more virulent in Col-0

Figure 18. Growth of Pma ES4326 is increased in pcrk1 relative to wild-type plants.
(A) Illustration of T-DNA insertion mutants pcrk1-1 and pcrk1-2. Bold lines, exons; thin lines, introns;
triangles, T-DNA insertions; thin arrows, primers used for RT-PCR. (B) RT-PCR results showing two
regions of the pcrk1 transcript. Growth of Pma ES4326 (C) or Pto DC3000 (D) or Pto DC3000 hrcC- (E)
was measured at 0 and 3 dpi. Data were obtained from two independent experiments with 4 or 12 biological
replicates for each genotype at 0 or 3 dpi respectively. Bars represent means and standard error calculated
using a mixed linear model. Asterisks indicate significant differences from Col-0, p<0.05. Comp # 1 to 4
are four independent complementation lines of pcrk1-1: PCRK1
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than Pma ES4326 and Pto DC3000 hrcC- is a strain with a defect in the type III secretion
system (T3SS) that prevents it from delivering effectors, but which has intact MAMPs.
Both of these strains grew significantly more in pcrk1 mutants than in Col-0 (Figure 18D
and E). Thus, pcrk1 mutations compromise immunity to a variety of P. syringae
pathogens.

SA Levels Are Unchanged in pcrk1 Plants
Decreased SA synthesis or accumulation is a possible reason for enhanced disease
susceptibility to Pma ES4326 (Glazebrook et al., 1996). We tested pcrk1 mutants for
defects in SA biosynthesis or accumulation. Total SA levels 24 h after infiltration with

Figure 19: Total SA levels in pcrk1 mutants infected with Pma ES4326 are similar to wild type. Four
weeks old plants were infected with Pma ES4326 (OD= 0.002) and samples were collected 24 h after
infection. SA was quantified by GC-MS. Each bar represents data from three independent experiments each
containing one sample per genotype per treatment. Means and standard error were estimated using a mixed
linear model. Different letters indicate significant differences between samples (p<0.01).

Pma ES4326 were measured in WT, pcrk1, pad4 and sid2 by gas chromatography-mass
spectrometry (GC-MS). There were no significant differences in SA levels in pcrk1
mutants compared to WT (Figure 19). As expected, sid2, carrying a mutation in the gene
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encoding the SA biosynthesis enzyme isochorismate synthase did not show accumulation
of SA after Pma ES4326 infection. There was also a reduction in SA levels in pad4
mutants that were used as an additional control as they are known to have reduced SA
accumulation after Pma ES4326 infection (Zhou et al., 1998) (Figure 19). The enhanced
susceptibility of pcrk1 mutants to Pma ES4326 does not seem to be due to a defect in SA
accumulation.

Mutations in RLCKs Closely-Related to PCRK1 Do Not Compromise Immunity
As there are many members of the RLCK subfamily VII, we speculated that PCRK1
might be partially redundant with closely related gene(s). A phylogenetic tree of RLCKs
has been published previously (Shiu and Bleecker, 2001). We decided to test very similar
family members for enhanced susceptibility to Pma ES4326. We clustered the closelyrelated members based on their induction in response to Pma ES4326 using microarray
data published previously (Wang et al., 2008) (Figure 20A and B). Based on this
analysis, we chose At5g03320 and At5g47070 for further study because, like PCRK1,
they were induced 24 h after infection by Pma ES4326 (q value < 0.01; Figure 20B). To
explore the genetic relationships among the three genes, we constructed double mutants
homozygous for pcrk1-1 or pcrk1-2 and T-DNA insertion alleles of At5g03320 and
At5g47070 and examined the growth of Pma ES4326 in the mutant lines. Growth of Pma
ES4326 was not significantly enhanced in At5g03320 or At5g47070 single mutants, and
growth in pcrk1 double mutants was not significantly higher than the growth in pcrk1
single mutants (Figure 20C). While it remains possible that PCRK1 is partially redundant
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with other family members, mutations in At5g03320 and At5g47070 do not reduce
immunity against Pma ES4326.

Figure 20. Growth of Pma ES4326 in close family members of PCRK1 and their double mutants. (A)
Phylogenetic tree illustrating the PCRK1 family members (B) Family members of PCRK1 clustered based
on induction after treatment with Pma ES4326 in different genotypes (C) Growth of Pma ES4326 was
measured at 0 and 3 dpi. Data were obtained from at least two independent experiments per genotype with
4 or 12 biological replicates for each genotype at 0 or 3 dpi respectively. Bars represent means and standard
error calculated using a mixed linear model to combine data from all experiments. Different letters indicate
significant differences between genotypes, q<0.01. GABI323_E12 is a T-DNA insertion mutation in
At5g03320; SALK_021064 and SALK_065136 are T-DNA insertion mutations of At5g47070.
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PCRK1 Is Important for MAMP Induced Immunity Against Pma ES4326
Members of the RLCK family, BIK1, PBL1 and BSK1, are known to be
important for immune responses induced by MAMPs such as flg22 (Lu et al., 2010;
Zhang et al., 2010; Shi et al., 2013). The effects of MAMPs on immunity can be detected
by pre-treating plants with water or a MAMP, and then challenging with a virulent
pathogen. The growth of the pathogen is reduced by pre-treatment with the MAMP, due
to induction of PTI (Zipfel et al., 2004). We tested pcrk1 plants for defects in PTI using
this assay. Col-0, pcrk1, and fls2 plants were pre-treated with flg22 or water and 24 h
later were infiltrated with Pma ES4326. Bacterial titers were determined two days after
inoculation with Pma ES4326. In Col-0 plants pre-treated with flg22, growth of Pma
ES4326 was significantly reduced compared with water pre-treated plants. However, in
pcrk1-1 and pcrk1-2 plants, the effect of flg22 pre-treatment was smaller than in Col-0
plants (Figure 21A). In fls2 mutant plants lacking the receptor for flg22, the flg22
induced immunity to Pma ES4326 was completely abolished, as expected (Zipfel et al.,
2004). Clearly, PCRK1 is required for full PTI induced by flg22. Curiously, flg22
induced PTI against Pto DC3000 was not compromised in pcrk1 (Figure 22).
Next, we tested for an effect of pcrk1 mutations on PTI induced by a MAMP
other than flg22. Another bacterial MAMP, elf18, is a peptide derived from elongation
factor EF-Tu that elicits PTI (Kunze et al., 2004). Recognition of elf18 requires EFR, a
receptor-like kinase (Zipfel et al., 2006). In Col-0 plants pretreated with elf18, growth of
Pma ES4326 was significantly reduced compared with water pretreated plants. However,
in pcrk1-1 and pcrk1-2 plants, the effect of elf18 pre-treatment was smaller than in Col-0
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plants. The elf18 induced immunity to Pma ES4326 was completely abolished in efr
mutant plants (Figure 21B).

Figure 21: PCRK1 is important for multiple MAMP induced immune responses against Pma
ES4326. 4 week old Arabidopsis plants were pre- treated with 1uM flg22(A) or 1uM elf18 (B) or 1uM
pep1(C) and 24 hrs after pre-treatment, plants were infiltrated with OD=0.0002 of Pma ES4326. Bacterial
growth was measured 0 and 2 dpi. Each bar represents data from two independent experiments each
containing 4 and 12 replicates for 0 and 2 dpi, respectively. Means and standard error were estimated by
mixed linear model. PTI (indicated as arrows) is measured by subtracting bacterial growth at 2 dpi in flg22,
elf18 or pep1 pretreated plants from that in mock-pretreated plants. * represent significant difference
compared to PTI in Col-0 at p <0.01
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Figure 22: Flg22-induced PTI against Pto DC3000 is not compromised by pcrk1 mutations. Plants
were pre-treated with 1uM flg22 or mock and 24 h after pre-treatment, plants were infiltrated with
OD=0.0002 of Pto DC3000. Bacterial growth was measured 0 and 2 days post inoculation (dpi). Each bar
represents data from two independent experiments each containing 4 and 12 replicates for 0 and 2 dpi,
respectively. Means and standard error were estimated using a mixed linear model. PTI (indicated as
arrows) is measured by subtracting bacterial growth at 2 dpi in flg22 pretreated plants from that in mockpretreated plants. Asterisk represents a significant difference compared to PTI in Col-0 at p <0.01.

Having shown that pcrk1 mutants have defects in PTI elicited by two MAMPs,
flg22 and elf18, we tested pcrk1 mutants for PTI elicited by a DAMP, pep1. In
Arabidopsis, pep1 is recognized by PEPR1 and PEPR2, a pair of redundant receptor-like
kinases (Yamaguchi et al., 2010). In Col-0 plants pretreated with pep1, growth of Pma
ES4326 was significantly reduced compared with water-pretreated plants. However, in
pcrk1-1 and pcrk1-2 plants, the effect of pep1 pre-treatment was smaller than in Col-0
plants. The pep1 induced immunity was completely abolished in both pepr1 pepr2
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mutants (Figure 21C). Therefore PCRK1 plays an important role in PTI induced not only
by the MAMPs flg22 and elf18 but also by the DAMP pep1.

ROS Production and Callose Deposition Are Reduced in pcrk1 Plants

PTI is associated with a number of defense responses including ROS production,
callose deposition, MAPK activation and induction of defense genes. We monitored the
flg22-induced ROS burst in Col-0, pcrk1 and fls2 plants. Both the pcrk1 mutant lines

Figure 23: The flg22 induced ROS is reduced in pcrk1 mutants. The oxidative burst induced by 1 µM
flg22 was measured as relative luminescence units (RLU). The graph shows the mean estimates as bold
lines and 95% confidence intervals as dotted lines for each genotype after flg22 treatment compared with
the mock treatment.
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showed significant reductions in ROS relative to Col-0. For both pcrk1 alleles, the
reductions were statistically significant at all time points from 20 minutes onwards
(p<0.05). No ROS burst was detected in fls2 plants or in plants of any genotype treated
with water rather than flg22 (Figure 23). As callose deposition requires RBOHD, the

Figure 24: Callose deposition is reduced in pcrk1 mutants. Callose was stained with aniline blue 24 h
after treatment with (A) 1 µM flg22, (B) 1 µM elf18 or (C) 1 µM pep1. Bar: 500 µm
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enzyme required for the PTI triggered ROS burst, we thought that the reduced ROS
production in pcrk1 plants might result in reduced callose deposition. Accordingly, we
tested pcrk1 plants for altered callose deposition by staining with aniline blue. At 24 h
after treatment with flg22, callose deposition was severely reduced in both pcrk1 mutants
compared to Col-0, and absent in fls2 plants (Figure 24A). Similar reductions were
observed following treatment with elf18 or pep1 (Figure 24B and C), indicating that
PCRK1 contributes to activation of callose deposition in response to both MAMPs and a
DAMP.
MAPK3 and 6 are activated by phosphorylation within minutes after MAMP
treatment (Meng and Zhang, 2013), so we examined MAPK activation in pcrk1 mutant
lines. We treated Col-0, pcrk1, fls2, mpk3 and mpk6 seedlings with 1 µM flg22. MAPK3
and 6

were phosphorylated within 5 minutes in all the tested genotypes except mpk3, mpk6 and
fls2 seedlings. As expected there was no phosphorylated MPK3 or MPK6 detected in
mpk3 or mpk6 seedlings, respectively, or in fls2 mutants. Phosphorylation of MAPK3 and
6 was not noticeably different from Col-0 in pcrk1 mutants (Figure 25A). We thought it
possible that the usual concentration of 1 µM of flg22 used to induce MAPK
phosphorylation might be too high to detect a modest reduction in MAPK activation.
However, even with flg22 concentrations as low as 10 nM, there were no detectable
differences in MAPK activation between pcrk1 and WT plants at any time point tested
(Figure 25B). Thus, PCRK1 is important for MAMP induced PTI but MAPK activation
during PTI seems to be independent of PCRK1 function.
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Figure 25: Phosphorylation of MAPK3 and MAPK6 is unchanged in pcrk1 mutant plants. Elevenday-old seedlings were treated with (A) 1 µM flg22 or (B) 10 nM flg22 and samples were collected at
different time points after treatment. Phosphorylated MAPKs were detected by immunoblotting using antip44/42 MAPK antibody.

Expression of FRK1 (At2g19190) and CHITINASE (At2g43620) is induced at early time
points after flg22 treatment in an SA-independent manner (He et al., 2006; Tsuda et al.,
2009). We tested pcrk1 plants for altered expression patterns of these genes following
flg22 treatment. Expression of FRK1 and CHITINASE was not different in pcrk1 mutant
lines compared to Col-0 3 h after flg22 treatment (Figure 26A and B), suggesting that the
effect of PCRK1 on flg22-induced PTI induction does not result from reduced expression
of these genes. Taken together, these results show that PCRK1 is required for full
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activation of the ROS burst and callose deposition during PTI, but loss of pcrk1 does not
have major effects on MAP kinase activation or induced expression of FRK1 or
CHITINASE.

Figure 26: Defense gene expression in pcrk1 mutants after flg22 treatment. Expression of CHITINASE
(A) and FRK1 (B) was measured 3 h after treatment with 1 µM flg22 by qRT-PCR. Each bar represents the
log2 of the mean expression value with standard errors of two biological replicates calculated using a mixed
linear model. Data were normalized using the control gene ACTIN2 (At2g18780).
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A pcrk1 Mutant Predicted to Lack Kinase Activity Fails to Complement the pcrk1
Loss-of-Function mutant
Protein sequence analysis of PCRK1 shows that it has a single kinase domain. By
sequence alignment of PCRK1 with other characterized kinases, including BIK1, we
found that all the key residues that are known to be important for kinase activity are
conserved in PCRK1. Among these, a lysine residue (K118) lies in the ATP binding
pocket of the predicted kinase domain of PCRK1. This lysine has been shown to be
required for activity in many kinases including BAK1 and BIK1 (Horn and Walker,
1994; Li et al., 2002; Lu et al., 2010). To test for a requirement of kinase activity for the
function of PCRK1 in PTI, we made a K118E mutant form of PCRK1. We produced
PCRK1 and PCRK1(K118E) in E. coli, using codon-optimized genes. We then tested the
recombinant proteins in an in vitro kinase assay using myelin basic protein (MBP) as an
artificial substrate and 32P labelled ATP. We were unable to detect kinase activity of
PCRK1 or PCRK1(K118E) in spite of repeated attempts under a variety of conditions.
In view of our failure to detect kinase activity in vitro, we decided to test whether
the K118 residue is required for the function of PCRK in immunity. We transformed
pcrk1-1 lines with a PCRK1 cDNA driven by its own promoter and with a c-terminal HA
tag or with an analogous construct containing the K118E mutation. Growth of Pma
ES4326 was restored to wild type Col-0 levels in transgenic pcrk1-1 lines expressing
intact PCRK1, whereas the transgenic lines expressing PCRK1(K118E) allowed
enhanced bacterial growth similar to the pcrk1-1 plants (Figure 27A). The presence of
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Figure 27: A conserved lysine (K118) of PCRK1 is important for its function in immunity.
(A) Growth of Pma ES4326 was measured in two independent transgenic lines of pcrk1-1 complemented
with either a wild-type PCRK1 transgene or the point mutant K118E. Data were obtained from three
independent experiments each with 4 or 12 biological replicates for each genotype at 0 or 3 dpi
respectively. Bars represent means and standard error calculated using a mixed linear model. Asterisks
indicate significant differences from Col-0, p<0.05. (B) qRT-PCR of the mRNA levels of PCK or K118E in
the lines used in (A). (C) Western blot to detect PCRK1-HA and K118E-HA expression using microsomal
fractions of the transgenic lines used in (A). (D) Immunoblot detection of PCRK1-His and K118E-His
expressed transiently in Nicotiana benthamiana driven by the constitutive 35S promoter.

PCRK1 and PCRK1(K118E) was detected by immunoblot using microsomal fractions
from the transgenic complementation lines (Figure 27C). However, it was very difficult
to reproducibly detect the protein by immunoblot perhaps because PCRK1 was expressed
at very low levels. We could readily detect both the wild-type and mutant transcripts in
the transgenic lines by qRT-PCR (Figure 27B). We could also detect both proteins at
similar levels by expressing them transiently in Nicotiana benthamiana using the
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constitutive 35S promoter (Figure 27D). Thus, it is unlikely that lack of complementation
by the PCRK1(K118E) transgene was due to poor expression. We conclude that the
conserved lysine (K118) in the presumed ATP binding pocket of PCRK1 is required for
its function in conferring immunity against Pma ES4326. It is likely that the reason for
this requirement is that kinase activity is essential for PCRK function.

DISCUSSION
We found that mutations in PCRK1, which encodes a putative kinase of the
RLCK subfamily VII, compromise immunity in Arabidopsis. Plants with mutations in
PCRK1 were significantly more susceptible to virulent P. syringae strains Pma ES4326
and Pto DC3000. Members of the RLCK family are known to be important for immunity
against various pathogens. BIK1, an RLCK similar to PCRK1 is an important mediator of
defense responses against both necrotrophic and biotrophic pathogens. Plants with
mutations in BIK1 were highly susceptible to Botrytis cinerea and Alternaria brassicicola
infection (Veronese et al., 2006). However, they are resistant to Pto DC3000 and have
elevated levels of SA, which might explain the resistance (Veronese et al., 2006). BSK1,
an RLCK that can associate with FLS2, is important for flg22 mediated responses (Shi et
al., 2013). Immunity to Pseudomonas syringae, Golovinomyces cichoracearum,
and Hyaloperonospora arabidopsidis is compromised in bsk1 mutant plants (Shi et al.,
2013). RIPK, a RIN4 interacting RLCK, acts as negative regulator of immunity with the
ripk knockout lines showing more resistance to Pto DC3000 (Liu et al., 2011). In rice,
OsRLCK185 is a positive regulator of chitin induced immunity. RNAi mediated silencing
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of OsRLCK185 results in the suppression of chitin and peptidoglycan mediated immunity
and enhanced growth of Xanthomonas oryzae pv. Oryzae hrpX, a T3SS deficient strain
that is incapable of effector delivery.
Plants with mutations in PCRK1 were significantly more susceptible than
wildtype to Pto DC3000 hrcC-, which is incapable of effector delivery but induces an
immune response due to plant recognition of MAMPs. Consistently, pcrk1 mutants had
defects in PTI against Pma ES4326 induced by two MAMPs, flg22 and elf18, as well as a
DAMP, pep1. Curiously, pcrk1 mutations did not affect PTI against Pto DC3000. Pto
DC3000 is a more virulent pathogen of Arabidopsis than Pma ES4326. It is possible that
it effectively suppresses PCRK1-dependent PTI responses, so that loss of PCRK1 does
not affect PTI against Pto DC3000. In bik1 plants, resistance to Pto DC3000 hrcC- was
also reduced. In contrast to pcrk1 mutants, PTI against Pto DC3000 induced by different
MAMPs such as flg22, elf18 and chitin was reduced compared to wild type plants (Lu et
al., 2010; Zhang et al., 2010). Pep1 induced immunity against Botrytis cinerea was also
attenuated in bik1 mutant plants compared to wild type plants (Liu et al., 2013). Loss of
BIK1 might have a quantitatively greater effect on PTI than loss of PCRK1, or bik1 may
compromise PTI responses that are not affected by pcrk1.
Many RLCKs are known to interact with PRRs and consequently play a critical
role in transducing signals triggered by MAMP perception. BIK1 and PBL1 associate
with several known PRRs such as FLS2, EFR and CERK1 to transduce flg22, elf18 and
chitin mediated responses respectively (Zhang et al., 2010). BIK1 and PBL1 are
phosphorylated upon flg22 treatment and the phosphorylation of BIK1 was shown to be
FLS2 and BAK1 dependent (Lu et al., 2010; Zhang et al., 2010). Interestingly, BIK1 also
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transphosphorylates FLS2 and BAK1. BIK1 is also phosphorylated upon elf18 but not
chitin treatment (Lu et al., 2010). BSK1 has been shown to associate with FLS2 and
transduce flg22 induced responses (Shi et al., 2013). In rice, OsRLCK185, important for
chitin induced immunity, directly interacts with the chitin receptor CERK1 and is
phosphorylated by the CERK1 upon chitin perception (Yamaguchi et al., 2013). Apart
from MAMP triggered immunity, RLCKs are also important for DAMP triggered
immunity. BIK1 and PBL1 associate with PEPR1, a receptor for the DAMP pep1. BIK1
is phosphorylated by PEPR1 after treatment with pep1 and the phosphorylation of BIK1
by PEPR1 is required for pep1 mediated signaling. BIK1 can also reciprocally
phosphorylate PEPR1 (Liu et al., 2013). The RLCK PBL2 associates with FLS2 and
functions additively with PBL1 and BIK1 in flg22 mediated PTI responses (Zhang et al.,
2010). These results suggest that several RLCKs including PCRK1 are involved in
transducing PTI signals elicited by multiple MAMPs and may function in integrating PTI
signaling arising from multiple PRRs.
PTI is associated with induction of a number of defense responses including ROS
production, callose deposition, MAPK activation and increased expression of defense
genes (reviewed in (Boller and Felix, 2009)). ROS production depends entirely on the
NADPH oxidase AtRBOHD (Torres et al., 2002; Zhang et al., 2007). AtRBOHD is a
component of the FLS2 immune complex and BIK1 and PBL1 phosphorylate RBOHD
after flg22 perception (Kadota et al., 2014; Li et al., 2014). Callose deposition requires
the ROS burst, as flg22-induced callose is reduced or absent in wild-type plants treated
with ROS inhibitors and in atrbohd mutants (Zhang et al., 2007). Several RLCKs are
required for ROS production in response to PAMPs or DAMPs. Flg22-induced ROS and
95

callose deposition are reduced in bik1 and pbs1 mutants. ROS accumulation was reduced
in pbl1 mutants after flg22 and elf18 treatments but not chitin treatment. Inconsistently,
callose deposition in pbl1 mutants was reduced in response to elf18 and chitin but not
flg22. In pbl2 mutants, the trend was somewhat different with pbl2 mutants showing
reduced ROS accumulation when treated with flg22 but not elf18 or chitin and callose
accumulation was reduced in response to flg22 and elf18 but not chitin (Zhang et al.,
2010). In a bik1 pbl1 double mutant, flg22-induced ROS production and callose
deposition were reduced more than in bik1 or pbl1 single mutants, consistent with
independent, additive effects of the two RLCKs (Zhang et al., 2010). Flg22-induced ROS
was reduced in bsk1 mutants but callose was not studied (Shi et al., 2013). In rice,
suspension cultured cells made from transgenic RNAi lines suppressing OsRLCK185
expression showed a reduction in chitin mediated ROS accumulation compared to wild
type. While flg22 induced ROS accumulation and callose deposition are reduced in pbl2
and pbl5 mutants, pep1 treated responses in these mutants were no different than in wild
type (Liu et al., 2013). We have shown a modest reduction in ROS and a substantial
reduction in callose in pcrk1 mutants responding to flg22, elf18, or the DAMP, pep1.
Considered collectively, these studies suggest a complex pattern of RLCK activities, with
variations among RLCKs both in terms of which MAMP/PRR combinations they affect,
and which downstream responses they affect.
The nature of the link between PAMP perception and MAPK activation is not
known. Flg22 induced MPK3 and 6 activation was unchanged in atrbohD mutants
suggesting that AtRBOHD-dependent ROS occurs either independently or downstream
of MAPK activation (Zhang et al., 2007). Activation of MAPKs is unaffected by most of
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the RLCKs studied to date, including BIK1, PBL1, and BSK1. The bik1 pbl1 double
mutant also showed no difference in MAPK activation after flg22 treatment (Lu et al.,
2010; Feng et al., 2012; Shi et al., 2013). Consistently, we did not observe any effect of
pcrk1 mutations on flg22-induced MAPK activation, even though we tested several time
points and concentrations of flg22. It is possible that MAPK activation is independent of
the RLCKs. Alternatively, the RLCKs may be required for MAPK activation, but act so
redundantly that no effect on MAPK activation can be detected in single mutants or the
bik1 pbl1 double mutant. Silencing of the rice RLCK OsRLCK185 caused reduced
MAPK3 and MAPK6 activation in response to chitin treatment (Yamaguchi et al., 2013).
This is consistent with the idea that Arabidopsis RLCKs mediate MAPK activation
redundantly, and there is less redundancy in the rice system, allowing the effect of an
RLCK to be detected (Yamaguchi et al., 2013).
PTI also involves increased SA levels and a large number of changes in gene
expression levels. We did not detect any differences in SA levels or in expression of the
SA-independent PTI marker genes FRK1 or CHITINASE between pcrk1 and wild-type
plants (He et al., 2006; Tsuda et al., 2008). Therefore, the defects in PTI in pcrk1 plants
are unlikely to result from alterations in these processes. SA accumulation is
constitutively high in bik1 mutants even though MAMP and DAMP induced PTI is
strongly reduced. Additionally, the expression of FRK1 was severely reduced in bik1
mutants in response to Botrytis cinerea or Pto DC3000, which may indicate that BIK1
plays an SA-independent role in PTI (Veronese et al., 2006; Laluk et al., 2011).
Alignment of PCRK1 with known kinases in the RLCK family VII revealed that
it contains all of the key residues that are invariant in the kinase domains. However, we
97

could not detect kinase activity of PCRK1 in vitro using MBP as a substrate. If PCRK1 is
a kinase, there are several possible reasons for our failure to detect kinase activity. It is
possible that we never had sufficient PCRK1 protein. Native PCRK1 could not be
expressed in E. coli under standard conditions. A codon-optimized version was
expressed at levels sufficient for easy detection by immunoblotting, but too low for
detection by coomassie blue staining. It is possible that PCRK1 requires activation, for
example by phosphorylation, in order to become an active kinase. Indeed, flg22dependent phosphorylation of PCRK1 was detected in a proteomic study of membrane
proteins that are phosphorylated upon flg22 treatment (Benschop et al., 2007). It is also
possible that PCRK1 has narrow substrate specificity, so that phosphorylation of MBP
occurs at undetectable levels. Lastly, we may not have had suitable assay conditions.
BSK1 kinase activity in vitro required Mn2+ as a cofactor rather than Mg2+ (Shi et al.,
2013) but this is unlikely to explain the lack of PCRK activity as we tried assays
containing Mn2+. It would not be surprising if kinase activity of PCRK1 is detected in
future work.
As we were unable to detect kinase activity of PCRK1, we took a genetic
approach by examining the role of a conserved residue that is known to be important for
kinase activity in other RLCK VII family members. A conserved lysine, K118, of
PCRK1 which lies in the ATP binding pocket in subdomain II (Figure 17) is important
for binding ATP and for phosphotransfer during phosphorylation (Carrera et al., 1993;
Hanks and Hunter, 1995; Hanks, 2003) and hence critical for kinase activity. Amino acid
substitution of the invariant lysine at this position has been shown to abolish the kinase
activity of RLKs such as BAK1 and RLCKs such as PBS1 and BIK1 (Horn and Walker,
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1994; Li et al., 2002; Shao et al., 2003; Lu et al., 2010). Expression of a mutant version
of PCRK1, PCRK1(K118E), as a transgene in the pcrk1 background failed to
complement the pcrk1 Pma ES4326 growth phenotype, demonstrating that the conserved
lysine is important for the defense function of PCRK1. This strongly suggests that
PCRK1 is in fact an active kinase and that kinase activity is required for its function in
immunity.
In this work we found that PCRK1 has a positive effect on immunity against P.
syringae. Like other RLCKs from family VII, PCRK1 is important for PTI induced by
several MAMPs or DAMPs. PCRK1 contributed to ROS and to callose deposition. A
key lysine residue shown to be important for kinase activity of related kinases is
conserved in PCRK1 and is important for its function in defense responses, suggesting
that it acts as a kinase. While only a few of the more than 200 RLCKs present in
Arabidopsis have been characterized, it is evident that multiple family members have
important roles in immunity. It is possible that various combinations of RLCKs act
together with different PRRs, perhaps acting redundantly, or perhaps acting as modules
activating different subsets of PTI responses. Identification of the in vivo substrates of
PCRK1 and other RLCKs will help to understand their functions.

MATERIALS AND METHODS

Plant Genotypes, Growth Conditions, and Pathogen Inoculation:
Wild-type, pad4-1 (At3g52430 (Jirage et al., 1999)), pcrk1-1 (At3g09830,
SALK_057158)), pcrk1-2 (SALK_145629)), sid2-2 (At1g74710 (Wildermuth et al.,
2001)), alleles of PCRK1 family members At5g03320 (GABI_323_E12), At5g47070
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(SALK_021064 and SALK_065136), pepr1-1/pepr2-1 (PEPR1: AT1G73080 and
PEPR2: AT1G17750 (Yamaguchi et al., 2010)), fls2 (AT5G46330, (Zipfel et al., 2004))
and efr-2 (AT5G20480, (Zipfel et al., 2006)) were all in the Col-0 background. The TDNA insertion mutants were tested for reduced transcripts by RT-PCR using a one-step
RT-PCR kit (Qiagen). Primers used are provided in Appendix 3. Arabidopsis plants were
grown in autoclaved BM2 germinating mix (Berger, Inc., Quebec, CA) in a growth
chamber at 22ºC and 75% relative humidity on a 12 hours light/12 hours dark cycle under
100 mM m-2 s-1 fluorescent illumination. Plants used in experiments were 4-5 weeks old.
P. syringae was cultured in King's B medium at room temperature as described (Tsuda et
al., 2008). For bacterial growth assays, Pma ES4326 and Pto DC3000 were suspended in
5 mM MgSO4 at OD600 = 0.0001, while Pto DC3000 hrcC- was used at OD600 = 0.0002.
Bacteria were infiltrated into the abaxial sides of leaves using a needle-less 1 ml syringe.
For PTI assays, plants were pre-treated with flg22, elf18 or pep1 peptides at 1 µM by
infiltration and 24 h later, plants were infiltrated with Pma ES4326 or Pto DC3000
suspended in 5 mM MgSO4 at OD600 = 0.0002. Bacterial titers were determined as
described previously (Tsuda et al., 2008).
Quantification of SA and mRNA
For determination of SA, plants were inoculated with Pma ES4326 at OD600 = 0.01 or
mock-inoculated. Total SA was determined by GC-MS as described previously (Tsuda et
al., 2008). mRNA levels were determined by qRT-PCR, as described previously
(Truman and Glazebrook, 2012), using the SuperScript III Platinum SYBR Green OneStep qRT-PCR Kit (Invitrogen, CA) in a Roche LightCycler 480 (Roche, Basel,
Switzerland). Primers used for Actin2, PCRK1, CHITINASE and FRK1 are provided in
Appendix 3.
Callose deposition:
Four weeks old plants were infiltrated with 1 µM of flg22, elf18, pep1 or water and
samples were collected 12 hours later. Infiltrated leaves were cleared overnight in
alcoholic lactophenol (95% ethanol: lactophenol = 2:1, lactophenol was made by mixing
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equal volumes of phenol, glycerol, lactic acid and water). Samples were then rinsed in
50% ethanol and then in water. Cleared leaves were stained with 0.01% aniline blue in
0.15 M phosphate buffer (pH = 9.5). Callose deposits were visualized under ultraviolet
illumination at excitation wavelengths of 340-60 nm and emission wavelengths of 450-70
nm using a Nikon Eclipse E600 microscope. Three leaves from each of 3 plants for each
genotype were analyzed for callose deposition.
ROS assay:
Four weeks old adult plants grown under the conditions described above were used. For
each genotype, 8 squares, approximately 4 x4 mm were cut from 8 different plants and
incubated for ~15 hours in sterilized water in 24-well flat-bottom cell culture plates
(Corning, Inc., MA). Leaf discs for mock and flg22 treatments were collected from the
same leaves. Leaf disks were transferred carefully to 96 well white plates then treated
with 1 µM flg22 or water. The ROS production level was measured over time as the
relative luminescence value as described previously (Trujillo et al., 2008).
Cloning and Site-Specific Mutagenesis of PCRK1
To create an epitope-tagged genomic clone of PCRK1 for the complementation
experiment shown in Figure 18C, the genomic sequence of At3g09830, including introns
and 2199 bp upstream from the translation start codon was amplified by the polymerase
chain reaction (PCR) using KOD Hot Start DNA polymerase (Novagen, CA), and TAcloned into vector pCR8 according to the manufacturer's instructions (Invitrogen, CA).
This clone was then integrated into the Gateway®-compatible binary vector pMDC123
(Curtis and Grossniklaus, 2003) using the LR reaction. To make the PCRK1(K118E)
mutant constructs used in Figure 27A, primers with the desired mutation were used to
PCR amplify PCRK1(K118E) with KOD Hot Start DNA polymerase (Novagen, CA),
using as a template a PCRK1 clone in pCR8 with its promoter and introns, but without
the stop codon. This clone was then integrated into the Gateway®-compatible binary
vector pEG301 (Earley et al., 2006) using the LR reaction, thereby adding a C-terminal
HA tag. The PCRK1 constructs used for expression in N. benthamiana were made by
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cloning PCRK1 and PCRK1(K118E) into a TAP-tag LIC6 vector that provides a 35S
constitutive promoter and a His-c-Myc TAP tag for detection using the protocols
published (Popescu et al., 2007). Primers used for cloning are provided in Appendix 2.
Protein Expression and immunoblotting
To detect PCRK1 and PCRK1(K118E) in the complementation lines used in Figure 27C,
microsomal fractions were prepared as described (Ward and Sze, 1992). Immunoblotting
was done on the microsomal fractions using rat anti-HA antibody (Roche Applied
Science, clone 3F10). PCRK1 and PCRK1(K118E) were also transiently expressed in
Nicotiana benthmiana as described (Popescu et al., 2007). For protein detection, proteins
were separated by SDS-PAGE and detected by immunoblot using mouse anti-His
antibody clone 6G2A9 (Genscript, NJ) and anti-mouse-HRP (Promega, WI).
Luminescence signal was detected using the SuperSignal West Femto Chemiluminescent
Substrate (ThermoScientific, MA).
MAP Kinase Assays
MAPK assays were done as described previously (Tsuda et al., 2009). Arabidopsis
seedlings were grown for 11-14 days on a medium solidified with 1.5 % agar that
contained 0.5×MS salts with Gamborg's vitamins (Sigma, MO) and 1% (w/v) sucrose and
then transferred to 12-well plates (six seedlings per well) in which each well contained 3
ml of liquid medium containing 0.5×MS salts with Gamborg's vitamins and 1% (w/v)
sucrose with 1 µM or 10nM flg22 peptide. After 0 to 40 min as indicated, the seedlings
were frozen in liquid nitrogen. The frozen seedlings were ground in liquid nitrogen and
homogenized in 100 µl of extraction buffer (100 mM HEPES, pH 7.5, 5 mM EDTA, 5
mM EGTA, 2 mM dithiothreitol, 10 mM Na3VO4, 10 mM NaF, 50 mM ßglycerolphosphate, 1 mM phenylmethylsulfonyl fluoride, 10% glycerol, 1% (w/v)
polyvinylpolypyrrolidone, proteinase inhibitor cocktail (Roche Applied Science, IN) and
phosphatase inhibitor cocktail (Roche Applied Science, IN). After centrifugation at
13,000 rpm for 30 min at 4°C, supernatants were frozen and stored at −20°C. The protein
concentration was determined using a Bradford assay (BIO-RAD, Hercules, CA, USA)
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with BSA as a standard. Twenty µg of protein was separated in each lane of a 8%
polyacrylamide gel. Immunoblot analysis was performed using anti-phospho-p44/42
MAPK (Cell Signaling Technology, MA) and anti-AtMPK3 (Sigma,MO) as primary
antibodies, and peroxidase-conjugated goat anti-rabbit IgG (Sigma, MO) using the
Amersham ECL plus substrate (GE Life Sciences, NJ).
Arabidopsis Transformation and Determination of Transgene Copy Number
A. tumefaciens strain GV3101(pMP90) was used to transform Arabidopsis by dipinoculation as described (Clough and Bent, 1998). For estimation of transgene copy
number, 3–4 leaves from each 4-weeks-old primary transformant were collected and
homogenized in liquid nitrogen using a mortar and pestle in 0.5 ml of extraction buffer
(100 mM Tris pH = 8.0, 50 mM EDTA pH = 8.0, 500 mM NaCl, and 1.3% SDS).
Samples were incubated at 65°C for 10 minutes, and DNA was precipitated by adding
130 µl 5 M potassium acetate. Samples were then treated with 10 µg ml-1 RNase,
ethanol-precipitated, washed and DNA concentrations were determined. The copy
number of the BAR transgene relative to that of the single copy gene, PEN1, was
determined by qPCR as described (Bubner and Baldwin, 2004) using SYBR Green PCR
Master Mix (Invitrogen, CA, USA) following the manufacturer's protocol. Experimental
readouts were obtained using a Roche LightCycler 480 (Roche, Basel, Switzerland).
Primers used in these experiments are listed in Appendix 3.

Statistical Analysis
The statistical analysis of bacterial growth data as well as qRT-PCR data has been
described previously (Truman et al., 2013). Generally, one plant of each genotype studied
was included in each pot, with eight pots to each flat. Data from multiple experiments
were combined using mixed-effect linear models including genotype and treatment as
fixed effects, and experiment, flat, and pot, as random effects. Factors that did not
significantly contribute to a particular model, as determined by Akaike's Information
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Criterion, were excluded. For Figure 20C, because there where large number of
comparisons made, a multiple testing correction was applied by utilizing the Benjamini
and Hochberg procedure to control the false discovery rate (Benjamini and Hochberg,
1995). In this case the corrected q-values were used to determine significance, rather
than uncorrected p-values.
The ROS assay data was analyzed differently. For better polynomial regression fitting of
the ROS assay data, the relative luminescence values were log-transformed and those
between 7 and 33 minutes after flg22 treatment were used. The time for the selected data
was centered and linearly scaled to -1 to 1. Then the following mixed-effect linear
models were fit to the data: Lijk = 0 + G:(1 + T +…+ Tn)i + (1 + T +…+ Tn)|Pij + 1|Rk +
εijk, where L = log-luminescence; G = genotype (fixed effect); T = time (fixed effect); P =
individual time series (random effect); R = pot (random effect); ε = residual; i, genotype
level; j, individual time series level; k = pot level. Models with n = 3, 4, …,7 were fit, and
the model with n = 7 was selected based on the Akaike’s Information Criterion. The
mean difference and its confidence intervals in the log-luminescence between two
genotypes across time were estimated using this model. For Figure 23, the logluminescence mean estimate for each genotype across time and its confidence intervals
were calculated using this model and the luminescence values were transformed back to
the original luminescence scale and using original time values.
All statistical analyses were carried out in the R programming environment using the
lme4 package (Bates et al., 2012)
Web Addresses for Bioinformatics Tools
The R Project for Statistical Computing: www.r-project.org
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CHAPTER III

Functional Characterization of PCRK1, a Putative Protein
Kinase in Defense Responses

CHAPTER SUMMARY

RLCKs are part of a large protein family of kinases called the RLKs. PTI Compromised
Receptor-Like Cytoplasmic Kinase 1 (PCRK1) is an RLCK that is important for
immunity induced by Microbial Associated Molecular Patterns (MAMPs) as well as
Damage Associated Molecular Patterns (DAMPs). Salicylic acid (SA) accumulation in
pcrk1 mutants was similar to wild type plants 6 and 9 hours after Pma ES4326
infiltration. Growth of Pma ES4326 in double mutants of pcrk1 with the SA biosynthetic
mutant sid2-2 and a JA receptor mutant coi1-1, shows that the function of PCRK1 is SA
independent but may be partially dependent on JA signaling. PCRK1 contains a kinase
domain including several invariant residues that are characteristic of kinases.
Phosphorylation of serine residues at positions S232, S233 and S237 are important for the
immune signaling function of PCRK1.
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INTRODUCTION:
RLCKs are a subfamily of a larger family called RLKs (Shiu and Bleecker, 2001)
and the RLCK subfamily VII is over represented amongst the RLK family members that
are induced during biotic stress responses (Lehti-Shiu et al., 2009). Indeed many of the
RLCK VII subfamily members studied so far have been implicated in defense against
pathogens. One of the key features of the RLCK subfamily is their lack of an obvious ED
or TM domain that is prevalent among RLKs. They have a kinase domain with all the
conserved residues of a bona fide kinase.

In chapter II it was demonstrated that PCRK1, from RLCK subfamily VII, is
important for defense against Pseudomonas syringae and that it plays an important role in
PTI elicited by multiple MAMPs. When amino acid sequence of PCRK1 was aligned
with other known kinases in the family, the predicted kinase domain of PCRK1 aligns
with 100% conservation of the key residues that are invariant in kinases domains. A
lysine residue in the ATP binding pocket of kinases is critical for the phosphorylation
function of kinases. Mutation of this invariant lysine residue has been shown to be
important for the function of other protein kinases of the RLK family (Horn and Walker,
1994; Li et al., 2002; Lu et al., 2010). We showed that transgenic lines expressing
PCRK1(K118E) with mutation in the key invariant lysine residue of PCRK1 in a pcrk1-1
background failed to complement the mutant phenotype of enhance susceptibility to Pma
ES4326. We briefly mentioned that we were unable to show kinase activity of PCRK1 in
an in vitro assay. In this chapter we will provide details on the strategies used to clone
and express PCRK1 in a heterologous system and the various assay conditions explored
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to examine the kinase activity of PCRK1 in vitro. Additionally, this chapter will also
describe experiments conducted to elucidate the function of PCRK1 in defense signaling.

RESULTS
Codon Optimization of PCRK1 for Expression in E. coli and in vitro
Phosphorylation Assay:
Sequence analysis using pfam domain search (http://pfam.sanger.ac.uk/) of
PCRK1 predicted a single kinase domain between amino acids 84-365. Apart from a
single kinase domain, there were no other discernable domains or motifs in the amino
acid sequence of PCRK1. In order to test the kinase activity of PCRK1 in an in vitro
kinase assay using Myelin Basic Protein (MBP) as an artificial substrate, we decided to
clone PCRK1 as well as a “kinase dead” version of PCRK1 with a mutation in a key
lysine residue in the 118th position. PCRK1(K118E) mutant version had a single amino
acid substitution from lysine to glutamate. PCRK1 and the mutant version
PCRK1(K118E) were used for heterologous expression and purification in E. coli. We
also made expression constructs with just the kinase domain of PCRK1 and
PCRK1(K118E) to be expressed in E. coli. Various expression conditions were tried in
order to express PCRK1 and PCRK1(K118E) in sufficient quantities to run an in vitro
kinase assay. PCRK1 and PCRK1(K118E) were cloned into pDEST17 (provides HA tag),
pDEST15(provides GST tag) and pSDK1 (provides n-terminal GST and c-terminal GFP
tags). Expression was induced by IPTG (1mM, 100µM, and 10 µM). Expression was
induced at different temperatures of 40C, 160C, 280C, 300C and 370C and for different
periods of time from 1h to 24h from the time of induction using IPTG (24h time point
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was done for expression at 40C). For each condition, expression of PCRK1 and K118E
was checked by western blotting using suitable antibodies. We were unable to detect
PCRK1 or PCRK1(K118E) under any of the conditions tested. To ensure that the
problems encountered in detection were not due to western blotting procedure, antibodies
were obtained from multiple sources and western conditions were varied with respect to
buffers, blotting papers and detection substrates. We were unable to detect expression of
PCRK1 under any of the conditions we examined.

We also tried to express PCRK1 and PCRK1(K118E) in a different heterologous
system. Towards this, we obtained a TAP-tag vector LIC6. This vector provides two
epitope tags, a c-terminal HA tag and a c-Myc tag with expression of the gene driven by a
strong constitutive promoter 35S in Nicotiana benthamiana (Popescu et al., 2007).
PCRK1 and PCRK1(K118E) were successfully expressed in N. benthamiana. An affinity
tag based approach was used to purify the proteins using a cobalt column to pull down
the protein using the His-tag. Despite repeated washing and differing buffer conditions,
we were unable to obtain PCRK1 and K118E of sufficient purity such that we could get a
reliable and unambiguous phosphorylation signal in an in vitro kinase assay. When
proteins expressed in N. benthamiana were used in the in vitro kinase assay, the negative
vector control also showed a phosphorylation signal. We think that this is because of the
activity of some of the endogenous kinases of N. benthamiana that persisted despite
extensive purification steps as they may have bound to the purification resin in an
unspecific manner.
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At this point we decided to check if codon optimization of PCRK1 would be
useful to express PCRK1 in E. coli. Optimizing the expression of protein encoding genes
by making synonymous mutations in different residues has been known to improve the
expression of such genes in heterologous systems (Plotkin and Kudla, 2011). PCRK1 was
codon optimized to express in E. coli and synthesized with a His-tag
(https://www.dna20.com/) (Appendix 4). The codon optimized version of PCRK1
expressed well enough to be detected on a western blot. We also cloned PCRK1(K118E)
construct using the optimized PCRK1 as a template and PCRK1(K118E) could be
detected on a western blot as well. The His-tag on PCRK1 and PCRK1(K118E)
facilitated pull down of the protein and purification using a cobalt column. We used
PCRK1 and K118E protein thus purified in an in vitro kinase assay using MBP as an
artificial substrate. Autoradiography was used for detection of phosphorylated MBP
using radiolabelled phosphate from [γ32P] ATP. We were unable to see the
phosphorylation of MBP by PCRK1 despite multiple attempts. The kinase activity of
BSK1, a RLCK of subfamily family XII has been shown to require Mn2+, instead of
Mg2+, as a divalent cation cofactor (Shi et al., 2013). We tested the kinase activity of
PCRK1 using Mn2+as the cofactor and MBP as a substrate. We were unable to detect
kinase activity of PCRK1 under any of the conditions we tested.

An additional possibility was that PCRK1 itself had to be activated by
phosphorylation in order to display kinase activity. A study of membrane proteins that
were phosphorylated after elicitor treatment picked up a peptide from PCRK1 as being
phosphorylated after flg22 and xylanase treatment (Benschop et al., 2007). Another study
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that tested the wheat germ cell-free translation system to profile Arabidopsis proteins for
autophosphorylation activities found PCRK1 capable of autophosphorylation (Nemoto et
al., 2011). We examined the PhosphAt database (http://phosphat.mpimp-golm.mpg.de/)
(Durek et al., 2010) that contains predicted and experimentally validated data on
phosphorylated residues in a variety of proteins. PCRK1 was also identified in a screen of
phosphorylated proteins from the membrane fraction (William Gray and Mike Sussmann
unpublished results, personal communications) by mass spectrometry (MS-MS). In these
studies, serine residues at positions 373, 377 and 385 were found to be phosphorylated.
We made phosphomimetic and non-phosphorylatable versions of PCRK1 by substituting
serines at positions 373, 377 and 385 with an aspartate residues (S373D, S377D, and
S385D) to make phosphomimetic versions of PCRK1 and non-phosphorylatable versions
of PCRK1 were made by substituting the serines with alanine (S373A, S377A and
S385A). We used the codon optimized PCRK1as a template. The proteins were expressed
in E. coli and purified using cobalt affinity resin and used in the in vitro kinase assay as
described previously. We were unable to detect kinase activity of either phosphomimetic
or non-phosphorylatable versions of PCRK1 in vitro.

Phosphorylation of specific residues of PCRK1 is important for its function
Even though we couldn’t show that phosphorylation of S373, S377 and S385 of
PCRK1 is important for the kinase activity in an in vitro assay, it was nevertheless
intriguing that multiple lines of evidence suggested that PCRK1 can be phosphorylated at
these residues. We decided to examine the biological relevance, if any, of
phosphorylation of these residues in planta. We made transgenic complementation lines
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by expressing the phosphomimetic version of PCRK1 driven by native promoter, that had
aspartate substitution for serine in all the three positions (S373D, S377D, and S385D) as
well as a non-phosphorylatable version of PCRK1 with an alanine substitution for serines
in all three positions (S373A, S377A and S385A) in a pcrk1-1 background. Each
transgenic line carried either the phosphomimetic or the non-phosphorylatable
substitutions in all the three residues at the positions 373, 377 and 385. The two versions
were driven by the PCRK1 native promoter and had a c-terminal myc tag for the
detection of protein encoded by the transgene. A bacterial growth assay was conducted
c
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Figure 28: Phosphorylation of specific residues of PCRK1 is important for its function. Growth of
Pma ES4326 was measured in independent transgenic lines expressing all three phosphomimetic
substitutions abbreviated as PM (S373D, S377D, and S385D) versions of PCRK1 or all three nonphosphorylatable mutations abbreviated as NP (S373A, S377A and S385A) versions of PCRK1 in pcrk1
mutant background. Data was obtained from three independent experiments with 4 or 12 biological
replicates for each genotype at 0 or 3 dpi respectively. Bars represent means and standard error calculated
using mixed linear model. Different letters indicates significant differences from each other, q<0.01.

using these transgenic lines. Transgenic lines carrying phosphomimetic (S373D, S377D,
and S385D) versions of PCRK1 fully complemented pcrk1 mutant function while the
lines carrying the non-phosphorylatable (S373A, S377A and S385A) versions of PCRK1
failed to complement the pcrk1-1 phenotype suggesting that phosphorylation of serine at
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positions 373, 377 and 385 is important for the function of PCRK1 during defense
responses (Figure 28).

PCRK1 function is independent of SA but partially dependent on JA
In order to further characterize PCRK1 function in defense signaling pathways,
we decided to examine if and where PCRK1 functions in some of the known defense
hormone signaling pathways. Many mutants that are more susceptible to bacterial
pathogens have defects in SA signaling. Since pcrk1 mutants show enhanced
susceptibility to Pma ES4326 we hypothesized that SA levels might be reduced in the

Figure 29 :SA levels in pcrk1 mutants infected with Pma ES4326 is similar to wild type. Four weeks
plants were infected with Pma ES4326 (OD= 0.002) and samples were collected 6 and 9 hours after
infection. Three to four leaves for each genotype from different plants were collected. Samples were also
collected from untouched plants. SA was quantified by GC-MS. Each bar represents data from a single
experiments containing one sample per genotype per treatment.

mutant lines. To test this hypothesis we measured SA levels in wild-type and pcrk1
mutants 24 hours after Pma ES4326 or mock inoculation.We also checked SA
accumulation at earlier time points at 6h and 9h after Pma ES4326 inoculation. As shown
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in Figure 19 and 29 SA levels did not appear to be different from wild type Col-0 plants
at any of the times tested.

The enhanced bacterial growth in pcrk1 mutants might be due to changes in SA
signaling, and not SA levels per se. To test this possibility, we made homozygous double
mutants for pcrk1 with sid2, an SA biosynthetic mutant. Since JA is also an important
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Figure 30: Bacterial growth assay in pcrk1 mutant lines in comparison with SA biosynthetic mutant
(sid2-2), JA receptor mutant (coi1-1) and double mutants of pcrk1 with sid2-2 and coi1-1. Plants were
infected with Pma ES4326 and the growth of bacteria in the plants were measured 0 and 3 days post
infection (dpi). Each bar represents data from at least two independent experiments each containing at least
4 and 12 replicates for 0 and 3dpi, respectively. Means and standard error were estimated by mixed linear
model. Different letters indicate significant differences (q<0.01).

immune signaling hormone, we decided to test for a role of PCRK1 in JA signaling by
making homozygous double mutants for pcrk1 with coi1-1, a JA receptor mutant. Growth
of Pma ES4326 in each genotype was determined three dpi. The effects of pcrk1 and
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sid2 were additive, suggesting that PCRK1 functions in an SA-independent manner. The
pcrk1 coi1 double mutants were significantly more susceptible to Pma ES4326 than coi1,
but the increase in susceptibility conferred by the loss of pcrk1 in the coi1 background
was significantly less than in the wild type background, suggesting that the contribution
of PCRK1 to immunity is partially JA-dependent.

DISCUSSION:
PCRK1 is a putative protein kinase of the RLCK family VII. The PCRK1 kinase
domain contains all the invariant residues known to be important for kinase activity. We
found that expressing and purifying PCRK1 and its “kinase dead” version
PCRK1(K118E) was extremely challenging and the only way we could express PCRK1
and PCRK1(K118E) was by codon optimization of PCRK1gene for expressing it in E.
coli. However, we could not detect kinase activity of PCRK1 under any of the conditions
we tested. The failure to detect kinase activity could be because of different reasons. We
used MBP as an artificial substrate to detect the kinase activity, Although, MBP has been
used extensively as a substrate in kinase assays it is conceivable that it may not be a
suitable substrate for all kinases. We do not currently know the natural substrate(s) for
PCRK1 in Arabidopsis. Using a suitable substrate could help detect the kinase activity of
PCRK1.

In addition, despite codon optimization of PCRK1, the expression of the gene in
E. coli was very low. The amount of PCRK1 obtained was too low to be detected by
Coomassie Blue staining. Despite scaling up the cultures, we could only reliably detect
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PCRK1 by western blotting suggesting that it was expressed at very low levels.
Additionally, if the kinase activity of PCRK1 is also low it may be below the threshold of
detection. The expression of eukaryotic proteins in bacterial systems often results in
misfolded proteins which lack stability or have solubility issues and are therefore often
functionally inactive proteins (Popescu et al., 2007). Owing to the loss of protein during
purification coupled to possible low kinase activity of PCRK1 as well as possible loss of
activity due to expression in E. coli, we were unable to detect kinase activity of PCRK1.

It is also possible that PCRK1 itself has to be first activated by phosphorylation in
order for it to become active. Based on multiple lines of evidence, we identified three
serines (S373, S377 and S385) as potentially phosphorylatable residues in PCRK1. We
were unable to detect kinase activity of PCRK1 using phosphomimetic versions of
PCRK1in an in vitro kinase assay. This suggests that either the three residues are not the
ones that are important to activate PCRK1 function or that they are insufficient to activate
PCRK1 and it requires additional residues to be phosphorylated. Also, the conditions for
the phosphorylation activity could be different and we may not have tested those
conditions.

Transgenic lines carrying phosphomimetic versions of PCRK1 fully
complemented pcrk1 mutant function while the lines carrying the non-phosphorylatable
versions of PCRK1 failed to complement the pcrk1-1 phenotype suggesting that
phosphorylation of serine at positions 373, 377 and 385 is important for the function of
PCRK1 during defense responses, presumably not to activate PCRK1 kinase activity but
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in some other way. Conceivably, additional residues could be phosphorylated in PCRK1
that maybe important for its kinase activity. In BIK1, several other serines threonines
and tyrosines have been shown to be important for autophosphorylation as well as
transphosphorylation activities (Laluk et al., 2011; Lin et al., 2014), and many of these
residues are also conserved in PCRK1 suggesting that phosphorylation of such conserved
residues in PCRK1 may be important to activate PCRK1 kinase activity.

MATERIALS AND METHODS
Plant Genotypes, Growth Conditions, and Pathogen Inoculation:
Wild-type Col-0, pad4-1 (At3g52430(Jirage et al., 1999)), pcrk1-1 (At3g09830,
SALK_057158), pcrk1-2 (At3g09830, SALK_145629), sid2-2 (At1g74710 (Wildermuth
et al., 2001)), coi1-1(At2g39940 (Xie et al., 1998))

Quantification of SA
For determination of SA, plants were inoculated with Pma ES4326 at OD600 = 0.01 or
mock inoculated. Total and free SA were determined by GC-MS as described previously
in the methods section of chapter 1.

Cloning and Site-Specific Mutagenesis of PCRK1
For in vitro kinase assays, PCRK1 with a His-tag was codon optimized for expression in
E. coli and was cloned into a vector pJ401 (DNA2.0, CA). Codon optimized
PCRK1(K118E) was PCR amplified along with the entire vector using primers with the
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suitable mutation in it. Phosphomimetic and constitutively non phosphorylatable version
of PCRK1 were made by PCR based site-directed mutagenesis using suitable primers
with the mutation incorporated in it and using PCRK1 cloned into pJ401 as a template.
Primers used for cloning are provided in Appendix 2. The amplified product was gel
purified and ligated using T4 DNA ligase (NEB, MA). The cloned constructs were
sequence confirmed. For transient expression in N. benthamiana, PCRK1 and
PCRK1(K118E) were PCR amplified and cloned into the LIC6 vector (obtained from
TAIR (http://www.arabidopsis.org/index.jsp)) using a published protocol (Popescu et al.,
2007). LIC6 vetor provides a 35S constitutive promoter and a His-Myc TAP tag for
purification and detection.

To create an epitope-tagged genomic clone of PCRK1 for the complementation
experiment shown in Figure 28, the genomic sequence of PCRK1, including introns and
2199 bp upstream of the translation start codon was amplified by PCR using KOD Hot
Start DNA polymerase (Novagen, CA), and TA-cloned into vector pCR8 according to the
manufacturer's instructions (Invitrogen, CA). The phosphomimetic and the non
phosphorylatable version of PCRK1 was created by amplification of PCRK1using
suitable mutagenic primers (appendix 2). The clones thus obtained were then integrated
into the Gateway®-compatible binary vector pEG303 (Earley et al., 2006) using the LR
reaction, thereby adding a C-terminal HA tag.
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Protein Expression and immunoblotting
The optimized proteins were expressed in E. coli BL21(DE3) pLysS (Invitrogen, CA)
and the expression was induced by addition if 1mM IPTG at 300C for 2h. PCRK1 and
PCRK1(K118E) were also transiently expressed and purified from Nicotiana benthmiana
as described (Popescu et al., 2007). For protein detection, the proteins were run on an
SDS-PAGE followed by western blot detection using the mouse anti-His (Genscript, NJ)
and anti-mouse-HRP (Promega, WI). HRP induced luminescence signal was detected
using the SuperSignal West Femto Chemiluminescent Substrate (ThermoScientific, MA).

Protein purification and in vitro phosphorylation assay
For protein purification, the E. coli cells expressing His-tagged PCRK1 and various point
mutants were lysed by re suspending the bacterial pellet in lysis buffer (50 mM potassium
phosphate pH = 7.8, 400 mM NaCl, 100 mM KCl, 10% glycerol, 0.5% Triton X-100, 10
mM imidazol). The lysed cells were centrifuged at 14,000 rpm for 20 min at 40C, and
supernatant was collected. For proteins expressed transiently in N. benthamiana, the
sample tissue was processed and proteins purified as described previously(Popescu et al.,
2007). TALON® Cobalt beads (Clontech, CA) with a very high affinity for Histidine
was used to pull down PCRK1 and point mutants from supernatant prepared from E. coli
or N. benthamiana as described above. The beads were washed with a series of wash
buffers that has a decreasing concentration NaCl (50mM Tris-HCl, pH 7.5, 5mM EDTA,
5mM NaF, 0.1% tween or 1% Triton X-100 and 250mM to 1mM NaCl). The in vitro
phosphorylation assay was conducted as described previously with slight modifications
(Ligterink et al., 1997). Briefly, the beads with the protein still attached to them were
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used in the in vitro phosphorylation assay. Kinase reactions of the immunoprecipitated
proteins were performed in 15 ml of kinase buffer (20 mM Hepes (pH 7.5), 15 mM
MgCl2, 5 mM EGTA,1 mM DTT and protease and phosphatase inhibitor cocktail
(Roche, Basel, Switzerland)) with addition of 1µg/µl and 50µCi/ml of [gamma-32P] ATP.
The reactions were stopped by the addition of SDS sample buffer. The phosphorylation
of MBP was analyzed by autoradiography after running the samples on an SDS-PAGE
and drying the gel using the DryEase Mini-Gel Drying system® (Invitrogen, CA).
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CONCLUSIONS
Plants have to be balance their responses to pathogens with the potential beneficial
symbiotic interactions in addition to the attendant fitness costs of unnecessary protection.
The evolution of these balanced responses is further complicated by the evolution of
microbial counter-measures. Therefore it is unsurprising that defense responses and the
signaling networks involved form one of the most complex processes in plants. In the
past few decades, genetic as well as molecular techniques have allowed us to identify
several core components of defense signaling networks, but many are yet to be defined.
In Arabidopsis, the use of T-DNA insertion mutants has proved useful for the functional
characterization of several genes that are critical for immune responses. More critically,
it has also shown us that the immune response is a complex trait that cannot be fully
explained by straightforward linear relationships between different components of
defense signaling, in other words linear signaling pathways. Instead, significant
interaction or crosstalk exists between pathways forming the larger network that can
work synergistically or in a compensatory manner and even antagonistically to provide
more robust responses finely tuned to the plants environment. Nevertheless, classical
reverse genetic tools continue to yield important insights into defense mechanisms.

In this study, two defense genes, CBP60a and PCRK1 have been characterized.
CBP60a forms a negative regulatory node while PCRK1 positively impacts immune
responses, underling the importance of both negative and positive regulatory components
of immunity. Negative regulators of immune processes are important because defense
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responses in general come with a fitness cost. One of the most important aspects of
inducible defense responses is the ability to turn off defense responses when not required,
and when required, the responses are fine-tuned by a combination of negative and
positive regulatory factors to respond in a more specific and nuanced manner.

Previous studies have shown that Ca2+ signaling forms an integral part of the
immune signaling network. Although there have been several studies concerning the
regulation of intracellular Ca2+ signature during immune responses, the link between
Ca2+flux and downstream responses is not well characterized. Our study of the CaM
binding protein CBP60a focused on the part of the link between Ca2+ flux and
downstream signaling. Importantly it revealed how CBP60a plays a key role in keeping
defense responses in check prior to pathogen attack in a CaM dependent manner.
Repression of defense responses is released upon pathogen attack to activate immune
responses. This study forms a part of our larger interest in looking at the involvement of
Ca2+signaling in general and CBP60 family proteins in particular for their role in
transmitting immune signals during defense responses. Future studies in this regard
would involve further functional characterization of the CBP60 family including CBP60a
with a particular interest towards examining possible interactions of CBP60s with
transcription factors in exerting transcriptional control on defense responses. Using
combinatorial mutants of CBP60s (CBP60a, g and SARD1), bacterial growth data will be
used as a quantitative measure to model the contribution of each gene and their
interaction in regulating defense responses.
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The RLCK, PCRK1, contributes positively to immunity. During the course of this
project, PCRK1 was shown to be important for PTI induced by both MAMPs and
DAMPs against Pma ES4326 and many PTI associated responses were reduced in pcrk1
mutant plants. PCRK1 functions in an SA independent manner but it may be partially
dependent on JA signaling underscoring the significance of crosstalk between various
signaling pathways during defense responses. Several residues of PCRK1 were also
identified to contribute to the function of PCRK1 in immunity. Future studies of PCRK1
and perhaps other members of this family will illuminate the role of these genes and their
involvement in defense responses. Specifically, identifying interaction partners of
PCRK1 will be useful in elucidating the function of this gene. It would be interesting to
see if PCRK1 also associates with any of the known PRRs similar to some of its family
members and indeed if it interacts with other known RLCKs as well. Constructing double
mutants with some of the known PTI signaling components may be helpful in placing
PCRK1 in known signaling pathways.
Finally, the presence of hundreds of RLKs, RLPs and RLCKs suggests that the
plants may use these components as modular units to respond to a multitude of stimuli.
Since many of them have the potential to be receptors forming the point of entry in the
signaling cascade, the challenge is to functionally characterize the many unknown
proteins in this family with fewer than 10% of the family being characterized so far. It is
critical however to study this family in detail because it truly represents the complexity
and the modular nature of plant defense signaling.
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APPENDICES
Appendix 1: List of primers used in cloning and mutagenesis of CBP60a
Purpose

Forward Primer Sequence1

Reverse Primer Sequence

Full length genomic
CBP60a
Full length CBP60a
for CaM binding
Deletion construct
D1 for CaM
binding construct
Deletion
D2 for CaM
binding construct
Deletion
D3 for CaM
binding construct
Deletion
D4 for CaM
binding construct
Deletion
D5 for CaM
binding construct
Deletion
D6 for CaM
binding construct
Deletion
D6_1 for CaM
binding construct
Deletion
D6_2 for CaM
binding construct
Deletion
D6_3 for CaM
binding construct
Deletion
D6_4 for CaM
binding construct
Deletion
D6_5 for CaM
binding construct
Deletion
D6_6 for CaM
binding
Mutagenesis
L458K2
Mutagenesis F459K

AATTTTCTCTCTTTACCTTTTTAGGAAATT
CACCATGAGATTACAAACCGTCAAA

TATTTTTCCTAACTTGACATACTTGA
AAAC
TTATATTTTTCCTAACTTGACATAC

CACCATGAGATTACAAACCGTCAAA

TTAATCAGTCCAATCACTAACACTG

CACCATGGAGGATATCAGGAATAAC

TTATATTTTTCCTAACTTGACATAC

CACCATGAGATTACAAACCGTCAAA

TTAGACAGTGTTTATATTTGACAAA

CACCATGAAGGATTTCTTAACACAT

TTATATTTTTCCTAACTTGACATAC

CACCATGAGATTACAAACCGTCAAA

TTACGGGGCATTGAGAACGTTCCTC

CACCATGAACGTTCTCAATGCCCCG

TTATATTTTTCCTAACTTGACATAC

CACCATGAACGTTCTCAATGCCCCG

TTACACAAAACCGTATCCGTCCAAA

CACCATGTCAAGTCTTCACAACACA

TTATATTTTTCCTAACTTGACATAC

CACCATGAACGTTCTCAATGCCCCG

TTAGTCGTAGTCTTCATATAAACCA

CACCATGAATCTCTGGAACTGCTCT

TTATATTTTTCCTAACTTGACATAC

CACCATGAACGTTCTCAATGCCCCG

TTACGAAGCATTCTTCTGTGACATG

CACCATGGTCGGTGGTAAGGCTCAC

TTATATTTTTCCTAACTTGACATAC

agatggacaaagAAAttcagtgtctcg

TTTGCTGTGAGCCTTACCACCGAC

tggacaaagcttAAAagtgtctcgaga

TCTTTTGCTGTGAGCCTTACCACC

Mutagenesis
V461K
Mutagenesis L465K

aagcttttcagtAAAtcgagatggctc

TGTCCATCTTTTGCTGTGAGCCTT

gtctcgagatggAAAtctgttttcaag

ACTGAAAAGCTTTGTCCATCTTTT

Mutagenesis
V467K
Mutagenesis F468K

agatggctctctAAAttcaagtatgtc

CGAGACACTGAAAAGCTTTGTCCA

tggctctctgttAAAaagtatgtcaag

TCTCGAGACACTGAAAAGCTTTGT

AGGCACAGGGCTTCAAGAG

ACCCACGTCATGCCAGTT

AAGGCATGATGCGGTTAAAG

AGCTCGACCCACATGACTCT

BAR (qPCR, copy
number
determination)
PEN1
(qPCR, copy
number
1 determination)
All sequences are

5' - 3'
For mutagenesis forward primers, bases matching the original sequence are shown in lower case, and
bases used to create specific mutations are shown in upper case.
2
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Appendix 2: List of primers used for cloning and mutagenesis of PCRK1

Purpose

Forward Primer Sequence1

Reverse Primer Sequence1

To amplify PCRK1(K118E) in
pCR82,3
PCRK1 (At3g09830) to clone coding
sequence
PCRK1 (At3g09830) genomic clone
with promoter
Phosphomimetic PCRK1 (S373D,
S377D, and S385D) 2

ATCGAAGTCGCAGTGGAGCAGC
TCGGTAAAAGAGGGTTGC
ATGAAGTGTTTCTTGTTCTCTGG
T
CGGTTCAACGAAACAACATTGG
ACA
TTCCGCTGAACGACGTAAAAGC
TTCGAGAGACGCGAGAGGAAA

TTTAACTGACGAGTCCTCTAAGTTCCT
CACTGTGCCCCTG
ACAAGCTCTTATTGTCTTTGGA

Non phosphorylatable PCRK1
(S373D, S377D, and S385D) 2

TTCCGCTGAACGCCGTAAAAGC
TTCGAGAGACGCGAGAGGAAA
G

CTAGCTGTGGGGCGCCATTTCCGGCA
GAAGCTTCCACAATTTT

1

ACAAGCTCTTATTGTCTTTGGA
CTAGCTGTGGGTCGCCATTTCCGTCAG
AAGCTTCCACAATTTT

All sequences are 5' - 3'
For mutagenesis forward primers, bases used to create specific mutations are underlined.
3
Codon optimized PCRK1 was used as a template
2
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Appendix 3: List of primers used in RT-PCR, qRT-PCR and copy number determination
Purpose

Forward Primer Sequence1

Reverse Primer Sequence

CBP60g (qRT-PCR)

CGGGCGTAACACTTCTCTTC

AGCTTCGGCCTTTAATTGGT

SARD1 (qRT-PCR)

CCTCAACCAGCCCTACGTTA

TAGTGGCTCGCAGCATATTG

SID2 (qRT-PCR)

TCCGTGACCTTGATCCTTTC

ACAGCGATCTTGCCATTAGG

AGP5 (qRT-PCR)

CAGGTCCAGCTTCTCCAGAC

CAGGTCCAGCTTCTCCAGAC

At1g51890 (qRT-PCR)

AAGCTGGGAAACAAGAATGC

CCAAAGTCGGCTAGTTTTGC

FMO1 (qRT-PCR)

CCAAACATGGGTTTCGTAGG

AAGGATTGAGTCCCATGTCG

At1g64610 (qRT-PCR)

TGAGAATCAGCTGCA AATGG

GTTGTGCGAAGGCTAGAAGC

SYP122 (qRT-PCR)

TCGGGCTAATGAAGTCAACC

TCACCTGTGGAGATGAGACG

PBP1 (qRT-PCR)

GGAGATCTAACGGACGACGA

ATCACCTCCGTCACAACACA

At5g41750 (qRT-PCR)

GTAGCAGGGAATTGGACAGC

CGAAGCCAACTCCTAAAACC

At2g32030 (qRT-PCR)

CGTGGGAGCCTTACACTAGC

TTGCTTCCGAGGACATAACC

PR1 (qRT-PCR)

CGGAGCTACGCAGAACAACT

CTCGCTAACCCACATGTTCA

CBP60a (qRT-PCR)

CAAGCGGAGGTGATGGTAAT

AATAATCAATCCCGGCAACA

BAR gene (copy number)

AGGCACAGGGCTTCAAGAG

ACCCACGTCATGCCAGTT

PEN1 (copy number)

AAGGCATGATGCGGTTAAAG

AGCTCGACCCACATGACTCT

ACTIN2 (qRT-PCR)

AGTGTCTGGATCGGTGGTTC

CCCCAGCTTTTTAAGCCTTT

FRK1 (At2g19190) (qRT-PCR)

GGAAGCGGTCAGATTTCAAC

AGCTTGCAATAGCAGGTTGG

CHITINASE (At2g43620) (qRTPCR)

AAACCGTGTCATACGAACCA

ATCAATGGTGGTGAATGCAA

PCRK1 (At3g09830) (qRT-PCR)

TTTGGATGAGGACTGGAAAG
CAAAGCTC

CTTGGGTCTGTTTCTGTCCAC
CGGTCGC

pcrk1-1 (RT-PCR)

TTTGGATGAGGACTGGAAAG
CAAAGCTC

TCAACAAGCTCTTATTGTCTT
TGGAT

pcrk1-2 (RT-PCR)

AACTTAGAGGACTCGTCAGTT

CTTGGGTCTGTTTCTGTCCAC
CGGTCGC
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Appendix 4: codon optimized sequence of PCRK1
ATGAAATGCTTTCTCTTCTCTGGCGGTGACAAACGTGGCGAACAAAAAACTCCGATTAGCGTTAGCCTGACGTCGATTT
TCAGCGATCGTGAGATTAACCGTTCCGGTTCCGAGTTTAACAGCCGTGATGTTAGCGGTACGTCTACCGAAAGCAGCAT
GGGTCGTAAGAACAGCTATCCACCGGTGAGCACCCGTGCGAGCAATCTGCGCGAATTTAGCATCACTGACTTGAAAAG
CGCTACGAAGAACTTCTCCCGCTCTGTTATGATTGGTGAAGGTGGTTTCGGTTGTGTGTTCCGTGGTACCGTCCGCAACC
TGGAGGACAGCTCTGTGAAAATTGAGGTTGCCGTTAAACAACTGGGTAAGCGTGGTCTGCAAGGCCATAAGGAATGGG
TTACCGAAGTCAACTTCCTGGGTATCGTGGAGCACACGAATCTGGTCAAACTGTTGGGTTACTGCGCGGAGGACGACG
AACGTGGCATCCAACGCCTGCTGGTCTATGAGTATATGCCGAACCGTAGCGTCGAGTTTCATTTGAGCCCGCGTAGCCT
GACCGTCCTGACCTGGGATCTGCGTTTGCGCATTGCGCAGGATGCGGCACGCGGTCTGACGTATTTGCACGAAGAAATG
GAGTTTCAGATCATTTTTCGTGACTTTAAGAGCTCGAATATCCTGCTGGACGAGGATTGGAAAGCGAAGCTGAGCGATT
TCGGTCTGGCTCGCCTGGGTCCGTCGGAGGGCTTGACCCACGTTAGCACGGACGTGGTCGGCACCATGGGCTACGCAG
CCCCGGAATACATTCAGACCGGTCGTCTGACCAGCAAAAGCGATGTTTGGGGTTACGGTGTGTTCCTGTACGAACTGAT
CACGGGCCGTCGTCCTGTTGACCGTAATCGCCCGAAAGGTGAGCAGAAACTGCTGGAGTGGGTGCGTCCGTACCTGAG
CGACACCCGTAAATTCAAACTGATCCTGGATCCGCGCCTGGAGGGCAAGTATCCGATCAAGTCCGTTCAGAAACTGGC
CGTTGTCGCGAACCGCTGCCTGGTGCGCAATAGCAAGGCACGTCCGAAGATGAGCGAGGTACTGGAAATGGTGAATAA
GATCGTGGAGGCCAGCAGCGGTAATGGTAGCCCGCAGCTGGTCCCGTTGAATAGCGTGAAGGCGAGCCGCGATGCACG
TGGCAAGAACAACGGCGGTGGCGGCGAAGGCGGTTGGTTTGGCAAGCTGTGGAATCCAAAGACCATTCGTGCGTGTTC
CGGCTCTAGCGGTTCCCACCACCATCATCACCACTAA

Sequences highlighted in grey are linker sequences between PCRK1 coding sequence and those highlighted
in yellow constitute the His-Tag followed by stop codon
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Appendix 5: PTI using Col-0 and different elicitors

g
d

de

ef

de

b
c
a

mock

chitosan Chitosan
filtered

chitin

Pto Pto DC3000 elf18
DC3000 hrpS Cor

flg22

Appendix 5: PTI using Col-0 and different elicitors. Col-0 plants were pretreated with water(mock),
chitosan (100µg/ml), chitosan filtered(100µg/ml, filtered using 0.22µm Millipore membrane filter), chitin
(100µg/ml, from shrimp shells), Pto DC3000 (Heat killed OD600= 0.01), Pto DC3000hrpSCor- (OD600 =
0.01), elf18(1µM), flg22 (1µM). Plants were infilterated with Pma ES4326(OD600 = 0.0002) 24 h after
pretreatment. Bacterial growth was measured 0 and 2 dpi. Each bar represents data from two independent
experiments each containing 4 and 12 replicates for 0 and 2 dpi, respectively. Means and standard errors
were estimated by mixed linear model.
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Appendix 6: Bacterial growth data T-DNA mutants of putative PCRK1 interaction
partners and co-expressed genes

Appendix 6. Growth of Pma ES4326 in T-DNA mutants of putative PCRK1 interactors and coexpressed genes. Growth of Pma ES4326 was measured at 0 and 3 dpi. Bars means and error bars are
standard deviation. Data obtained from a single experiments with 4 samples for 0dpi and 12 for 2dpi for
each genotype. Putative interactors (CNGC13) were picked based on protein-protein interaction data from
database “associomics” (https://associomics.dpb.carnegiescience.edu/Associomics/Home.html) that
contains experimentally validated protein-protein interaction using split ubiquitin method. PCRK1 coexpressed genes (EXO70B2, WRKY25, PAPP2C, CNGC13)were picked from ATTED database
(http://atted.jp/), a repository of a collection of microarray data. CNGC10 and CNGC3 are close family
members of CNGC13, and so were included.
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Appendix 7: PCRK1 expression in protoplast

Control (no vector)

Control (GFP vector)

PCRK1-GFP

Appendix 7: PCRK1 expression in protoplast. GFP tagged was transiently expressed in Arabidopsis
protoplasts in an attempt to check the localization pattern. The expression of PCRK1 was examined using
Olympus IX70 Inverted Fluorescence Microscope under 20X magnification. GFP signal was seen in the
entire protoplast.
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