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Abstract

Following pathogen recognition, nitric oxide (NO) is rapidly produced in plants, this
small molecule has emerged as a key signal in plant defence responses. S-
nitrosylation is the major route of NO signal transduction in plants, a redox-based
modification by addition of an NO moiety on cysteine thiol to form an S-nitrosothiol
(SNO). S-nitrosoglutathione reductase (GSNOR) regulates cellular levels of S-
nitrosylation and displays a key role in regulating the plant defence response. In this
context, NO is important to orchestrate both defence gene expression and the
hypersensitive response (HR) during attempted microbial infection. However, how
the plant immune system recognizes NO and how NO level could elicit plant defence

responses are poorly understood.

The Arabidopsis thaliana (Arabidopsis) mutant NO overproducing 1 (noxI) was
employed to characterize how NO level elicits defence dynamics. In response to
microbial infection, resistance (R) gene-mediated defence and basal resistance were
found to be compromised in the nox/ mutant relative to wild type Col-0 plants.
Interestingly, nox! mutant exhibit similar levels of HR and pathogen susceptibility to
the GSNOR loss-of-function mutant atgsnor-3. This phenomenon suggests that NO
might regulate defence responses via GSNOR-mediated S-nitrosylation. Therefore,
the nox! atgsnorl-3 double mutant was generated and characterized to clarify this
hypothesis. Accelerated HR and increased pathogen susceptibility are shown in the
double mutant, which implies that increased NO mediated by nox/ and elevated
SNOs resulting from atgsnorl-3, are additive with respect to the plant defence

response.

To identify genes responsible for NO perception, forward genetic screens were
developed to identify Arabidopsis mutants with abnormal NO recognition. NO
marker genes for genetic screens were identified from both lab and open source
microarray data. Two genes, At3g28740 and Atig76600 were selected and
experimentally confirmed to be strongly induced by NO. Transgenic Arabidopsis
plants were generated carrying a NO reporter cassette, which consist of a luciferase

reporter gene (LUC) driven by the promoter of NO marker gene. This forward



genetic approach might be a powerful tool to identify genes integral to NO signal

transduction.

Three C2H2 zinc finger transcription factors (ZnTFs) ZAT7, ZATS and ZAT12 were
identified as being rapidly and strongly induced by NO donors, which could be
modulators of redox/NO-dependent signalling pathway. T-DNA insertion mutants
within these ZnTFs have been identified. Basal resistance against Pseudomonas
syringae pv tomato (Psf) DC3000 is compromised in all single knockout lines.
Therefore, the full characterisation of defence phenotype of these mutants would be
necessary to explore the role of these TFs in the plant defence. Furthermore, zat§
mutant is more sensitive to nitrosative stress when compared to wild type Col-0. This
suggests that ZAT8 may be involved in protecting plants against nitrosative stress.
However, the molecular mechanisms that underpin this function remain to be

determined.

In conclusion, NO and SNOs might regulate plant disease resistance via distinct
pathways. Our work has also established NO-reporter lines to identify genes
responsible for NO perception. In addition, three NO-induced ZnTFs have been
identified that participate in regulation of basal resistance, which might unveil

aspects of NO signalling related to the regulation of transcription.
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1. Introduction

Chapter 1 Introduction

1.1 Plant immunity

Immunity is a mechanism to prevent disease development through sufficient defence
responses. It is a critical necessity of all living organisms to survive from unwanted
biological invasions. In mammals, immunity consists of both an innate and adaptive
immune system (Lydyard et al. 2004). To be the early line of defence, innate
immunity confers the cellular and biochemical defence mechanisms that are always
present and ready to provide immediate defence against the infection from harmful
species (Abbas and Lichtman 2009). In contrast, adaptive immune system only
becomes activated against particular pathogens, which are able to overcome the
innate immune system. When activated, it fights against the present pathogens
through the lymphocyte-mediated mechanisms (T cell and B cell, the multipotent
hematopoietic stem cells), and develops the memory upon re-exposure to each
pathogen (Abbas and Lichtman 2009). Adaptive immunity is considered to be
complementary to innate immunity. Their function cooperative strategy offers
systemic defence responses to provide integrated protection. Plants immune

responses are classified as innate immunity (Ausubel 2005).

Plants have evolved a multi-layered defence mechanism to defend against potential
pathogens. The first layer consists of the waxy cuticle layers, pre-formed anti-
microbial compounds and cell walls, passively impedes the growth and spread of
potential pathogens (Chassot et al. 2007). The second layer is activated upon the
perception of pathogens. This recognition is then translated into subsequent
responses, including defence signal transduction, production of anti-microbial
compounds or the hypersensitive response (HR) (Fig 1-1). This efficient perception
system contains both extra and intra-cellular detection (Jones and Dangl 2006). The
initial perception is the recognition of pathogen-associated molecular patterns
(PAMPs) by cell surface-localized pattern recognition receptors (PRRs), which is
known as PAMP-triggered immunity (PTI). However, the effectors secreted by

adapted pathogens can overcome PTI, which leads to effector-triggered susceptibility
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(ETS). In response to ETS, plants have evolved to recognize pathogen effectors
through resistance (R) proteins. This perception contributes to effector-triggered
immunity (ETI). Because R proteins can only mediate resistance to specific
pathogens, this R protein derived immunity is also termed R-gene specific resistance
or gene-for-gene disease resistance (Ingle et al. 2006). Although plants are not
mobile and do not have a circulatory system to defend external attacks, their
responses to pathogen attack rely on the innate immunity activities of each cell and
transduction of signalling from the infection site to distant tissues (Spoel and Dong

2012).

PTI ETS ETI ETS ETI

._.. .. _
e}
Pathogen P, ®

effectors
Pathogen
effectors | Avr-R
e}

OO0

PAMPS

Figure 1-1 Disease resistance or susceptibility is dictated by the interaction between

plants and pathogens (Jones and Dangl 2006).

Plants recognize PAMPs (red diamonds) via PRRs to trigger PTIl. Secondly, in order to
enable pathogen nutrition and dispersal, pathogens deliver effectors into the plant cell to
interfere with PTI, which results in ETS. In response to EST, plants recognize pathogen
effectors (indicated in red circle) through nucleotide binding — leucine rich repeat (NB-LRR)
proteins, which subsequently activates ETI. That often passes a threshold leads to the
induction of HR. However, pathogens have evolved to produce new effectors perhaps
through horizontal gene flow (in blue), which cannot be recognized by existing R proteins.
This helps pathogens to suppress ETI. Therefore, natural selection favours newly evolved
plants that have NB-LRR alleles that can recognize the newly acquired effectors, and

ultimately triggers ETI (Jones and Dangl 2006).
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1.1.1 Host extracellular matrix responses

Plants establish an unwelcome environment to the attempted pathogen challenge by
secreting cutin and waxes onto the outer surface of cells, which form the cuticle of
the leaf epidermis (Nawrath 2006). This waxy layer is a natural barrier, and it is
specially evolved in plants. It not only prevents water loss, but also restricts growth
and spread of pathogens. As a result, the invading pathogens are segregated from the

plant apoplast (Aharoni ef al. 2004).

Stomata are the natural surface opening in the leaf epidermis, through which, the
external environment is connected with internal tissues. However, this also allows
the pathogens to enter into the plant apoplast at certain favourable environmental
conditions, e.g. high humidity and moderate temperature (Zeng et al. 2010). In
response to this, stomata are forced to close through the activity of guard cells. So,
the regulation of stomata closure is considered as an important defence mechanism in
plant innate immunity (Zeng et al. 2010). In addition, the plant cell wall offers
another physical barrier to protect plants against pathogens. Upon pathogen attacks,
further reinforcement of the plant cell wall by callose deposition can increase the
strength and elasticity of the cell wall. As a result, it enhances the capability to resist
pathogen entry (Senthil-Kumar and Mysore 2013). However, pathogens, such as
bacteria, fungi and oomycetes, have evolved to confer the ability to break down these
primary defence barriers through different mechanisms. For example, pathogens
secrete cell wall degrading enzymes (e.g. pectinase, cellulases and xylanases) that
break down the plant cell wall. Other pathogens, including the powdery mildew
fungus Blumeria graminis f. sp. hordei (Bgh) and rice blast fungus Magnaporthe
oryzae, can directly penetrate the epidermis (Faulkner and Robatzek 2012). In
addition, some bacteria pathogens employ the virulence factor, coronatine, to
suppress the closure of guard cells. This leads to stomata reopening and facilitates

pathogen invasion (Melotto et al. 2008).
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1.1.2 PAMP-triggered immunity

Plants are resistant to the majority of potential pathogens (Senthil-Kumar and
Mysore 2013). Two classes of receptors are involved in detecting pathogens that are
capable of evading plants extracellular matrix protection layer in plant innate
immunity (Faulkner and Robatzek 2012). One class is the plasma membrane (PM) -
localized PRRs. The perception of PAMPs by PRRs triggers immediate
physiological changes in plant cells, and therefore activates PTI. This is followed by
subsequent defence events, which includes bursts of calcium (Ca®") and reactive
oxygen species (ROS), activation of mitogen-activated protein kinases (MAPKs) —
mediated signal transduction, transcriptional reprogramming of defence-related
genes, callose deposition and HR-like cell death in some cases (Ingle et al. 2006,
Monaghan and Zipfel 2012). Another class of receptor is plant R proteins, which are
involved in ETI (see 1.1.3).

1.1.2.1 Pathogen Associated Molecular Patterns

PAMPs are necessary for microbial life and present as conserved molecular features
of major microbial groups. These include flagellin (flg), elongation factor Tu (EF-
Tu), cold shock protein, lipopolysaccharides (LPS), porins from gram-negative
bacteria, peptidoglycan (PGN) in both gram-positive and negative bacteria cell wall,
chitin and ergosterol present in fungi and elicitin with B-glucans in oomycetes (Wan
et al. 2008, Zeng et al. 2010, Newman et al. 2013). The identified PAMPs are listed
in (Table 1-1) (Newman et al. 2013). Based on their origins, these molecules are not
only defined as PAMPs, but also named as MAMPs or DAMPs for microbe-
associated or damage-associated molecular patterns, respectively (Segonzac and

Zipfel 2011).
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Table 1-1 MAMPs and DAMPs and their corresponding receptors (Newman et al. 2013).

Name

Corresponding plant
(PPR)

receptor

References

MAMPs

Flagellin (Flg; flg22)

FLS2 (Arabidopsis)

(Felix et al. 1999, Gomez-Gomez et
al 2001)

Elongation factor TU (EF-
TU; elf18/26)

ERF (4rabidopsis; Brassicaceae)

(Kunze et al. 2004)

Peptidoglycan (PGN)

Lym1 and Lym3 (4rabidopsis)

(Gust et al. 2007, Erbs et al. 2008,
Willmann et al. 2011)

Lipopolysaccharide (LPS) Not identified (Newman et al. 1995, Felix and
Boller 2003)

Bacterial cold shock Not identified (Felix and Boller 2003)

proteins (RNP1 motif)

Bacterial superoxide Not identified (Watt et al. 2006)

dismutase (Sod)

Activator of XA21 (Ax21)

XA21 and XA21D (rice)

(Song et al. 1995, Wang et al. 1998,
Lee et al. 2009)

Beta-Glycan (GE)

GEBP (putative receptor soyabean)

(Darvill and  Albersheim
Umemoto et al. 1997)

1984,

Chitin CeBip and CERKI1 (rice); AtCERK1 (Felix et al. 1993, Kaku et al. 2006,
(Arabidopsis) Miya et al. 2007, Shimizu et al. 2010)

Avr9 Cf-9 (tomato) (Rivas et al. 2004)

Xylanase (EIX) Eix (tomato) (Bailey et al. 1990, Ron and Avni

2004)

Pep-13 (An oligopeptide of ~ Not identified (Niirnberger et al. 1994)

13 amino acids from P.

megasperma)

Cellulose-binding elicitor Not identified (Mateos et al. 1997, Séjalon-Delmas

lectin (CBEL) from
Phytophthora

et al. 1997, Gaulin et al. 2006)

DAMPs

Pepl (23 aa part of a
cytosolic protein from
Arabidopsis)

PEPR1 (4rabidopsis)

(Huffaker et al. 2006, Yamaguchi et
al. 2006)

Cutin

Not identified

(Schweizer et al. 1996, Kauss et al.
1999)
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1.1.2.2 Pattern Recognition Receptors

PRRs from the host are able to recognize PAMPs. This triggers the switch between
growth and defence models in plants. Whereas many PAMPs are characterized from
microbes, only a limited number of PRRs has been identified in plants (Table 1-1).
PRRs are localized on the surface of cell at the PM. Their expression is often

activated by the innate immune system (Newman et al. 2013).

In plants, based on their location or function, the known PRRs are classified into
either membrane-bound receptor-like kinases (RLKSs) or receptor-like proteins
(RLPs) with functional domains. RLKs contain an extracellular domain (ECD) and a
single-pass transmembrane domain (TM) linked to an intracellular kinase domain.
Similarly, RLPs also have ECD and TM, but contain a short cytosolic domain instead
of an intracellular kinase domain (Monaghan and Zipfel 2012). The key features of
PRRs, including their PM localization and function, play an important role in their
immune activities, because they determine the perception of extracellular PAMPs
and transduction of intracellular signals (Faulkner and Robatzek 2012). For example,
flg22 is the best studied PAMP. It contains 22 conserved amino acids from the N-
terminus of flagellin (Felix et al. 1999). FLS2 is the receptor of flg22, which is
encoded by FLAGELLIN-SENSITIVE 2 (FLS2) in Arabidopsis (Gomez-Gomez et al.
1999). As a member of RLKs, FLS2 contains a transmembrane domain, an
intracellular serine/threonine kinase domain, together and an extracellular leucine
rich repeat (LRR) domain for ligand binding function. Binding to the LRR domain
leads to the changes in phosphorylation state of serine/threonine kinase domain,
which subsequently activates the downstream signal cascade (Nicaise et al. 2009).
Another example is the EFR (EF-Tu receptor), which detects the first 18 amino acids
(elf18) in the N-terminus of EF-Tu. It is also an LRR-containing RLK (Kunze et al.
2004, Zipfel et al. 2006). In addition, the tomato LRR-RLPs, Eix1 (ethylene-
inducing xylanase receptor 1) and Eix2, are the receptors of fungal xylanase (Ron
and Avni 2004). The DAMP, AtPepl (Arabidopsis peptide 1), can also be recognized
by Arabidopsis LRR-RLKs PEPR1 (AtPep receptor 1) and PEPR2 (Huffaker et al.
2006, Yamaguchi et al. 2006, Krol et al. 2010). In total, these well-described LRR-

containing proteins suggest that LRR domains of RLKs and RLPs constitute a major
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clade of PRRs in plant innate immunity. RLPs with a lysine-motif (LysM) have also
been identified. For instance, LysM proteins, LYM1 and LYM3 recognize bacterial
PGN (Willmann et al. 2011), and CERK1 (chitin elicitor receptor kinase 1) and
CEBIP (chitin elicitor binding protein) are the receptors of fungal chitin (Kaku et al.
2006, Shimizu et al. 2010). It has also been found that there are 615 RLKs encoding
genes in Arabidopsis genome. However, based on the structure analysis, only 216 of

them might show potential roles as PRRs in plant PTI (Boller and Felix 2009).

1.1.2.3 Mechanism model of PTI

PTI plays an important role in basal defence system and non-host resistance in
plants, which respond to a broad-spectrum of non-specific pathogens. It involves
PAMPs detection, PRRs-induced signal transduction and activation of downstream

defence events (Monaghan and Zipfel 2012).

Flagellin perception by FLS2 is a well-studied model of PTI detection system
(Figure 1-2) (Ingle et al. 2006). In this model, FLS2 requires association of
brassinosteroid-insensitive 1 (BRI1)-associated kinase 1 (BAKI) and botrytis-
induced kinase 1 (BIKI1) for its function (Chinchilla et al. 2007, Lu et al. 2010).
Bacterial flg22 first interacts with LRR domain, an extracellular ligand-binding
domain of FLS2, which, in turn, triggers heterodimerization of FLS2-BAK1. The
heterodimerization causes the activation of intercellular kinase domains and initiates
immune signalling in a phosphorylation-dependent manner (Schwessinger et al.
2011). In cytoplasm, BIK1 is phosphorylated by BAKI, and then, it trans-
phosphorylates both FLS2 and BAKI1, and dissociates from the complex (Lu et al.
2010). Phosphorylated FLS2-BAK1 is then required in the flg22-responsive MAPK
phosphorylation cascade. The phosphorylated AtMEKKI1 (Arabidopsis MAPK
kinase kinase 1) phosphorylates both AtMKK4 (Arabidopsis MAPK kinase 4) and
AtMKKS, which subsequently activate AtMPK3 (MAPK3) and AtMPK6 through
phosphorylation (Asai et al. 2002). Ultimately, this leads to expression of the
transcription factors (TFs) WRKY22 and WRKY29. WRKY22 and WRKY29
regulate expression of flagellin-induced defence genes. WRKY?29 is also involved in

signal amplification through positive feedback on its own expression (Asai et al.
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2002). In addition, dissociated BIKI1 trans-phosphorylates membrane located
nicotinamide adenine dinucleotide phosphate H (NADPH) oxidase complex to
activate ROI production; however, only ROS burst has evidence showing that it

requires flg22 heterodimerization with FLS2 (Robatzek et al. 2006, Lu et al. 2010).

fig22 Pathogen
o, 0,2
. \_/
Apoplast
PM | 1 RbohD
Cytoplasm ‘ —~
BAK1 FLS2 BIK1
pW a||<1\ /P\_/
P lDefence-reIated gene
AtMEKK1
P ‘WRKYZQ transcription
AtMKKA4/5 ﬁ >

P WRKY22/29 Feedback loop

AtMPK3/6 - by WRKY29

\/‘ Nucleus

Figure 1-2 A working model of FLS2 in PTI (Ingle et al. 2006, Dodds and Rathjen 2010,
Macho and Zipfel 2014).

After flg22 perception by ectodomain of FLS2, flg22-bound FLS2 rapidly forms a complex
with BAK1, which leads phosphorylation of BIK1 by BAK1 in cytoplasm. BIK1 directly
phosphorylates both FLS2 and BAK1, and is released from FLS2-BAK1 complex (Dodds and
Rathjen 2010, Macho and Zipfel 2014). Phosphorylated FLS2-BAK1 then initiates
downstream MAPK phosphorylation cascade that stimulates the expression of WRKY22 and
WRKY29, which results in defence-related gene expression and a positive feedback loop of
WRKY29 transcription (Ingle et al. 2006). Phosphorylated BIK1 associates the activation of
NADPH oxidase (RbohD) to initiate ROI burst (Macho and Zipfel 2014).
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1.1.3 Effector-Triggered Immunity

ETI is a key component of plant innate immunity. Based on its defence mechanism,
it is also termed specific R-mediated innate immunity. In order to overcome PTI,
adaptive pathogens have evolved to produce molecular effectors that target and
supress the defence responses of PTI, which leads to the development of disease
symptoms. In response to it, plants express R proteins that recognise the presence of
effectors molecules. The interaction between the specific R proteins and their
corresponding avirulent (Avr) effectors triggers downstream signal transduction in
either directly or indirectly manner, and this results in activation of subsequent
defence mechanisms and ultimate arrest of pathogen growth locally and/or

systemically (Jones and Dangl 2006, Boller and He 2009).

1.1.3.1 Pathogen effectors

Although PTI protects plants from a broad-spectrum of diseases caused by pathogen
invasion, the effector proteins are secreted by bacterial pathogens to suppress PTI,
and delivered through the type III secretion system (T3SS) (Knepper and Day 2010).
For example, degradation of FLS2 has been shown to terminate downstream signal
transduction (Zhang et al. 2010). In addition, it was reported that phosphorylation of
the kinase domain of BAK1, a RLS, which is required for most known PRRs, is
inhibited when interacting with AvrPto/AvrAC; consequently, this supresses
downstream signalling (Zhang and Zhou 2010). Finally, dephosphorylation also
plays a role in blocking this signal transduction pathway. For example, two
phosphothreonine lyases, HopF2 and HopAll, dephosphorylate MKK4/5 and
MPK3/6, respectively. As a result, PRR signalling is blocked (Asai et al. 2002,
Guillaume et al. 2011, Maud et al. 2011).

Bacterial effectors not only supress activation of kinase cascades, but also directly
interfere with the PAMPs-responsive downstream defence events. For example,
HopM1 destabilizes AtMIN7 (Arabidopsis HopM interactor 7) and therefore inhibits
the plant secretory pathway (Nomura et al. 2006, Nomura ef al. 2011). XopD binds

to transcriptional factor MYB30 and represses its transcriptional activity, which
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consequently supresses the transcription of immune response genes (Canonne et al.
2011). Hopl1 interacts with Hsp70 in the chloroplast, and this results in restriction of
salicylic acid (SA) accumulation, a key hormone regulator of defence response in

either local or systemic defence strategies (Dudler 2013).

Different from bacterial pathogens, fungi and oomycetes form specialized feeding
structure, hausoria, to penetrate host cell wall and invaginate the PM of host cell
(Petre and Kamoun 2014). The effectors, in order to supress PTI, are then secreted
through this endomembrane system and delivered into host cell cytoplasm by
unknown mechanism (Dodds and Rathjen 2010). However, evidence suggested that
translocation domains of effectors are required for delivery into host cell cytoplasm.
For example, AVR3a (avirulent protein 3a) of Phytophthora. Infestans (P. infestans)
contains a motif Arg-X-Leu-Arg (RXLR), a consensus cell entry motif in oomycetes
effectors, which is required for translocation into host cell cytoplasm (Whisson et al.
2007). The C-terminal Arg-Gly-Asp (RGD) motif of Ptr ToxA (Pyrenophora tritici-
repentis toxin A) is required for the entry into plant cells (Manning et al. 2008).

However, there is no consensus motif defined for fungi effectors.

1.1.3.2 Resistance (R) proteins

Genetic evidence suggests that pathogen effectors are highly diverse in both coding
sequence and molecular functions (Glowacki et al. 2011). In contrast, R proteins are
structurally conserved, and share some common features, such as LRR domain that
mediates protein-protein interactions (Ellis and Jones 1998). There are 159 R
protein-encoding genes (R genes) that have been identified in Arabidopsis (Meyers et
al. 2003). NB-LRRs is the largest class of R proteins. As a sub group of signal
transduction ATPases with numerous domains (STAND) family, NB-LRR proteins
are involved in adenosine triphosphate (ATP)/ guanosine triphosphate (GTP) binding
(Saraste et al. 1990), acts as a signal transduction switch. Based on the additional
domain at the N-terminus NB-LRR proteins are divided into two major groups
(Table 1-2) (Chisholm et al. 2006). One class contains a Toll interleukin 1 receptors
(TIR) domain, named TIR-NB-LRRs (TNL) group; the other is the CC (coiled-coil)-
NBS-LRR (CNL) group, which contains the CC domain. CNL is also considered as

10



1. Introduction

the major member of the non-TIR-NB-LRRs family (Meyers et al. 2003, Tameling et
al. 2006, Kohler ef al. 2008, Porter ef al. 2009). As TIR was originally identified as
an intercellular region of Drosophila Toll and human interleukin 1 receptors, a group
of intracellular immune receptors with similar structure, known as NLR proteins
(nucleotide-binding oligomerization domain and LRR-containing proteins), exists in
vertebrate immune system. However, instead of detecting pathogen effectors, NLRs
play a role in PTI by responding to perception of PAMPs. For example, human Toll-
like receptor 5 (TLRS), which is the homologue of Arabidopsis FLS2, responds to
bacterial flagellin perception and triggers PTI rather than ETI (Danna ef al. 2011).
Furthermore, the activated disease resistance (ADR) I gene encodes a CC-NBS-LRR
protein, ADRI1. It is required for positive regulation of SA-dependent gene
expression and conveys a broad-spectrum of disease resistance (Grant ef al. 2003)

and drought tolerance (Chini et al. 2004).

Table 1-2 Major classes of plants R proteins (Glowacki et al. 2011).

Domain structure Example

TIR-NBS-LRR

TIR-NBS-LRR RPS4

TIR-NBS-LRR-WRKY RRSI1-R receptor

NBSrir)-LRR 2 Arabidopsis *
CC-NBC-LRR ADRI1; RPS5
NBScc)-LRR 4 Arabidopsis*
BED-NBS-LRR Poptr 1:787192
TIR-CC-NBS-LRR 2 Populus*

( ) NBS,

NBS-LRR gene sequences is available.

IR, O cc, €

WRKY. * Only the number of the

11
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In terms of the structure of NBS-LRRs, different from typical TNL structure,
subgroup member, RRS1-R protein from Arabidopsis, contains an additional C-
terminal WRKY-like domain (Deslandes ef al. 2003). Other proteins lack of TIR
domain, but are classified as TNL due to the NBS domain determine that show

sequence similarity to the NBS of classic TNL (Radwan ef al. 2008).

In the non-TNL class, CNL is the largest group. Analysing the Arabidopsis genome,
there are 4 gene sequences encode NBS-LRR proteins without C-terminal CC
domains, and they are classified into non-TNL group due to the sequence similarity
of NBS domain among the genes that encode classic typical CNL proteins (Kohler et
al. 2008). In Populus, another member of non-TNL has been described as BED-
NBS-LRR proteins that possess a zinc-finger DNA-binding domain at C-terminus.
Furthermore, the members of a new NB-LRR class are determined that show both

features of TIR and CC at C-terminus (Zhou et al. 2004).

1.1.3.3 Pathogen perception in ETI

The interaction between R protein and pathogen effector molecules is crucial to
determine R gene-mediated resistance, the so-called gene-for-gene concept. The
direct elicitor-receptor model was first demonstrated through the interaction between
a tomato R protein and an effector from P. syringae pv. tomato (Pst) (Scofield et al.
1996, Tang et al. 1996). However, this theory has been controversial due to the
widely different behaviours of pathogen spread and a finite number of R proteins
with a limited number of functional motifs (Feys and Parker 2000). Thus, a “guard
hypothesis” has been proposed (Dangl and Jones 2001). In this indirect recognition
model, in the absence of pathogen attack, a given R protein, binds to a host guardee
protein and forms a stable complex, this is inactivated through the inhibition of its
kinase activity. This results in termination of downstream signalling. In the
pathogen-challenged condition, the interaction between effector and guardee domain
of the complex leads to the re-activation of the R protein through its conformational
change. So, active R proteins can transduce signals and trigger downstream resistant

responses (McDowell and Woffenden 2003).

12
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This “guard hypothesis” model is supported by the studies on identifying resistance
to P. syringae pv. maculicola, in which, (RPM1)-interacting protein 4 (RIN4) was
recognized as a guardee protein (Figure 1-3) (Mackey et al. 2002). It has been
reported that RIN4 might regulate the apertures of plant stomata in response to
pathogen PAMPs (Liu ef al. 2009).

a Unchallenged plant b Pathogen-challenged plant ¢ Pathogen-challenged plant

P syringae __ AvrRpt2
AvrB or ”
AvrRpm1-—§

Bacterial
secretion system

RINA)] CC X \BS) = \_o®N) @) O~ CA”’ \_,, OO
! ® s ~— &
or RPS2 \ ADP 3 ADP
IR LRR:X:(X):X: ( J remi T\ CleavedRIN4  ppc>\ 7
Inactive RIPK = g
R protein 8
= =
Active Active
R protein R protein
Effector-triggered l 1 =
immunity Effector-triggered Effector-triggered
immunity immunity

Nature Reviews | Immunology

Figure 1-3 Guard model of RIN4 in response to different sets of R proteins from plants

and corresponding Avr proteins from pathogens (Spoel and Dong 2012).

In unchallenged plants, RIN4 interacts with either RPM1 or RPS2 to form a RIN4 - RPM1 or
RIN4-RPS2 complex, respectively. R proteins are therefore inactivated, and ETI is
suppressed (a). In pathogen-challenged plants, three distinct P. syringae Avr factors,
AvrRpm1, AvrB and AvrRpt2, are injected into the host through bacterial T3SS and target
RIN4. Either AvrB or AvrRpm1 recruits phosphorylation of RIN4 threonine residues by RIPK
(RPM1-induced protein kinase), a member of the receptor-like cytoplasmic kinase family,
which leads to re-activation of RPM1. Therefore, ETI is activated (b). However, in the case of
RIN4-RPS2, RIN4 is cleaved by bacteria cysteine protease of AvrRpt2, this cleavage results

in the restoration of RPS2 activity, and therefore the activation of ETI (c).

1.1.4 Hypersensitive Response

After the activation of R proteins, signal transduction triggers the development of HR
at the infection site. It is featured by a rapid death of cells surrounding the lesion,
which prevents pathogens from spreading to neighbouring cells. This efficient

defence response is associated with an accumulation of anti-microbial molecules and
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programmed cell death (PCD) in the area of infection. As a result, pathogens are

killed by secreted toxic compounds or nutrient deprivation (Hammond-Kosack ef al.
1996).

H Marshall Ward first observed and described HR in wheat infected by the leaf rust,
Puccinia triticina in the 19" century, but the name of HR was given by Stakman
after 2 decades (Stakman 1915). The mechanism of the HR, including R-mediated
recognition, signal transduction cascade and production of nature products, was only

characterised relatively recently (Dangl and Jones 2001, Dixon 2001, Truman ef al.

20006).

HR is described as a unique form of PCD (Chen and Dickman 2004). It plays a
fundamental role during normal developmental and has a physiological function
through regulated removal of certain cells from organisms. This genetically regulated
process occurs across animals, plants, fungi and bacteria (Wang and Bayles 2013).

However, there is little similarity between animal PCD (apoptosis) and plant HR.

HR is characterized by common physiological features: Ca** flux, ROS burst and
changes in protein phosphorylation (Doke et al. 1996, Levine et al. 1996). The route
from R protein activation to HR involves a cascade of signal transduction. An ion
flux triggered by activation of R proteins leads to a quick alkalization of the apoplast.
It involves an efflux of hydroxide (-OH) and potassium (K") outside the cells,
accompanied by hydrogen (H") and Ca®" influxes into the cells (Atkinson et al. 1996).
Measurements of Ca>" flux in Arabidopsis shows a continuous rise in cytoplasmic
Ca®" in response to avirulent bacteria and fungi (Xu and Heath 1998, Grant ef al.
2000b). In both bacterial and fungal infections, progression to HR requires Ca*"
channels, as a Ca>" cyclic nucleotide gated channel (CNGC) blocker abolished HR,
implying a central function of Ca*" flux in HR development (Clough et al. 2000, Ali
et al. 2007).

Ca’" influx is also thought to modulate the generation of ROS, including superoxide
anions, hydrogen peroxide and hydroxyl radicals. In HR, early ROS production not
only affects cellular membranes, causing lipid damage and contributing to cell death,

but also plays a role in reinforcing the cell wall that surrounds lesions to inhibit the
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spread of infection. Production of ROS is described as the “oxidative burst” present

in the early stage of HR (Lamb and Dixon 1997, Grant et al. 2000b).

Enzymes have been proposed to contribute to ROS generation, such as amine oxide
catalysing oxidative deamination of polyamines that releases hydrogen peroxide
(H20,) and ammonia, cell wall peroxidases and NADPH oxidase. Further, xanthine
oxidase and oxalate oxidase are also thought to be sources of H,O, (Bolwell and
Wojtaszek 1997, Bolwell et al. 2002). However, genetic investigation focusing on
homologues of mammalian NADPH oxidase, gp91phox, suggests that the respiratory
burst oxidase homologues (Rboh) are the major source of extracellular ROS in plants.
Rboh has been uncovered in rice, Arabidopsis, tomato, tobacco and potato (Groom et
al. 1996, Keller et al. 1998, Torres et al. 1998, Amicucci et al. 1999, Yoshioka et al.
2001). In mammalian cells, the primary role of NADPH oxidase is to regulate ion
fluxes, possibly through the involvement of the transmembrane spanning domains
and EF hands at the N-terminus. By contrast, EF hands in Rboh are involved in Ca*"
regulation (Torres and Dangl 2005). Plant Rboh is considered the main source of

extracellular ROS generation during plant-pathogen interaction (Bolwell et al. 2002).

Considering the defence signal is transduced through Ca*" to produce ROS and
activate cell death in the HR, the evidence from Rboh studies confirmed that
NADPH oxidase regulates pathogen-induced ROS generation. However, recent
physiological and molecular studies suggested that the ROS burst is important but
not indispensable for HR. For example, a reduced HR was observed in the rbohD
silenced Arabidopsis mutant with minor disruption on pathogenesis-related (PR)
expression and SA accumulation (Delledonne et al. 1998, Durner et al. 1998, Dorey
et al. 1999, Zhang et al. 2007). Meanwhile, pathogen-induced nitric oxide (NO) burst
occurs during pathogen infection, the evidence report that HR is triggered after
accumulation of NO and ROS (H,0,) (Delledonne et al. 1998, Yun et al. 2011). NO

is a crucial signal molecule that regulates HR development.

In order to identify genes that are involved in HR, certain lesion mimic mutants
(LMM) were identified by screening mutant lines in which cell death is misregulated.
As a result, Arabidopsis mutant lines, Isd (lesion simulating disease) and acd

(accelerated cell death) were identified and characterised (Lorrain et al. 2003). The
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Isdl, acdl and acd? mutants cannot restrict PCD development; instead, they initiate
a runway cell death (RCD) or follow the normal HR (Greenberg and Ausubel 1993,
Greenberg et al. 1994). Additionally, ACDI and ACD2 encode pheophorbide o
oxygenase (PAO) and red chlorophyll catabolite reductase (RCCR), respectively, and
account for chlorophyll breakdown in chloroplasts (Mach et al. 2001, Pattanayak et
al. 2012). These mutants exhibit hallmarks of defence responses, such as callose
deposition, PR expression, SA accumulation, ROS burst and normal HR (Lorrain et

al. 2003).

Autophagy is a major system that contributes to PCD in mammalian and yeast. By
characterising plant BECLINI, an orthologue of mammalian autophagy gene
(ATG6/beclinl), it demonstrated that autophagy contributes to plant disease
resistance. Challenging BECLINI-deficient plants with avirulent pathogen, HR is
initiated at an infection site, but unrestricted PCD appears in distal health tissues. The
results suggest that autophagy functions in restriction of HR PCD by unknown
mechanisms (Liu et al. 2005).

As the distant relatives of animal caspases, metacaspases are also involved in HR
regulation. Arabidopsis typel metacaspasesl (AtMC1) has been demonstrated to be
required for both superoxide (O;") - dependent cell death and R protein — mediated
HR by interacting with LSD1, a negative regulator of HR (Coll ef al. 2010).

1.1.5 System acquired resistance

Using mobile immune cells that travel through the circulatory system, the adaptive
immune system of vertebrates can detect potential pathogens throughout the body.
However, in plants, each single cell is equipped with an integrated immune system to
respond to pathogen attacks effectively. Avirulent pathogens not only elicit local HR,
but also induce the production of anti-microbial PR proteins in uninfected, distal
tissues to immunise the entire plant against secondary infections. This phenomenon
is termed systemic acquired resistance (SAR), which provides a long-lasting, broad
spectrum protection (Fu and Dong 2013). The expression of PR genes is the hallmark
of SAR (Ryals et al. 1996).
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The signalling hormone SA is a key molecule in the establishment of SAR and
accumulation of SA appears at both the infection site and distal tissues, after R gene
mediated pathogen perception. The introduction of the bacterial enzyme SA
hydroxylase (nahG) into plants which converts SA into inactive catechol, blunts PR
gene expression and the establishment of SAR against infection (Gaffney et al. 1993).
As a result, nahG plants exhibit a strong susceptibility to a variety of pathogens
(Delaney ef al. 1994). Genetic studies indicate that SA accumulation is triggered in
both local and systemic tissues, but the mechanisms of pathogen-induced
biosynthesis of SA remain to be fully characterized. In addition, SA has long been
known not to be a mobile signal of SAR. It is not the translocated signal responsible
for the induction of SAR, but is required for local signal transduction. In infected
cucumber plants with P. syringae, the primary leaves were removed at 6 hour after
injection before SA accumulates in the phloem. However, accumulation of SA in
distal tissue and PR genes expression remain normal (Rasmussen ef al. 1991). This
finding is further confirmed by grafting experiments between nahG and wild type
tobacco plants. A nahG scion was grafted onto a wild type rootstock, following
immunization to tobacco mosaic virus (TMV). There is no PR gene expression and
no SAR development in the leaves of scion. In contrast, plants that have nahG
rootstocks with wild type scion demonstrate the establishment of SAR and

expression of PR genes occurs in the wild type scion (Vernooij ef al. 1994)

The activation of SAR requires long-distance communication between the primary
infected site and healthy distal tissues. In recent years, several metabolites have been
identified that might be involved in long-distance, intra-plant signalling, these
include methylsalicylic acid (MeSA), defective in induced resistance 1 (DIR1),
glycerol-3-phosphate (G3P)-dependent factor, azelaic acid induced 1 (AZI1) and the
non-protein amino acid pipecolic acid (Pip). In tobacco, MeSA is converted from SA
by SA methyltransferase in the tissue with initial infection. In contrast, MeSA is
converted into SA by the SA binding protein 2 (SABP2) with MeSA esterase activity
in systemic tissue for signal perception. In addition, the accumulation of MeSA has
been found in phloem following SAR activation, altogether, the results suggested
that MeSA might be the phloem-mobile immune signal for SAR (Park et al. 2007).
DIRI encodes an apoplastic lipid-transfer protein, and dirl-1 in Arabidopsis
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abolished SAR but retained local immune responses. This indicates that it is only
required for SAR. Therefore, DIR1 may serve as a producer of immune signals or
transporter of lipid-based immune signals to distal tissue (Maldonado et al. 2002).
Another potential mobile signal is G3P. Blocking G3P synthesis failed to activate
SAR, but SAR could be restored by application of exogenous G3P (Nandi ef al. 2004,
Chanda et al. 2011). Along with lipid-derived molecules, azelaic acid might also act
as a mobile immune signal. AZI1 is a secreted lipid-transfer protein. Expression of
AZIl primed SA accumulation, which suggests its involvement in translocated
signalling (Jung et al. 2009). Pip is a common lysine-derived metabolite in plants
that accumulates systemically and enriches in petiole exudates of inoculated leaves
after infiltration of P. syrinae pv. maculicola. Exogenous application of Pip promotes
Arabidopsis into a primed state through sufficient biosynthesis of SA and expression
of PR genes. Thus, it may involve in SAR long-distance signalling (Navarova et al.

2012). The nature of the mobile signal for SAR remains debatable.

The Arabidopsis nonexpressor of PR gene [ (nprl) mutant identified in a genetic
screen failed to express PR genes after SAR induction (Cao et al. 1994). Wild type
plants treated with SA induce the nuclear localization of NPR1 (Kinkema et al.
2000). NPR1 is a transcriptional coregulator and recruits transcription factors TGAs
for the induction of PR genes (Zhang et al. 1999, Kim and Delaney 2002). To
prevent untimely activation of SAR, the nuclear NPR1 concentration is mediated by
two SA receptors NPR3 and NPR4 that bind SA with different affinities. In nucleus,
NPR3 and NPR4 were found to adapt NPR1 degradation by directly interacting with
Cullin3 ubiquitin E3 ligase (CUL3), which is targeted by proteasome (Figure 1-4)
(Fu et al 2012).

A primary infection can trigger accumulation of SA in distal tissue, which initiates
transient oxidative and reductive changes (Spoel and Loake 2011). This in turn
mediates a reversible switch between formations of the disulphide bond-mediated
oligomeric complex and the monomeric state of NPR1 in the cytoplasm by
cytoplasmic thioredoxins (TRXs) and S-nitrosoglutathione reductase (GSNOR)
(Mou et al. 2003). Consequently, the translocation of monomeric NPR1 into the

nucleus facilities its cooperation with TGAs that drives the expression of PR genes.
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Figure 1-4 The mechanism of NPR1 involves SA-dependent SAR

In nucleus, the concentration of NPR1 is mediated by its paralogoues SA receptors NPR3
and NPR4. They are the adaptors of CUL3, which mediate the degradation of nuclear NPR1.
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In the absence of SA, NPR1 interacts with CUL3-NPR4 for degradation. In wild type plants,
basal SA binds to NPR4 and reduces NPR1-NPR4 interactions, which allows NPR1 assess
to basal resistance (a). In response to pathogen attack, the increase in local SA leads to
NPR1-NPR3 interactions followed by its degradation, which allows HR and development of
resistance in lesion areas (b). Whereas in the neighbouring cells, the intermediate
concentration of nuclear SA disrupts NPR1-NPR3 or NPR1-NPR4 interactions and results in
the accumulation of NPR1 in distal cells. As a result, PCD is inhibited and SAR is
established (c) (Fu et al. 2012).

1.2 Nitric oxide in plant disease resistance

Nitric oxide (NO) is a small and ubiquitous gaseous radical molecule. Its lipophilic
nature allows it to easily cross through cell membranes and diffuse through organs.
The in vivo chemical stability of NO indicates its potential biological functions and
signalling roles (Arasimowicz and Floryszak-Wieczorek 2007). Compared with other
known signalling molecules, NO has a distinctive half-life. In the gas phase, its
stability depends on oxygen (O;) concentration as it can be quickly oxidized by O; to
form nitrogen dioxide (NO;). This oxidation happens even faster with ozone (O3;)
(Yamasaki and Sakihama 2000). The half-life of NO is less than 10 seconds in its
aqueous phase (Wink ef al. 1996). Oxidation of NO by O, and H,O produces nitrite
(NO,) and H" or dinitrogen trioxide (N,O3), which is considered to be responsible
for NO toxicity (vanderVliet et al. 1996). In cells, the half-life of NO is determined
by interaction between ROS and NO, this cellular NO is converted to peroxynitrite
(ONOO) by Oz" (Rubbo and Freeman 1996). The nature of NO implies that NO and
other reactive nitrogen species (RNS) are capable of targeting proteins, sugars, lipids,
DNA and RNA in the process of switching the activities of protein, transducing
signals and reprogramming transcription (Wink et al. 1996). In plants, RNS are
produced to respond to pathogen infection. Evidence has shown that NO regulates
plant defence responses, including the establishment of local PCD (Delledonne ef al.
2001, Yun et al. 2011), cell wall reinforcement (Bradley ef al. 1992) and SA-
dependent defence responses (Feechan et al. 2005, Tada et al. 2008, Wang et al.
2009).
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1.2.1 NO production

The activity of denitrifying bacteria (Paracoccus denitrificans and Pseudomonas
stutteri) and autotrophic nitrifying bacteria (Nitrosomonas eutropha & Nitrosopira
briensis) in soil was the only known biological source of NO for many years, until
the discovery of NO synthesis in animal cells by nitric oxide synthase (NOS). NOS

represents a family of enzymes catalysing L-arginine-dependent NO production.

There are two major pathways for NO production in cells: reductive and oxidative
pathways, which are also referred to as nitrite-dependent and L-arginine-dependent,
respectively (Moreau et al. 2008). In the absence of catalytic enzymes, the chemical
reduction of nitrite requires an acidic environment, which limits the production to
low pH condition (Yamasaki and Sakihama 2000, Bethke et al. 2004). Clear
evidence shows that plants can produce NO from nitrite via a nitrite reductase (NR)-
mediated pathway with NADPH as electron donor. In hypoxic conditions, the
application of high nitrite concentrations increases NO production in vitro (Rockel et
al. 2002). In vivo activity of NR-mediated NO production is also verified by
characterisation of loss of NR function in plants. Arabidopsis genes NIAI and NIA2
encode plant NRs. Inoculation of the pathogen P. syringae pv. maculicola into the
knockout mutants, nial, nia2 and the double mutant nial nia2 resulted in a
significant suppression of NO synthesis and NO-mediated stomata closure (Desikan
et al. 2002). In addition, a similar phenomenon was also revealed in wild type plants
by the application of NR inhibitors like tungstate, sodium azide or potassium cyanide
(Bright et al. 2006, Liu et al. 2007, Sang et al. 2008, Srivastava et al. 2009).
Photosynthetic electron transport in chloroplasts and respiratory electron transport in
mitochondria can also drive NO production in cells through the nitrite-dependent
pathway (Yamasaki 2000, Gupta et al. 2005, Jasid ef al. 2006). NR can also produce
NO from nitrite; however, the efficiency is only 1% of NR activity (Moreau et al.

2010).

In the L-arginine-dependent pathway of NO production, NOS activity is the main
source of NO in mammalian cells. All the NOS isoforms found in mammals catalyse

a reaction of L-arginine by using NADPH in the presence of O, to produce L-
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citrulline, NADP and free radical NO. The reaction requires cofactors, including
flavin adenine dinucleotide (FAD), flavin mononucleotide (FMN), haeme and

tetrahydrobiopterin (BH4) (Figure 1-5) (Nathan and Xie 1994).

+ NHp
H2N:< C NADPH + O,
NH

NADP* + H,0

R NOHLA L-Citrulline

Figure 1-5 NO synthesis in mammals from L-arginine (Knowles and Moncada 1994).

Three known isoforms of NOS have been identified and well established in animals:
neuronal NOS (nNOS/NOS 1), inducible NOS (iNOS or NOS 2) and endothelial
NOS (eNOS/ NOS 3) (Nathan and Xie 1994)

nNOS, which was the first isoform described also known as constitutive NOS, is
found in neuronal tissues and functions as a retrograde neurotransmitter. Apart from
its role in cell communication, it is also important in response to memory and
learning. Similar to nNOS, another constitutive NOS member, endothelial NOS
(eNOS), is isolated from endothelium membrane and functions as a primary
controller of smooth muscle. It is involved in regulation of vascular tone, secretion of
insulin and growth of new blood vessels (Knowles and Moncada 1994, Liu et al.
1997). Described as a critical factor of host immunity, iNOS appears to form large
amounts of NO and acts as a defence mechanism under an oxidative environment.
This leads to peroxynitrite formation and cell toxicity, which exhibits antimicrobial
and anti-tumour activity (Stuehr 1999, Mungrue et al. 2002). Bacterial NOS (bNOS)
exists in gram-positive bacteria, such as plant-associated species, to protect bacteria
against oxidative damage due to NO functioning as an antioxidant under some

conditions (Crane et al. 2010).
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Arginine-dependent NO formation is the primary source of endogenous NO
formation from bacteria to mammals. However, no homologues of animal NOS
proteins have been reported in higher plants. Evidence suggesting the existence of
NOS in plants is indirect. Cryptogein is an elicitor of the tobacco defence response
and can rapidly trigger an NO burst, which is sensitive to mammalian NO inhibitors
(Delledonne et al. 1998, Foissner et al. 2000). The presence of a mammalian-like
NOS in plants is evidenced by the fact that mammalian NOS inhibitors, which block
the conversion of L-arginine to NO, can blunt the nitrosative burst in plants (Cueto et
al. 1996, Delledonne et al. 1998).

Klessig (2003) first proposed a variant form of the P protein of glycine
decarboxylase (GDC) as a pathogen-induced NO synthesis enzyme, which has been
proved to be incorrect (Chandok et al. 2003). An Arabidopsis gene At3g47450 was
identified as a putative NOS encoding gene of plants by Crawford et al. (2006).
AtNOSI is a homologue of a hypothetical snail NOS and cross-reacts with
mammalian NOS antibodies. However, it has been reported by several groups that
this protein is not a NOS but might be associated with NO accumulation. Therefore,
AtNOS 1 has been renamed NO-associated protein 1 (AtNOAT1). This protein has
now been shown to be a GTPase (Crawford et al. 2006)

The orthologs of NOA1 is YqeH in Bacillus subtilis, and this protein has no NOS
activity but can hydrolyse GTP to GDP. Both YqeH and AtNOA1 contain the same
C-terminal domain, the RNA-binding regulator (TRAP). TRAP is essential for RNA-
binding and coupling GTP hydrolysis. This conserved structure suggests that
AtNOAI1 could be involved in NO generation by binding to RNA/ribosomes (Anand
et al. 2010). NbNOAI1, a homologue of AtNOAI1 from Nicotiana benthamiana,
regulates INF1 elicitor-induced NO production and PRI gene expression (Kato ef al.
2008). The orthologs of AtNOAI isolated from rice, OsNOA1, has been shown to
control growth, development and NO production (Qiao et al. 2009). The early
research on green algae Scenedesmus indicated that the formation of NO is due to the
accumulation of nitrite. Further evidence supported this conclusion, as there is no
effect on NO generation following application of NOS inhibitors L-N-nitroarginine

methylester (L-NAME) and L-N-nitroarginine (L-NNA) (Mallick et al. 1999,
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Mallick et al. 2000). Interesting, a NOS homolog has been reported in Ostreococcus
tauri (Derelle et al. 2006). Thus, the O. tauri NOS provides direct evidence for the
presence of a NOS-like enzyme in algae species. Recombinant O. tauri NOS
expressed in Escherichia coli showed NOS enzyme activity similar to iNOS. Its
function in NO production is influenced by light irradiance and growth phase (Foresi

et al. 2010).

Polyamines, such as spermine and spermidine, support the oxidative formation of
NO, as these activities can be repressed by NOS inhibitors but not an NR inhibitor
(Gaupels et al. 2008). In addition, superoxide dismutase (SOD) is also capable of
stimulating NO production from hydroxylamine even without cells. However, the

role of this phenomenon is not clear (Rumer et al. 2009).

Reductive pathway Oxidative pathway
. . Hydroxylamine
Mitochondrial electron RNOH
transport system /
Nitrate . .
citrulline
Reductase \
NO, Arginine

\ l
~

Non enzymatic

(low pH, reducing conditions)

Polyamines
Figure 1-6 Two major pathways of NO production (Moreau et al. 2010).

As describe above, there are two major routes response for NO generation in plants,
reductive and oxidative-dependent (Figure 1-6). The reductive pathway relies on the
activity of NR, which produces NO from nitrite that requires electrons. The electrons
can be provided through mitochondrial electron transport system from NADPH or
under acidic reducing condition. In contrast to the reductive pathway, the existence

of the oxidative pathway in plants is only revealed indirectly. Although the substrates
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of the oxidative pathway are proposed, such as arginine, polyamines and
hydroxylamines, the corresponding enzymes have not been identified from higher

plants as yet.

1.2.2 NO chemistry and signalling

As described above, NO signalling functions are mostly attribute to its high diffusion,
which allows this molecule to spread throughout the cytoplasm. The nature of NO,
such as a small stock’s radius and neutral charge, contributes to its mobility. These
together establish the utility of NO in signalling (Arasimowicz and Floryszak-
Wieczorek 2007).

The NO related signalling system is comprised of NOS activities and NO-dependent
downstream factors. In mammals, NOS produces NO, which is the primary
messenger. NO in turn activates a second enzyme, soluble guanylate cyclase (sGC).
Consequently, the active sGC converts GTP to guanosine cyclic monophosphate
(cGMP). cGMP is a second messenger for NO signalling that activates downstream
signalling components, such as cGMP-dependent protein kinase (NO-G-kinase or

PKG), CNGC and phosphodiesterases (PDE) (Figure 1-7) (Yamasaki et.al, 2011).

GTP
sGC | NO-G-kinase/PKG
CNGC
cGMP
Generator cell \ PDE
Target ce“Arginine NO + citrulline

NOS

Figure 1-7 Mammalian model of NOS/sGC/cGMP signal system (Calabrese et al. 2007).
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In this classic NO signalling model, activation of cGMP alters PKG that regulates the
intracellular Ca®" concentration, resulting in smooth muscle relaxation by phosphoric
inositol 1,4,5 — triphosphate (IP;) (Clementi 1998). Moreover, CNGC might be
activated directly by ¢cGMP to enhance the cytosolic free Ca®" level (Ahern e al.
2002). Another substrate molecule, PDE is associated with NO downstream signal

transduction (Beck et al. 1999).

As one of the principle factors of NO signalling, cGMP activity has also been
demonstrated in plant species, including Norway spruce (Pfeiffer et al. 1994), barley
(Penson et al. 1996) and tobacco (Durner et al. 1998) and Arabidopsis (Donaldson et
al. 2004). The fact that the comparatively low level of endogenous cGMP is rapidly
elevated after application of NO, NO donor, or abiotic stress suggested the existence
of a classic NOS/sGC/cGMP signalling system in plants. Alongside the presence of
cGMP in plants, the genes that encode mammalian-like sGC proteins have also been
isolated from plant genomes recently. Firstly, Arabidopsis GC 1 (AtGCl) was
identified, which lacks a typical GTP and Mg”" binding moieties in comparison with
mammalian sGC structure. Although the in vitro experiment demonstrated its Mg”'-
dependent GC activity, such activity is not connected with NO (Ludidi and Gehring
2003). The discovery of the Arabidopsis brassinosteroid receptor (AtBRI1) shows it
may convert GTP to cGMP by a GC catalytic core in the cytosolic kinase domain
(Kwezi et al. 2007). Furthermore, another 26 putative GC enzymes have been
identified in the Arabidopsis genome through virtue of this cytosolic kinase domain.
Within 27 potential plant GC enzymes, 13 showed LRR-PLKSs structure, which
predicts a direct interaction with plant hormones and extracellular ligands
(Donaldson et al. 2004, Kwezi et al. 2007). These results suggest a potential large
number of GCs in plants. Nevertheless, the rapid elevation of cGMP in plants seems
to be caused by hormones rather than NO (Donaldson ef al. 2004). Although the
presence of mammalian type NO-signalling components, including sGC and cGMP,

have been uncovered it may not be functionally relevant in plants (Yamasaki 2010).
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1.2.3 NO-mediated Protein Post-Translational Modification

NO- and NO-derived species-dependent signalling pathways depend upon NO-
regulated post-translational modifications (PTM) of proteins. Considered as a key
mechanism underlying biological complexity, PTM modifies the properties of
proteins and diversifies protein functions without changing gene transcription. For
example, phosphorylation is a principle mechanism of PTM, others are glycosylation,
methylation, acetylation and ubiquitination. NO-responsive PTM is celled
nitrosylation. This chemical activity of NO allows it to bind to transition metals
(metal nitrosylation) and interact with cysteine (Cys) (S-nitrosylation) and tyrosine
(Tyr) (tyrosine nitration) residues of redox-sensitive proteins. In Arabidopsis, there

are more than 100 proteins identified as NO targets (Besson-Bard et al. 2008).

Accumulating evidence suggest that NO-mediated signalling is regulated through
NO turnover. An example is the reversible path between NO and S-
nitrosoglutathione (GSNO), in which the intracellular level of GSNO is controlled by
GSNO reductase (GSNOR). GSNOR can further reduce GSNO into GSSG and NHj3;
(Leterrier et al. 2011). Rapid interplay between NO and ROS produces ONOO',
which can be detoxified by peroxiredoxin II enzyme (PrxII E) in Arabidopsis. Indeed,
S-nitrosylation of PrxII E increases the level of ONOO". Consequently, it promotes
tyrosine nitration (Romero-Puertas et al. 2007). Therefore, NO turnover balances the
bioavailability of NO signalling compounds, which are involved in NO signal

transduction.

1.2.3.1 Metal nitrosylation

Metal nitrosylation occurs when NO donates electrons and reacts with metal atoms
present in proteins, such as haem and zinc-finger proteins. This process turns on or
off protein activities. Haem is a prosthetic group found in many proteins. In animals,
haem-nitrosylation regulates many enzyme activities including inhibition of NOS
and activation of sGC. Reactions between NO and haemoglobin (Hb), which
regulates vasodilation to control the blood flow, have been well studied (Lima et al.

2010).
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There are three major types of Hb in plants: symbiotic or so celled leghemoglobin
(Lb), nonsymbiotic and truncated (Appleby 1984, Watts et al. 2001, Dordas et al.
2003) nonsymbiotic Hb, a ubiquitous molecule, is divided into two classes. Class-1
Hb is induced by hypoxia and has high affinity for O,. In contrast, Class-2 Hb
exhibits a low affinity for O,. In plants, class-1 converts NO to NOs3 by using
NADPH acting as an electron donor, which could enhance tolerance to hypoxic

stress during pathogen attack (Perazzolli et al. 2004).

In animals, NO initiates the cGMP signalling pathway by interacting with the haem
ferrous iron to trigger its activity, which in turn induces cGMP production and finally
initiates downstream cellular responses (Perazzolli ef al. 2004). In plants, application
of NO induces ¢cGMP activity. Nevertheless, in vitro experiment shows that
identified plant sGC activity could be altered in either the presence or absent of NO
(Ludidi and Gehring 2003).

1.2.3.2 Tyrosine nitration

Tyrosine (Tyr)-nitration of proteins occurs through a chemical reaction of NO-
derived species with the ortho position configuration of Tyr, which forms
nitrotyrosine and results in altered protein function. Meanwhile, this prevents
phosphorylation of Tyr (Schopfer ef al. 2003). Tyr-nitration is mediated by ONOO',
the product of the interaction between NO, ROS and nitroso-peroxocarboxylate
(ONOOCO?™), the latter being formed by ONOO™ and CO,. Unlike metal
nitrosylation, Tyr-nitration mostly associates target proteins with loss of function,
through nitration of relevant Tyr residues, which further prevents Tyr
phosphorylation. For example, nitration of two Tyr residues of GSNOR by ONOO®
can lead to inactivation of its function (Savvides ef al. 2002). In addition, ONOO"
could inhibit mitochondrial respiration and stimulate apoptosis through nitration of
cytochrome c on tyrosine residues, which demonstrate that Tyr-nitration is involved
in signalling events (Savvides et al. 2002). In vitro research shows that Tyr-nitration
of NtMEK2 could turn off MAPK signalling transduction (Vandelle and Delledonne
2011). Further, Arabidopsis non-symbiotic haemoglobins (AtGLB) can also be Tyr-

nitrosylated (Sakamoto et al. 2004). Pathogen perception, including concomitant NO
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and ROS emission, suggests the importance of Tyr-nitration in plant defence
signalling. The accumulated evidence suggests that Tyr-nitration may serve as a

signal based on the possibility of its potential reversibility (Souza et al. 2008).
1.2.3.3 S-nitrosylation

S-nitrosylation is the covalent attachment of NO to the thiol side chain of Cys to
form an S-nitrosothiols (SNO). The mechanism of reaction between NO and targeted
proteins is ascribed to the electrophilic attack of NO' on thiolate, the direct
interaction in the presence of NAD" as the electron acceptor or a non-enzymatic
interaction with NO™ (Gow et al. 1997, Foster and Stamler 2004). The free thiol of
Cys is modified in order to adapt nitrosative and oxidative stress to prevent toxicity.
S-nitrosylation widely ranges in effect, such as regulation of protein function,
including enzyme activity, ion channel, receptors and transcriptional factors (Stamler
1994, Hess et al. 2005). In Arabidopsis, 105 proteins have been identified as
candidates for S-nitrosylation through the biotin-switch assay. These candidates are
characterised as stress-related, redox related, signalling, cytoskeleton or metabolic

(Lindermayr et al. 2005, Loake et al. 2007).

GSNO is formed through S-nitrosylation of glutathione (GSH), which is might
function in NO storage and transport. To be considered a physiologically relevant
transduction mechanism in plants, S-nitrosylation should be a reversible
modification. GSNOR functions to breakdown GSNO to regulate the level of SNOs,
and this process is celled de-nitrosylation. This enzyme has been found in bacteria,
animals and plants (Liu ef al. 2001). Analysis of the Arabidopsis GSNOR knockout
mutant (atgsnorl-3), which contains high levels of SNO, shows that it affects
development and compromises defence responses. In contrast, an enhanced GSNOR
expression line that contains low levels of SNO exhibits enhanced resistance against

pathogens (Feechan ef al. 2005).

S-nitrosylation is an important redox-based regulation mechanism (redox regulation
see 1.3.2). For example, in the regulation of gene expression, NPR1 is a key

regulator in SA-mediated SAR and response to PRI expression. NPR1 exists as an
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oligomer, which is formed from monomer subunits by intermolecular disulphide
bonds in the cytosol. Monomer NPRI1 is translocated into the nucleus to form a
complex with TGA1. However, S-nitrosylation of NPR1 monomer results in the
formation of NPRI oligomer through promoting disulphide bond formation.
Therefore, blocking the S-nitrosylation site prevents development of oligomers and
SA-dependent gene expression is blunted (Tada ef al. 2008). In addition, SA binding
protein 3 (AtSABP3), which has been isolated from Arabidopsis, is also involved in
the SA-dependent signalling system. Both activity and binding capacity of AtSABP3
are affected by S-nitrosylation (Wang et al. 2009). As mentioned in earlier,
Arabidopsis metacaspases proteins are involved in pathogen-induced HR
development (Uren et al. 2000). Evidence indicates that NO regulates the activity of
Arabidopsis type 1l metacaspases AtMC9, not thought to function in plant immunity,
via blocking its activation by S-nitrosylation through a catalytic Cys residue
(Belenghi ef al. 2007). In plants, S-nitrosylation is the key method of NO signal
transduction due to the lack of a NO-modified sGC.
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1.2.4 Nitric oxide-mediated transcriptional reprogramming in plants

In plants, NO-dependent signalling has been reported in various physiological
processes, for instance, responses to abiotic and biotic stress (Delledonne et al. 1998,
Tanou et al. 2012), stomata closure (Garcia-Mata and Lamattina 2002), seed
germination (Sirova et al. 2011), root development (Pagnussat et al. 2002) and
flowering (He et al. 2004). However, a clear picture of how NO achieves its action is

still incomplete.

Analysis of NO-induced transcriptional changes in Arabidopsis through whole
genome approaches has shown that there are a number of genes up- or down-
regulated by NO (Huang ef al. 2002, Polverari et al. 2003, Palmieri et al. 2008). For
example, by cDNA-amplification fragment length polymorphism (AFLP) transcript
profiling of plants infiltrated with sodium nitroprusside (SNP), 120 of 2500
transcripts were regulated by NO. Based on the analysis of sequence homologies,
they were grouped into different functional categories: signal transduction, resistance
and cell death, ROS generation and degradation, chloroplast, transport and basic

metabolism (Polverari et al. 2003).

A whole-genome microarray has also been used to detect the expression of NO-
responsive genes by Palmieri et al. (2008) in Arabidopsis treated with gaseous NO
and SNP. There were 28 up-regulated genes and 26 down-regulated genes identified.
Analysis of the transcriptional factor biding sites present in the promoter region of
these genes revealed GBOX and OCSE elements were enriched. GBOX (CACGTQG)
contains an ACGT element, which is the core DNA-binding motif of bZIP (basic
region/leucine zipper motif) transcription factors (TF) in plants. In addition, the
analysis also revealed that GBOX elements were located around 250 bp upstream
from the putative start of transcription in the promoters of these NO up-regulated
genes. Another enriched binding element OCSE, the Arabidopsis octopine synthase
(ocs) element-like sequences also belongs to the class of bZIP-binding elements. For
example, the TGACG motif binding 1 TF (TGA1), which is a member of bZIP
proteins, regulates PR/ gene expression (Lebel ef al. 1998). TGA interacts with NPR

1 to activate the expression of PRI (see 1.1.5), and both proteins are demonstrated to
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be affected by NO through S-nitrosylation (Lindermayr et al. 2010). In vitro S-
nitrosylation of TGA1l by GSNO promotes the TGAI1-NPRI interaction and
enhances its DNA-binding efficiency (Lindermayr ef al. 2010).

In animal cells, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is an
important NO-mediated nuclear protein. The S-nitrosylation of GAPDH stabilised
the E3 ubiquitin ligase Siahl (seven in absentia homolog 1) by forming a complex.
Then, the complex is translocated into the nucleus where nuclear proteins are
degraded by Siahl. This ultimately leads to apoptosis (Hara et al. 2005). Recent
research indicates that nitrosylated GAPDH can transnitrosylate nuclear proteins to
affect transcription such as deacetylating enzyme sirtuin 1 (SIR1), histone
deacetylase 2 (HDAC2) and DNA-binding protein kinase (DNA-PK) are proposed to
be transnitrosylated (Kornberg et al. 2010). In contrast to animal cells, although
Arabidopsis homologues of GAPDH, GapCl and GapC2, are both able to be S-
nitrosylated; the molecular function of S-nitrosylated GAPDH on transcriptional

regulation in plants remains unclear (Holtgrefe ef al. 2008).

Accumulating evidence suggests that NO-responsive signalling involves numerous
physiological processes through reprogramming the genes transcription. However, in
comparison with well-established model in animal cells, the mechanisms of NO-

regulated transcriptional changes are still uncovered.
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1.2.5 Nitric oxide modulates HR development

As an important signal in plant defence system, NO has been reported to play various
roles in the HR (Delledonne et al. 2002, Yun et al. 2011, Wang et al. 2013).
Pathogen recognition by a given R protein triggers an oxidative burst that precedes
the development of HR at the site of infection. HR is the hallmark of pathogen-
induced ETI in plants (see 1.1.4). A rapid elevation of NO synthesis is observed in
parallel with the oxidative burst after pathogen recognition. The balance between
NO-ROS interactions is considered as a key feature in the initiation of HR
development (Delledonne et al. 2001, Wang et al. 2013). However, the role of NO in
HR in plants is not as clearly understood as in animal PCD (Zhang et al. 2003,
Lamotte et al. 2004, Tada et al. 2004).

Ca’" influx is a key physiological feature of the HR (Doke 1996; Levine 1996). In

animal cells, all existing L-arginine — dependent NO synthases require CaM

(calmodulin) binding for activation (Ichimori ef al. 1999). Although Ca®" influx has
also been demonstrated to be involved in signalling transduction, the classic
mammalian-like NOS/sGC/cGMP signalling model is not applicable to the plant
system (see 1.2.2). The evidence implies that Ca®" influxes stimulate NO production,
and in turn increase intercellular Ca®* levels. An excess of Ca”" leads to cytotoxicity
and HR (Delledonne et al. 1998, Lamotte et al. 2004, Aboul-Soud et al. 2009).
CNGC has been considered as a channel that directs Ca>" influx (Cheval ez al. 2013).
The CNGC-dependent Ca>" accumulation is an important component of HR.
Inhibition of CNGC leads to an impaired HR, this phenotype can be restored by
application of an NO donor (Clough ef al. 2000, Jurkowski et al. 2004, Ali et al.
2007). So this implies NO might act as a downstream factor of Ca®‘signalling in HR

development.

During the early ETI, the oxidative burst precedes HR and leads to accumulation of
both ROS and NO in plants cells (Delledonne ef al. 1998, Krause and Durner 2004).
NO can rapidly interact with O,” and form ONOO’, which drives programmed cell
death in animals (Bonfoco et al. 1995). However, plants show more tolerance to

ONOQO" accumulation, and ONOO" facilitates Tyr-nitration, rather than functioning
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as a cytotoxic factor (see 1.2.3.2). This implies a putative function of this PTM in
NO-dependent signal transduction (Souza et al. 2008). Moreover, instead of NO
interacting with O, HR has been proposed to be triggered by the interaction
between NO and H,O;, derived from O, by the action of superoxide dismutase
(SOD). Although SOD is important to modulate NO/H,0,, the reaction of NO/O," is
approximately three times faster than SOD (Delledonne et al. 2002). Therefore, the
ratio of NO/ROSs might be a key feature to facilitate HR. Arabidopsis noxI (NO
overproducing 1) and atgsnorl-3 (see 1.2.3.3 & 1.2.6) plants challenged with
avirulent bacterial strains showed an accelerated and enhanced cell death HR
(CDHR) phenotype compared with wild-type Arabidopsis. This CDHR conveyed
increased disease resistance against an obligate biotrophic pathogen. However,
accelerated and enhanced CDHR did not offset the disablement of SA synthesis and
signalling with respect to Pst DC3000 challenge, as in this case nox/ and atgsnori-3

mutants exhibited increased disease susceptibility (Yun et al. 2011).

RbohD and RbohF respond to ROS generation during pathogen-induced HR (see
1.1.4), and atrbohD and atrbohF mutants showed impaired HR compared with the
wild type (Torres et al. 2002) due to impeded ROS production. However, similar
CDHR are observed in atgsnori-3 atrbohD, atgsnorl-3 atrbohF and atgsnori-3
atrbohD atrbohF plants, which intimates that S(NO) may induce cell death
independently of RbohD and RbohF-mediated ROS (Yun et al. 2011).

The emerging evidence indicates that NO regulates HR in a positive manner;
however, both in vitro and in vivo experiments showed that NO may also function in
a negative loop by modifying NADPH oxidase activity (Yun et al. 2011). AtrbohD

9 both in vitro and in vivo. Cys*” is localized behind

can be S-nitrosylated at Cys
Phe’*! residue in AtrbohD, which is required for FAD binding (Ingelman ef al. 1997).
Impeded FAD binding by S-nitrosylated Cys®” of AtrbohD affects NADPH oxidase
activity and inhibits ROS generation. The in vivo S-nitrosylation of AtrbohD occurs
during plant immunity and suggests NO could restrict HR through this negative

feedback loop by inactivating NADPH oxidase (Yun et al. 2011)
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1.2.6 S-nitrosylation controls plant immune activities

PTM of proteins is the major strategy underpinning signalling processes. In this
context, S-nitrosylation confers the ability to affect catalytic activity, change ligand-
binding affinity and alter protein structure and protein-protein interactions, which
results in alteration in protein activity, translocation and protein function. In NO-
dependent signalling system, S-nitrosylation of target proteins is the key mechanism

to convey bioactivity of NO (see 1.2.3).

In plants, the NO-dependent regulation of immunity is largely impacted by S-
nitrosylation of defence-related proteins. For instance, PrxII E functions to detoxify
ONOQO" and results in tolerance of ONOO". S-nitrosylation of PrxII E could
negatively regulate this immune response by causing increased ONOO accumulation

(Romero-Puertas et al. 2007).

As described in 1.2.5, during HR development, S-nitrosylation also negatively
regulates defence activities. The lack of GSNOR activity increases cellular SNO
levels, leading to pathogen susceptibility due to repressed SA accumulation (Feechan

et al. 2005, Yun et al. 2011).

AtSABP3 is an SA binding protein, which confers SA binding activity and
chloroplastic CA activity. Infiltrated AtSABP3 loss of function Arabidopsis mutants
(atsabp3-1 and atsabp3-2) with Pst DC3000 (avrB) exhibited an enhanced pathogen
growth compared with wild type. This phenotype can be rescued by expressing wild
type AtSABP3. However, a C280S (Cys**) mutant with reduced CA binding activity
showed disease susceptibility. Thus, AtSABP3 is required for establishment of plant
disease resistance and particularly the SA binding activity. In 1.2.3.3, S-nitrosylated
AtSABP3 impairs both SA and CA binding activities, which may lead to disease
development (Wang et al. 2009).

Another master factor of SA-dependent SAR is NPR1, which requires S-nitrosylation
as a negative feedback to control PRI expression (see 1.1.5). The TFs that form a
complex with NPR1 and then initiate PR gene expression have been demonstrated to

be S-nitrosylated, which consequently enhances DNA binding affinity (see 1.2.3.3).
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Thus, S-nitrosylation might control SAR through SA signalling and PR gene

regulation.

1.3 NO-responsive transcriptional factor in Plant immunity

Plants have evolved transcriptional reprogramming in response to the environmental
changes (1.2.4). Hence, the signal-induced transcription factors are the key class of
regulators to protect plants from stress. Previous studies showed that a number of
zinc finger proteins were up regulated by NO (Huang et al. 2002, Polverari et al.
2003, Palmieri ef al. 2008). Most of these zinc finger proteins show transcription
factor activity and are rich in Cys residues, which make these zinc finger proteins a
target of NO-mediated redox regulation. Therefore, zinc finger transcription factors

(ZnTFs) might play a role in NO-mediated defence response.

1.3.1 Zinc finger protein in plants

The zinc finger was first proposed as a repetitive zinc-binding motif in Xenopus
transcriptional factor IITA (TF IIIA) in 1983 (Miller et al. 1985). Zinc finger motifs
are the representations of different number of Cys (C) and/or histidines (His, H)
coordinating one or more zinc ions in the secondary structure of the finger, which
zinc contributes to the stability of the domain. Zinc finger proteins are one of the
most abundant proteins in eukaryotic genomes (Laity et al. 2001). Based on the
different types of zinc finger motifs, proteins that contain zinc finger domains are
classified into several different structural families (Table 1-3) (Berg and Shi 1996).
Among the different zinc finger types, the classical C2H2 zinc finger is one of best-
studied and largest families in eukaryotic genomes (Takatsuji 1998, Laity et al. 2001,
Ciftci-Yilmaz and Mittler 2008). Most of eukaryotic zinc finger motifs have been
documented in plants. Furthermore, some novel motifs have been identified in plants,
such as the WRKY domain and the Dof domain. WRKY contains C2H2 type zinc
finger domain, which is unique to plants and specifically binds to W boxes
(TTGACC/T), the binding site for WRKY family of transcriptional factors. The Dof

family shares a conserved domain, which is similar to the GATA 1 motif. However,
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the difference in spacing between second and third fingers in Dof family and GATA
1 family makes them into a distinct class (Yanagisawa 1996). In addition, the Dof

motif has not been found in yeast and animal genomes.

Table 1-3 Selected families of zinc-binding domains and their functions

Zinc finger type Class Function Selected
Reference
Cys2His2 TF IIA WRKY  Nucleic acid binding ~ (Miller et al. 1985,

Ishiguro and
Nakamura 1994)

Cys4 GATA Dof DNA binding (Omichinski et al.
1993)
Cys2HisCys FOG domain Single-stranded (Fox et al. 1999)
nucleic acid binding
Cys8 Steroid-thyroid DNA-binding, (Berg and Shi 1996)
receptor oligomerisation
Cys3HisCys4 RING finger Protein-protein (Vonarnim and
interaction Deng 1993)
Cys2HisCys5 LIM domain Protein-protein (Sanchez-Garcia and
interaction Rabbitts 1994)
Cys3His FYVE domain Lipid binding (Kutateladze et al.
1999)
Cys4HisCys3 PHD domain DNA binding (Schindler et al.
1993)
HisCys3 TAZ domain Protein-protein (De Guzman ef al.
interaction 2000)

Some classes of motifs show direct nucleic acid binding in transcriptional or
translational processes that include TF IIIA and GATA families. A conserved
sequence QALGGH is located on the zinc fingers of TF IIIA proteins responding to
DNA binding activity (Kubo et al. 1998). The study of the EPF family (renamed as
ZPT) of petunia revealed that the spacing between fingers verifies the recognition of
DNA-binding sites in a sequence-specific manner (Kobayashi et al. 1998). In
comparison, other classes are mostly involved in protein-protein interactions, such as
LIM and RING families. Many proteins that contain RING domains act as ubiquitin-
protein ligases (E3 ligases) in ubiquitination reactions. For instance, ATL9, an
Arabidopsis RING zinc finger protein shows E3 ligase activity in chitin- and
NADPH oxidase-mediated defences (Stone et al. 2005, Berrocal-Lobo et al. 2010).
In the order of ubiquitin-proteasome degradation, the ubiquitin is first activated by

El activation enzyme, and then interacts with E2 conjugating enzyme that binds E3
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ligase. The presence of E3 ligase responds to transfer ubiquitin to its target substrate

(Vierstra 2003).

In plants, zinc finger proteins play a central role in the regulation of many
physiological  processes including flower development, light-regulated
morphogenesis and environmental stimulation (abiotic and biotic stresses) (Takatsuji
1998). For example, members of TF IIIA family, SUPERMAN and EPF respond to
flowering in Arabidopsis and petunia, respectively. The Dofl is the transcriptional
activator of C4-photosythetic phosphoenolpyruvate carboxylase (C4PEPC), which
responds to light-stress (Yanagisawa 1996). Also, WRKY, 2 and 3 regulate PRI

expression in response to fungal infection.

1.3.2 Zinc finger proteins and redox regulation

Redox (reduction-oxidation) chemistry is a key feature of life, which results in the
change of oxidation state. Through the regulation of oxidative burst, plants are able
to adapt metabolism and gene expression under different stress. This involves ROS
and/or RNS generation, cellular redox couples-mediate signalling and redox
reactions in proteins through reversible PTM (Spoel and Loake 2011, Foyer and
Noctor 2013). The generation of ROS relies on NADPH oxidases (Torres and Dangl
2005). In addition, NO production also requires NADPH (Modolo et al. 2005,
Corpas et al. 2009). This NADPH/NADP" system involves redox signalling. To
protect plants from oxidative damage and stress, low-molecular-weight antioxidants,
such as GSH and ascorbate, can function together with ROS and/or RNS to mediate
redox signal flow. During redox signalling, NADPH/NADP" initiates the electron
flow, and subsequently regulates the GSH/GSSG regeneration system. The ratio of
GSH/GSSG defines the cellular environmental redox potential that leads to redox
sensor protein modifications. Additionally, the oxidised GSH is required in

regeneration of reduced ascorbate (Figure 1-8) (Spoel and Loake 2011).
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Figure 1-8 Redox signalling regulation by cellular redox couples (Spoel and Loake
2011). PPP, pentose phosphate pathway. ROS, reactive oxygen species. RNS, reactive

nitrogen species.

In Figure 1-8, the production of ROS/RNS and defence hormones are sensed by
listed cellular redox couples, which might involve pentose phosphate pathway (PPP).
The increasing electron flow and enhancing cellular redox state alter protein structure
and function. These redox sensor proteins are either transcriptional factors that affect

gene expression or receptors that are involved in signal transduction network,

including NPR1 and AtSABP3.

Through the regulation of redox homeostasis at the cellular level, plants confer
capacity on growth, development and stress tolerance. As one of largest
transcriptional regulator groups in plants, zinc finger proteins have been reported to
be involved in redox regulation. For example, LSD1 contains three GATA-like zinc
fingers. It negatively regulates programmed cell death in plants. In contrast, its
highly conserved paralogue LOL1 is a positive regulator of cell death. They
antagonistically regulate SOD and O, accumulation (Epple et al. 2003). The
elevation of zinc finger proteins ZAT12, ZAT7 and WRKY25 were observed in
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cytosolic ascorbate peroxidase 1 (APX1)-deficient Arabidopsis plants. It implies that
ZATI12, ZAT7 and WRKY25 respond to oxidative stress (Rizhsky et al. 2004). APX1
is a key H,O, scavenging enzyme, which plays a key role in HO, mediated growth,
development and might also respond to induction of heat shock protein under light
stress (Pnueli ef al. 2003). Results suggest that plants that express ZAT12 and ZAT7
could tolerate oxidative stress. However, APX1-deficient plants expressing WRKY25
are unable to tolerate oxidative stress. In addition, lack of Z4T'12 leads to a reduction
in expression of APXI, ZAT7 and WRKY25, which suggests that ZAT12 is required
for the expression of these genes in response to oxidative stress. In addition, in
ZATI2 expressing plants, the transcripts that encode an NADPH oxidase are
enhanced, which implies the role of ZAT12 in ROS generation (Rizhsky et al. 2004).

1.3.3 Zinc finger proteins regulate plant defence responses

Previous studies indicate that zinc finger proteins play a crucial role in various stress
responses and defence, most of them belong to C2H2 family (Ciftci-Yilmaz and
Mittler 2008).

The TF IIIA is one of the major groups of C2H2 family. An amino acid sequence is
identified in finger domains that are responsive for specific DNA-recognition. TF
IITA zinc finger proteins function in transcription regulation. For example, it has
been reported that Zatl1 modulates paraquat-induced PCD in Arabidopsis (Qureshi
et al. 2013). Necrotrophic pathogens trigger plants PCD by secreting host-selective
Alternaria alternate f. sp. Lycopersici-toxin (AAL-toxin). AAL-toxin blocks the
activity of ceramide synthesis, which is an sphinganine N-acyltransferase. This
inhibition of ceramide leads to the accumulation of ceramide precursors and
depletion of sphingolipids and ultimately cell death. Alternaria stem canker (Asc)
from tomato confers tolerance to AAL-toxin, this gene is homologous to the yeast
longevity assurance gene 1 (LAGI) (Brandwagt et al. 2000). A knockout Arabidopsis
mutant /oh2 (LAG one homologue 2) shows sensitivity to AAL-toxin treatment.
However, when ZATIl was mutated in loh2 background, plants exhibited an
enhanced tolerance to paraquat-induced oxidative stress and PCD triggered by AAL-

toxin. Interestingly, an enhanced PCD symptom occurred in a zat// T-DNA insertion
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mutant, which implies that Zatll might modulate ROS-induced PCD indirectly
(Qureshi et al. 2013). However, the interaction between Zatll and LOH?2 is still

unclear.

ZATI2, the paralog of ZATI1, has been demonstrated to be involved in different
stress-and/or pathogen- induced defence activities, including light, oxidative, salinity
and temperature (Davletova et al. 2005). In oxidative stress-related defence
responses, ZAT12 is required for the expression of several defence-related genes (see
1.3.2) (Rizhsky et al. 2004). Recent studies suggest that the C2H2 zinc finger
proteins may function as repressors during defence- and/or stress-mediated
transcription changes. For example, although ZAT12 shows positive regulation of
ROS-mediated defence activities, plants that lose ZAT12 function show enhanced
tolerance to heat stress, which implies that the role of ZATI12 is to function as a
repressor (Davletova et al. 2005). Similarly, ZAT10 is a stress-response protein that
plays a dual role in plant defence responses. Overexpression of ZATI0 in
Arabidopsis increased tolerance to drought, heat, osmotic and slat stresses.
Unexpectedly, both ZAT10 knockout and RNAi knockdown transgenic plants are
more tolerate to osmotic and salinity stresses (Mittler ez al. 2006). It has been known
that ZAT10 overexpression increased expression of APX/ and APX2, which are
known to respond to ROS scavenging (Mittler et al. 2006). So, ZAT10 might either

activate transcription of these genes or suppress the repressors of these genes.

The ethylene-responsive element-binding factor (ERF)-associated amphiphile
repression (EAR) domain has been found in the C-terminus of zinc finger proteins
that show repression activity (Ciftci-Yilmaz and Mittler 2008). The EAR domain has
been demonstrated to be essential for protein repression activity. For example,
NIMINI represses the expression of PRI (Kazan 2006). Accumulating evidence
revealed that the EAR domain of ZAT10 might function in repression of ERFs (Ohta
et al. 2001). Another oxidative-stress response protein ZAT7 may positively regulate
tolerance to salinity, which requires the functional EAR motif (Ciftci-Yilmaz et al.
2007). Furthermore, the interaction of ZAT7 with defence-related transcription factor

WRKY70 also requires an EAR motif (Ciftci-Yilmaz ef al. 2007).
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The WRKY family is another group of C2H2 zinc finger class. Unlike the TF IIA
group, WRKY family is a group of plant-specific C2H2 zinc finger proteins. The
members of WRKY have been implicated in the regulation of plant immune
responses (Eulgem and Somssich 2007). The WRKY family contains a large number
of TFs that are widely involved in plant immunity. For example, WRKY22 and
WRKY?29 in Arabidopsis have been identified to be involved in the MAPK cascade
pathway in PAMP-induced defence responses (Asai et al. 2002). WRKY70 is a
regulator of the SA-dependent defence pathway. Furthermore, the expression of
NPRI, the key regulator of SA-mediated SAR, is controlled by an unknown WRKY
TF (Yu et al. 2001). In addition, the WRKY motif has been identified in several R
proteins, which belong to the TIR-NBs-LRR class. For instance, Arabidopsis gene
RESISTANCE TO RALSTONIA SOLANACEARUM 1 (RRSI) encodes R protein
RRSI1 (also known as AtWRKY52) that responds to perception of pathogen effector
PopP2 and consequently triggers ETI (Deslandes et al. 2003). Proteins that contain
other types of zinc finger motifs have also been identified to be involved in the plant
immune system, such as the CCCH-motif zinc finger protein. For example, HUA 1

has been reported to be involved in disease resistance in rice (Deng ef al. 2012).

1.3.4 Zinc finger proteins regulate NO induced gene expression in yeast

NO-dependent signal transduction system is a key feature of innate immunity. Zinc
finger proteins are prototypic targets for redox regulation. In plants, many zinc finger
proteins have been identified to respond to the modulation of defence- and/or stress-
induced responses. However, the pathways involved in NO-responses remain
unclear. Zinc finger proteins-responsive redox changes are recently emerging as
central to redox regulation in yeast. Recent data has implicated a C2H2 zinc finger
transcription factor, Fzfl, as a regulator of nitrosative stress in Saccharomyces
cerevisiae (Sarver and DeRisi 2005). Application of exogenous NO in S. cerevisiae
results in an increase in both YHBI and SSUI transcription. YHBI is required for
protection from nitrosative stress (Liu ef al. 2000). It is an ortholog of hmp (E. coli
flavohemoglobin protein) that is required for NO detoxification (Gardner et al.

1998). SSUI encodes a putative transmembrane sulphite efflux transporter that
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confers resistance to sulfite stress, and its transcription is controlled by Fzfl (Avram
et al. 1999, Park and Bakalinsky 2000). Fzfl is a key regulator in the nitrosative-
dependent response. A strain lacking Fzfl is compromised in nitrosative-specific
transcriptional reprogramming. Oppositely, a gain of function strain exhibited this

resistance in the absence of nitrosative stress (Sarver and DeRisi 2005).

Furthermore, a yeast specific zinc cluster protein, CTA4, has been shown to control
the responses to NO in Candida albicans (Chiranand et al. 2008). Unlike Fzfl,
CTA4 is a Zn(I1)2-Cys6 transcription factor, which belongs to a zinc finger protein
family that is unique to fungi. Under nitrosative stress C. albicans requires functional
CTAA4 to induce Yhbl expression in order to combat a nitrosative environment. A
strain with a deletion of CTA4 failed to activate YHBI transcription, leading to
hypersensitivity towards nitrosative stress. This hypersensitive phenotype can be
reversed through exogenous expression of C744 or YHBI. In addition, CTA4 also
regulates transcription of the NO-inducible gene SSUI. However, deletion of SSU!
does not have an effect on the sensitivity to nitrosative stress in C. albicans, which
implies that SSUI/ might not function in NO detoxification. Significantly, lack of
CTA4 attenuates virulence of C. albicans (Chiranand et al. 2008).

1.4 Aims and Objectives

Despite the extensive studies of NO-mediated defence signalling, the mechanisms
behind dynamics of NO signalling that lead to the establishment of defence response
are still fragmental. The key regulators that respond to NO perception and signal

transduction remain to be determined.

A NO-enriched Arabidopsis mutant, noxI, was isolated (He et al. 2004), which
provides an effective platform for understanding how NO level regulates plant
defence responses. We also aim to identify the proteins that regulate the initiation of
NO signalling by establishing NO-reporter transgenic plants. We will explore the
potential role of a group of transcriptional factors, which are NO-responsive zinc

finger proteins, in the redox regulation of plant immunity.
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Chapter 2 Material and methods

2.1 Arabidopsis seeds and growth condition

Arabidopsis ecotype Columbia (Col-0) was used. All used Arabidopsis mutant
strains and transgenic lines were in Col-0 background and are outlined in Table 2-1.
Seeds were placed on potting medium consisting of peat moss, vermiculite and sand
(4:1:1), and then placed in a growth chamber and grown in long days (16 hours light
and 8 hours dark) at 20°C.

For aseptic growth, seeds were sterilised with 10% (v/v) commercial bleach and a
drop of Triton-X-100 for 20 minutes, washed 4 times in distilled water and
maintained 4 days in the dark at 4°C to improve germination uniformity. Plants were
subsequently transferred to MS plates containing MS basal salts supplemented with
1% (w/v) sucrose and 1% (w/v) agar. Petri dishes were transferred to a growth

chamber with 16 hours of light at 22°C and 8 hours of dark at 18°C.

Seeds of transgenic plants were sown in flats and selected by spraying a 150 mg/I
BASTA solution twice: one was one week after germination; the other was four days

later. Resistant plants were visually identified one week after treatment.

Table 2-1 Arabidopsis lines and mutant strains

Col-0 Wild-type NASC
T-DNA insertion resulting in the activation of the
atgsnorl-1 Atgsnor SAIL
T-DNA insertion resulting in the inactivation of the
atgsnorl-3 Atgsnor Gabi-Kat
nox! Point mutation resulting in loss of gene function SALK
atgsnorl-1 noxl Double mutant by crossing atgsnori-1 and nox! Yun & Loake
atgsnorl-3 noxl Double mutant by crossing atgsnori-3 and nox! Yin & Loake

44



2. Material and Methods

T-DNA insertion resulting in the inactivation of the

zat7 ZAT7 SAIL
T-DNA insertion resulting in the inactivation of the
zat8 ZATS JIC
T-DNA insertion resulting in the inactivation of the
zatl6 ZATI6 SAIL
T-DNA insertion resulting in the inactivation of the
zatl?2 ZATI2 Gabi-Kat
zat7 zat8 RNAI transgenic Yin & Loake
W-zat7 zat8 RNAI transgenic Yun & Loake
GFP: ZATS GFP: ZATS transgenic Yin & Loake
P-3G: LUC P-3G: LUC transgenic Yin & Loake
P-1G: LUC P-1G: LUC transgenic Yin & Loake

2.1.1 Generation of transgenic lines

2.1.1.1 Generation of NO-reporter line

Transgenic Arabidopsis lines expressing P-3G: LUC or P-1G: LUC were generated
by transferring the plant with pGreenll 0229 (John Innes Centre, JIC) (Hellens ef al.
2000) plant expression vector that contains P-3G: LUC or P-1G: LUC gene
expression cassette. In order to construct the reporter genes, the specific primers
were designed with addition of selected restriction enzyme digestion sites on each
end of the promoter sequences (Figure 5-3). The promoters regions of At3g28740 (P-
3G) and Atig76600 (P-1G) were amplified from the Col-0 genome. PRI: LUC
plasmid (pART27) containing the LUC sequence (Promega) and the ocs terminator
was digested with Nco I and Not I to remove from vector backbone (Murray ef al.
2002). The LUC: TER fragment were then fused with P-3G and P-1G, respectively.
Subsequently, the products were cloned into pGreenll-0229 that employs a
kanamycin (Kan) selection system in E. coli. The colonies that survived from Agar
(Kan) selection plates contained transferred pGreenll-0229 vector. The selected

plasmids were confirmed by digestion with Eco RI and Nco 1 and transferred into
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Agrobacterium strain GV3101 (Loake lab). The floral dip method was employed for
stable transformation. Transformation of female gametes was accomplished by
dipping developing Arabidopsis inflorescences for 30 seconds into a 5% sucrose
solution containing 0.01% (v/v) Silwet L-77 and resuspended Agrobacterium cells

(Loake lab) carrying the genes to be transferred.

2.1.1.2 Generation of RNAi knockdown line

RNAIi lines for the repression of ZAT7 and ZATS genes were generated by
transferring the plant with modified pGreenll 0229 vector containing an inverted
sequence repeat to produce a hairpin structure RNA. The sense and antisense
fragments were amplified from cDNA library of Col-0 genome. The linear RNAi
construct was cloned into modified pGreenll-0229 vector, and subsequently
transformed into E. coli for antibody selection. The plasmids DNA were extracted
from Kan-resistant colonies, and double digestion was applied to confirm the RNAi
insertion. The floral dip method was employed for stable transformation as described

above.

2.1.2 Nitrosative stress

Arabidopsis seeds were surfaced sterilised as described above for aseptic growth.
The seeds were then placed on 1/2 MS agar plates with either 1.5 mM GSNO or 2
mM Cys-NO. The seeds were grown in dark at 22°C for one week, as GSNO and
Cys-NO are light sensitive. The seeds were placed on 1/2 MS plates and incubated at

same condition as a control group.

2.2 Transient expression of GFP-fused protein

GFP: ZATS construct was generated by gateway cloning system, all procedures
followed manufacturer’s manual (Invitrogen). The PCR product of ZAT8 was cloned
into pENTR™/D-TOPO (Invitrogen) (Figure 2-1). The subsequent LR
recombination reaction involved the attL sites of pENTR recombining with attR site

of Destination vector (pK7FWGF2) (Karimi et al. 2002) (Figure 2-2) to generate
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expression clone. The GFP: ZAT8 recombinant plasmid was carried by
Agrobacterium strain AGL1 (Oparka Lab). The Agrobacteria culture was then
infiltrated directly into tobacco leaves to allow protein expression (Voinnet et al.

2003).

PCR product
CACC ZAT8

e B
ZAT8
)
~ %
<
§-’ ©
> ' TOPO-ZAT8
Entry Clone
Kan

Figure 2-1 pENTR™/D-TOPO vector and TOPO cloning of pPENTR™/TOPO-ZATS.

The features of pENTR™/D-TOPO vector. The rrnB T1 and T2 transcription termination
sequence reduces potential toxicity of insertion by preventing basal expression. pUC ori
promotes replication of Zat8 in E. coli. Kanamycin resistance gene provides selection
system. TOPO: topoisomerase | recognition site. The ZAT8 cDNA with additional “CACC” at
5 end of sequence were amplified by PCR with proofreading polymerase. The 5 ZAT8
sequence was recognised by the overhang of 5 TOPO® recognition site in pENTR™/D-
TOPO vector. The recognition allows insertion was cloned in the correct orientation and
subsequently triggered the topoisomerase I.
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PK7FWGF2

12,594 bp

Figure 2-2 The features of GATEWAY ™ pK7FWGF2 vector.

The destination vector, pK7FWGF2 consists of two Egfp sequences that located at 5’ and 3’
ends of GATEWAT™ cassette, which includes affR1, ccdB and aftR2 orientation. The
expression of insertion will be controlled by 35S promoter and terminator. Kan: plant
selection marker kanamycin resistant gene. Sm/SpR: bacterial selection system.
Spectinomycin resistance gene. LB: left T-DNA border. RB: right T-DNA border.

2.3 Growth of Pst DC3000 (avrB and avrRps4) and inoculation of
plants

Pst DC3000 (avrB or avrRps4) was grown on Kings Broth (KB) supplemented with
MgCl, (6 mM final concentration), 50 mg/l rifampicin and 50 mgl/l kanamycin.
Liquid cultures were incubated on a shaker at 30°C at 250 rpm, and cells were
harvested at cell density around OD4go=0.2 [the equivalent of 10° colony forming
units per cm™ (cfu/cm?)] by centrifugation at 4000 g for 5 minutes. Cell pellet was
washed and resuspended in 10 mM MgCl, and the cell density was further adjusted
to ODg0e=0.002 (10° cfu/cm?). The abaxial side of leaves of 4 — 5 weeks old plants
were inoculated with 1 ml needleless syringe. Successful inoculations were

visualised by the appearance of a watery area under the epidermis (Yun ef al. 2003).
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2.3.1 Trypan blue staining

Leaves (half leaf) after 1 day of inoculation with Pst DC3000 (avrB or avrRps4)
(ODgpp=0.002) were cut out from the plant and boiled in trypan blue solution
(containing 2.5 g/l trypan blue, 25% (w/v) lactic acid, 23% (w/v) water saturated
phenol, 25% (w/v) glycerol and water) at 100°C for 2 minutes. After cooling, the
trypan blue solution was replaced by saturated choral hydrate solution. After 24

hours, the leaves were taken out and mounted onto a microscopic slide (Yun ef al.

2003).
2.3.2 Electrolyte leakage

Leaves were harvested 10 minutes after inoculation with Pst DC3000 (avrB or
aviRps4) at ODgo=0.2. Leaf discs of uniform size (0.5 cm?) were made from leaf
samples using a cork border, and washed extensively with water for 10 minutes; and
then 10 discs were placed in a clean petri dish with 6 ml distilled water. Each
Arabidopsis line consisted of 3 replicates, and each replication contained 10 leaf
discs. A DiST WP conductivity meter (HANNA instruments) was used to take meter

reading every 2 hours (Dellagi ef al. 1998).
2.3.3 Resistance assay

Three leaves per plant and three plants per line were infected with Pst DC3000 (avrB
or avrRps4) (ODgpp=0.002). Leaves were harvested at 4 days after inoculation. Three
leaf discs (0.5 cm?) from each plant were collected and ground in 500 pl 10 mM
MgCl; solution in a 1.5 ml eppendorf tube. Serial dilutions of bacterial suspension
were made and 100 pl of each dilution was spread onto KB plates containing 50 mg/1
rifampicin, 50 mg/l kanamycin and MgCl, (6 mM final concentration). The plates
were incubated for 2 days at 30°C and the number of bacterial colonies for each

sample were counted and recorded (Feechan et al. 2005).

49



2. Material and Methods

2.4 Growth condition of Pst DC3000 and inoculation of plant

Pst DC3000 was grown in KB liquid media supplemented with 50 mg/] rifampicin
and MgCl, (6 mM final concentration). The liquid culture was incubated and
harvested as described above for Pst DC300 (avrB). Four weeks old plants were
infected with a Pst DC3000 suspension (ODgp=0.0002) in 10 mM MgCl, by
completely infiltrating the abaxial side of the leaf with a 1 ml syringe, as described
above for Pst DC3000 (avrB). The measurements of bacterial growth were carried

out as described for Pst DC3000 (avrB) (Feechan et al. 2005).

2.5 Growth of Blumeria graminis and inoculation of plants

Wheat power mildew Blumeria graminis f. sp. tritici (Bgt) was maintained on Col-0
plants in the greenhouse. Plants were inoculated via rubbing infection leaves against

leaves of plants to be infected. Leaves were collected for SA measurements (0 and 48

hours post-inoculation) (Feechan et al. 2005).
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2.6 Determination of SA levels

Free and conjugated endogenous SA levels were determined by HPLC analysis, as
described previously (Aboul-Soud et al. 2004). 200 mg of leaf tissue per sample was
collected and promptly frozen in liquid nitrogen. Each sample was then ground in 1.8
ml microtube using a tissue lyser machine, followed by addition of equal volume of
90% methanol and vortexed for 1 minute. The sample was then centrifuged at 1,5000
rpm for 5 minutes and the supernatant was transferred to a new tube. Pellet was
resuspended in 1 ml 100% methanol and centrifuged. Two supernatant were pooled
together and dried in a speed vacuum centrifuge at medium temperature. Each pellet
was then resuspended in 1 ml 5% trichloroacetic acid, followed by the addition of 1
ml ethylacetate: cyclopentane: isopropanol (50:50:1) and vortexed for 1 minute. The
organic phase was transferred to a new tube. The aqueous phase was re-extracted
with another 1 ml of the 50:50:1 mix and the two supernatant pooled together and
evaporated under heat in the vacuum centrifuge. The aqueous phase was then
acidified to pH 1 (1 drop of 37% HCI), boiled for half hour to release conjugated SA
and extracted with the organic mix twice. The two supernatant were pooled together
and dried in the vacuum centrifuge. The residues were dissolved in 200 pl of 50%
methanol and filtered through a 0.25 uM filter. The subsequent analysis was carried
out by Dr. Yun. The extracts were diluted and introduced into an anion exchange
column (Dionex IonPac® AS11) to elute SA. The eluents after column were passed
through an anion self-regenerating suppressor (Dionex ASRS® -ULTRA suppressor)
that converts NaOH in eluent into water to reduce background signals. The eluents
were then sequentially through CD25 conductivity detector, PDA-100 UV-Vis diode
array and RF2000 fluorescence detector to generate chromatograms (Aboul-Soud et

al. 2004).
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2.7 Measurement of SNO

Infected leaves of Arabidopsis (500 mg) were grinded in liquid nitrogen into fine
powder and immediately transferred into a 1.5 ml eppendorf tube. 1 ml of ice-cold
extraction buffer (50 mM K,HPO,;, 50 mM KH,PO; and 1 mM PMSF
(Phenylmethanesulfonyl Fluoride)) was added to the leaf powder and dissolved by
vortexing. Sample was then centrifuged at 4°C at 8,000 rpm for 5 minutes. The
supernatant was further centrifuged at 4°C at 15,000 rpm for 20 minutes. The final
supernatant containing crude protein extracts was filtered through a MicroBioSpin-6
column (Bio-Red). The protein extracts were then analysed by a chemiluminescence-
based assay, and the procedure was carried out by Dr. Yun. During the procedure,
protein extracts were injected into reaction chamber containing reducing agent to
release NO form SNOs, and then NO released by reducing agent was brought into
Sievers nitric oxide analyser. In the analyser, NO reacts with O3 to produce excited
NO,, which emit light at 600-1800 nm. The light signals are detected by
photomultiplier tube (Liu ef al. 2004).

2.8 Extraction of genomic DNA from Arabidopsis

A leaf of Arabidopsis plant was grinded in 300 pl of CTAB (Cetyl
trimethylammonium bromide) buffer in a 1.5 ml eppendorf tube and incubated at
65°C for 20 minutes. The plant extract was mixed with 300 pl of chloroform by
vortexing vigorously and centrifuged at 1,5000 rpm for 5 minutes. The supernatant
was removed and the pellet was washed with 1 ml 70% ethanol. The ethanol was

then removed and the pellet was air-dried and dissolved in 50 pl of water (Lukowitz

et al. 2000).
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2.9 Polymerase chain reaction (PCR) based methods

2.9.1 Reverse-transcription (RT)-PCR

Total RNA was extracted from 4 weeks old plants using TRI reagent (Invitrogen)
according to the manufacturer’s protocol. Omniscript RT Kit (Qiagen) was used for
first-strand cDNA synthesis. Two-step RT-PCR was employed. To produce
complementary DNA (cDNA): 1 pg RNA was taken into PCR tube and filled up to
14 pl with RNase free water. After denatured at 65°C for 5 minuets and cooled on
ice, 2 ul 10x buffer, 2 ul ANTP mix (5n nmol), 0.8 pl Oligo-dT primer (25 pmol),
0.25 pl Rnase inhibitor (40 units/pl) and 1 pl Ominiscript RT were added into tube
and incubated at 37°C for 1 hour and 70°C for 5 minuets. To quantify RNA
expression, PCR was carried out in following conditions: 1 pl of cDNA, dANTP mix
(5 nmol), forward and reverse primer (5 pmol each), 1x buffer, 7ag polymerase (1
unit) (Promega) at cycle 95°C (30s), 55°C (30s) and 72°C (2 min), and optimized for
22 cycles. Reaction product (10 pl) was taken out to analyse in agarose gel

electrophoresis. Primers were designed with Vector NTIL.

Table 2-2 Primers used in RT-PCR

Gene Forward (5’ to 3°) Reverse (5’ to 3°)

PRI AAGCTCAAGATAGCCCACAAG CGTTCACATAATTCCCACGAG
NOXI TCCAGATCTCAACGATGC GAAGCAAAGGAGTACCTG
At3g28740 CGGCCGCGTAAACTAAACCTACC CTGTCTCACGTGTTTAGCCTCGTTG
Atlg76600 CGGTTGTGACGTTGAATCAG GCCAATTTAGCTCGACCAGA
At5g42380 CCGGTGAAGAGCTACAAAGC CAACGTCCTCCGTAAACTCG

Zat7 GGTTGCGAGAAGTGAGGAAA AACTCCAAGAAATCGTTCTTCC
Zat8 GGTTGCGAGAAGTGAGGAAG GTCGTCGTCTCCGGTAAAAA

Zatl6 TGGTTGCTGAAAGTGATAATCG ACATCGTTCTTCCCAACTCC

Zatl2 ATCAAGTCGACGGTGGATGT AAACTGTTCTTCCAAGCTCCA
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2.9.2 Genotyping PCR

Genotyping PCR was carried out in the following condition: 1 pl genomic DNA,
dNTP (5 nmol), forward and reverse primer (5 pmol each), T-DNA insertion Left
Border (LB) primer (5 pmol), 1x buffer, Tag polymerase (1 unit) (Promega) at cycle
95°C (30s), 52°C (30s) and 72°C (2 min) for 35 cycles. Reaction product (10 ul) was

taken out to analyse in agarose gel electrophoresis. The primers were designed by

SALK institute genomic analysis laboratory.

Table 2-3 Primers used in genotyping

Line Forward (5’ to 3°) Reverse (5’ to 3°)
SAIL line atgsnorl-1  TATATAATGGTTCGAC GTCGGGTCGGGTCGTTA
GCATATTT ATA
zat7 TTCAATCGGTGATCAT TGGACAAGGATCCAAGA
ATGGAG AGTG
zatl6 GTAAAAGGCGGCTTAA GTTCTTCCCAACTCCAAT
GAAGG TCC
Gabi-Kat line argsnori-3 TATATAATGGTTCGAC CCACCAACACTCTCAAC
GCATATTT AATC
zatl?2 TCTCTTAAGCTACGCG  TTGTTTTTATTCGTGATG
GTGTC GGG
JIC SM line zat8 TGACTATCCAACCTAG TTCATAGATCAAACTTCA
GAAAAGTTC AGGGC

Table 2-4 Left border primers of different T-DNA lines

T-DNA lines Left Border Sequence (5’ to 3°)
primer
SAIL SL-LB TTCATAACCAATCTGGATACA
Gabi-Kat GK-LB ATAATAACGCTGCGGACATCTACATTTT
JIC SM Spm32 TACGAATAAGAGCGTCCATTTTAGAGTGA
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2.9.3 PCR for transgenic material

PCR was carried out in the following: 1 pl DNA, dANTP mix (5 nmol), forward and
reverse primer (5 pmol each), 1x buffer, Pfu proofreading polymerase (1 unit)
(Promega) at cycle 95°C (30s), 55°C (30s) and 72°C (2 min) for 35 cycles. Taq
polymerase (0.5 unit) was added after the PCR reaction and incubated at 72°C for 10
minutes to add a 3’ an overhang for TA cloning purpose. The PCR product was
separated in agarose gel electrophoresis and purified in distilled water by a gel

extraction kit (Qiagen). Primers below were designed with Vector NTIL.

1). P-3G: LUC

PCR was used to amplify a 2000 bp promoter fragment (P-3G) from Col-0 genomic
DNA with Eco RI and Nco 1 sites at respective 5’ and 3’ ends using the following

primers:

5'primer 5 -CCACAACGTTGGGAGCTACATCGACTTTCTT-3’
3' primer 5-CCACAACGTTGGGTATGTTAACGTTAGGATA-3’

The purified PCR product was cloned into pGEM-T Easy (Promega) for
amplification and sequencing. Confirmed DNA fragment was then sub-cloned into
an expression vector pGreenll-0229 (JIC) through the designed restriction sites and
transferred into Agrobacterium GV3101 for floral dip purpose. The P-1G: LUC

cassette was generated with same method and the following primers:

5'primer 5 -CCACAACGTTGGAATCATTTATGTTAAATAGA-3’
3' primer 5-CCACAACGTTGGATATACAGAGTTGGTTCCAGGT-3’

2). RNAi

PCR was used to amplify two desired products from Col-0 cDNA: sense fragment
with Eco RI and Xba I sites, and antisense (plus linking sequence) with Pst I and Xba

I sites at respective 5” and 3 ends using following primers:
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Table 2-5 Primers used in RNAi cassette

Sense 5° 3’
5' primer GCGGCCGCAACGAGTTTTCCGATGCAAGACTTGTC
3' primer TCTAGAAGTTTCTTGTGGCTTGCACGATGACCTC

Antisense 5° 3’

5' primer ACTAGTAACGAGTTTTCCGATGCAAGACTTGTC
3' primer TCTAGATTCAAAGTCGTCACCGTCGTCGTCTCCG

The purified PCR product was cloned into pGEM-T Easy (Promega) for
amplification and sequencing. The confirmed DNA fragments were then sub-cloned
into a modified pGreenll 0229 (which containing a 35S promoter — terminator
cassette) through the designed restriction sites and transferred into Agrobacterium

GV3101 for floral dip purpose.

3). GFP: ZATS

PCR was used to amplify ZAT8 cDNA fragment with addition 4 bp (ATAA)
immediately adjacent to the start (ATG) using following primers:

5'primer 5’ -CACCATGGTTGCGAGAAGTGAGGAAGTT-3’
3' primer 5 -TCAAGAAATCGTTCTTCCCA-3’

This fragment was subsequently cloned into pENTR™/D-TOPO vector (TOPO
cloning kit, Life Technology) for sequencing and Gateway Cloning. The confirmed
DNA fragments were then cloned into a destination vector (pK7FWGF2) using LR

reaction kit (Invitrogen), and this vector was then used to transform Agrobacterium.

All the constructs were generated in accordance with manufacturers’ instructions.
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2.10 Bacterial transformation

2.10.1 Transformation of E. coli XL.1-blue

A 10 pl aliquot of competent cells (STRATAGENE) was placed on ice and allowed
to thaw, and subsequently 1 pl of plasmid DNA was added to the cells. The sample
was mixed and incubated on the ice for 30 minutes. The cells were then heat shocked
at 42°C for 60 seconds. The cells were chilled on ice for 2 minutes before 100 pl of
pre-warmed LB liquid media added. The sample was incubated at 37°C, 250 rpm for
1 hour. The total volume of the transformation was added to selective LB medium

agar plates and incubated at 37°C (on inverted plates) until colonies were visible.

2.10.2 Plasmid extraction

Plasmid DNA was extracted using either the QIAprep® Miniprep (Qiagen) or
GeneJET™ Plasmid Miniprep Kit (Fermentas) in accordance with the

manufacturer’s instructions.

2.10.3 Transformation of Agrobacterium

A 100 pl of competent cells (Loake lab) was thawed on ice for approximate 1 hour,
and 10 pl of plasmid DNA were added to the cells and chilled on ice for a further 5
minutes. The sample was then snap frozen in liquid nitrogen, and immediately
incubated at 37°C for 5 minutes and allowed to thaw. The sample was mixed with 1
ml LB medium and incubated at 28°C, 250 rpm for 2~4 hours. The cell pellet was
then harvested by centrifugation at 8000 rpm for 30 seconds, and resuspended in 100
ul of LB medium. The total volume of the transformation was added to selective LB
medium agar plates and incubated at 30°C (on inverted plates) until colonies were

visible.
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2.11 Real time imaging of luciferase (LUC) activity

SmM luciferin in 0.01% solution of Triton X-100 was sprayed on the seedlings. And
then plants were placed in dark for 20 minutes in order to allow the luciferin to dry
and to minimise background bioluminescence. All LUC imaging was detected by
using an ultra low light imaging camera system (Berthold, Redbourn, UK). Images

were collected over a 30 second time period (Grant et al. 2000a).
2.12 GFP fluorescence imaging

5 days after transient expression (2.2), 0.5 cm’ tobacco leaf disk were cut from
infiltration site and imaged using a laser scanning confocal microscope set to 40x
optical zoom. The confocal microscope using a Melles Griot Argon Ion and Argon-
Krypton lasers mounted on an Olympus IX70 Fluorescence Microscope. The GFP
signal was excited with the 488 nm line of an Argon Laser and detected via a 495-

540 nm emission filter (Geilfus et al. 2014).
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Chapter 3 Characterization of the disease phenotype of the NO

overproducing mutant (noxI)

3.1 Introduction

NO has been emerging as a key signalling molecule in both plant development and
immunity (He et al. 2004, Yu et al. 2012, Wang et al. 2013). Formation of SNO is an
important route for NO bioactivity and the extent of S-nitrosylation controls the
cellular level of SNO formation (Feechan et al. 2005). This reversible redox
modification is indirectly governed by GSNOR (Liu ef al. 2001). Through studies of
the homologue of animal GSNOR, in Arabidopsis mutants, atgsnori-1 and atgsnorl-
3, it has indicated that SNO formation highly influences plant defence responses
(Feechan et al. 2005). Loss of Atgsnor function in atgsnorl-3 leads to an increased
SNO accumulation and enhanced pathogen susceptibility. In contrast, gain of
Atgsnor function in atgsnorl-1 reduces SNOs level and results in increased disease
resistance in comparison to Col-0 Arabidopsis wild type plants. In addition, removal
of Atgsnor, which disrupts the balance of S-nitrosylation/de-nitrosylation, raises the
SNO accumulation and ultimately results in multiple impaired defence modes. These
include R-gene resistance, basal resistance and SA-dependent signalling (Feechan et

al. 2005).

In plants, S-nitrosylation has been considered as a major pathway in NO signalling
due to the lack of a NO-sensitive sGC. However, the increased SNOs appeared
without increased NO burst after attempted pathogen infection in atgsnori-3
(Feechan et al. 2005), and NO burst has been intensively described during plant
defence response (Delledonne et al. 1998, Durner et al. 1998). Thus, NO and SNO

might undertake distinct roles in plant defence responses

An NO overproducing 1 (nox1) mutant in Arabidopsis has been isolated through an
NO-hypersensitive screen. The fast-neutron-mutagenized Arabidopsis (Col-0) seeds
were screened for seedlings with inhibited root growth under 10 uM SNP, an NO
donor. Map-based cloning indicated that NOX1 is identical to CUE! (chlorophyll a/b
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binding protein (CAB) under-expression 1), which encodes a chloroplast
phosphoenolpyruvate (PEP)/phosphate translator (PPT) (He ef al. 2004). Identical
morphological phenotypes have been revealed in both nox/ and cuel, including
small size and pale green leaf with reticulate pattern. Furthermore, cuel/ mutant
showed hypersensitivity to SNP and an NO elevation (Streatfield et al. 1999, He et
al. 2004). Therefore, the nox/ mutant is an NO elevated endogenous platform that
provides an effective tool to investigate NO-related plant development and

immunity.

Several developmental phenotypes of nox/ have been reported, but there is no report
of the effects of nox/ on plant immunity (He et al. 2004). A possible disease
phenotype of nox/ mutant may extend the understanding of how NO regulates plant
immunity. The works herein reported, the enhanced SNO levels and reduced SA
accumulations in nox/ mutant- were examined in response to various pathogens.
Together, increased pathogen-induced hypersensitive response (HR) and pathogen
susceptibilities were determined in nox/ plants. In addition, the atgsnori-3 plants are

included in the experiments as a positive control.
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3.2 Results

3.2.1 Pathogen-induced defence signals accumulation

The atgsnori-3 line was known to show a significant increase in cellular SNO level
upon Pst DC3000 challenge, which weakens multiple defence responses (Feechan et
al. 2005). Moreover, SA has been long recognised as a defence signal molecule in
both local and systemic resistances (Uknes et al. 1992, Shirasu et al. 1997). Reduced
SA concentrations in response to pathogens have been demonstrated in the azgsnori-
3 mutant (Feechan et al. 2005). Therefore, SNO concentrations and SA

accumulations were determined in the nox/ mutant in response to several pathogens.
3.2.1.1 Increased SNO concentration in nox/ mutant

The Col-0 plants are susceptible to bacteria pathogen Pst DC3000 (Whalen et al.
1991). However, the Col-0 ecotypes are resistant to Pst DC3000 expressing the AvrB
effector protein, which is recognized by the R protein, RPM1. Ultimately ETI is
triggered (Grant et al. 2000b). Thus, the given plant lines, Col-0, atgsnori-3 and
noxl, were challenged with Pst DC3000 (avrB) at 1x10° colony forming units
(cfu)/ml. In the absence of AvrB, an enhanced initial SNO level was determined in
nox1 plants, which was twice as high as that found in Col-0 plants. After inoculation
with Pst DC3000 (avrB), the SNO concentration increased over time in all lines, but
nox1 plants exhibited enhanced SNO accumulation when compared to Col-0 (Figure
3-1). Statistical analysis of variance (ANOVA, GraphPad Prism 6) suggests that nox/
plants show significantly enhanced SNO concentrations in comparison with Col-0 (P,

Figure 3-1), but is at similar level to that of atgsnori-3 mutant (P, Figure 3-1).

In Col-0 plants, the product of Pst DC3000 avirulent gene avrRps4 is recognized by
the R gene product RPS4, which belongs to a R protein subclass that is distinct from
RPM1 (Gassmann et al. 1999). The given lines were challenged with Pst DC3000
(avrRps4) at 1x10° cfu per ml, a similar pattern of SNO accumulations was observed

in all tested Arabidopsis lines (Figure 3-2). The SNO contents in nox/ mutant were
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approximately twice higher than these found in Col-0 plants over 48 hours post
inoculation (hpi). The difference between SNO content in nox/ and Col-0 plants is
significant, P, in 0.0001 (Two-Way ANOVA with Tukey’s multiple comparisons
tests). In contrast, nox/ mutant exhibited a similar SNO level relative to atgsnori-3
plants (P, 0.4839). In addition, the statistical analysis suggested that there was no

significant difference between nox/ and atgsnorl-3 plants (P, Figure 3-2).

Collectively, nox! plants exhibited enhanced SNO levels in comparison with Col-0
plants (Figure 3-1 & Figure 3-2), which might be due to the increased NO
production. However, statistical analysis indicated that there is no significant
difference in SNO concentration between nox/ and atgsnorl-3 mutants. Therefore, it

would be worth examining if increased SNO in nox/ mutant is GSNOR-dependent.
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Figure 3-1 SNO contents in Col-0 and mutant plants following Pst DC3000 (avrB)

challenge.

Profile of SNO accumulation over time in stated Arabidopsis lines following attempted Pst

DC3000 (avrB) inoculation. The total SNO levels were determined in leaf extracts derived

from the stated Arabidopsis lines. Data points were the mean of 3 replicates + standard error
(S.E). following ANOVA. Pst DC3000 (avrB) suspension was infiltrated at 1x10° colony

forming units (cfu)/ml.
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Figure 3-2 SNO profile of nox1 plants following Pst DC3000 (avrRPS4) challenge.

Profile of SNO content in the four Arabidopsis genotypes stated following challenge with Pst
DC3000 (avrRps4). Data points were the mean of 3 replicates + standard error (S.E).
following ANOVA. Pst DC3000 (avrB) suspension was infiltrated at 1x10° colony forming

units (cfu)/ml.

64



3. Characterization of nox/ mutant

3.2.1.2 Reduced SA accumulation in nox! plants

Leaf samples from Col-0, atgsnori-3 and noxI were collected at 0 and 48 hours after
Pst DC3000 (avrB) inoculation at 1x10° cfu/ml. The concentration of total SA from
leaf extracts, which consists of free SA and SA-B-glucoside (SAG), was then
determined by high-performance liquid chromatography (HPLC) (Feechan et al.
2005). A reduced total SA accumulation was detected in nox/ mutant compared to
Col-0 at 0 hpi and 48 hpi (Figure 3-3 A). The total SA determined in nox/ mutant is
less than half that of Col-0. The difference between nox/ and Col-0 plants at 48 hour
post inoculation (hpi) is statistically significant (P, 0.001).

To further explore the role of NOXI in defence-related SA signalling, the total SA
level was measured in nox!, atgsnori-3 and Col-0 plants upon infection with other
pathogens, including Pst DC3000 (avrRps4), Pst DC3000 and Blumeria graminis f.
sp. tritici (Bgt) (Figure 3-3). As described above, nox! plants were infiltrated with
Pst DC3000 (avrRps4) at 1x10° cfu/ml. Similar results were obtained relative to
AvrB-induced SA accumulation, the total SA in nox/ mutant was only half of that
determined in Col-O at 48 hpi. The statistics demonstrated that the difference is
significant at P, 0.0001.

Reduced level of SA was also detected in nox/ plants when compared to Col-0 after
Pst DC3000 inoculation at 1x10° cfu/ml (Figure 3-3 C). The statistical analysis
showed the difference is significant at P, in 0.025. The SA accumulation was also
repressed in nox! plants in response to Bgt inoculation. The difference between nox/

and Col-0 plants is statistically significant (P, 0.0008).

Interestingly, nox/ mutant showed similar SA accumulation as that of atgsnorl-3
plants in response to both avirulent strains and virulent strain of Pst DC3000. The
statistics also indicated that there were no significant differences between nox/ and
atgsnorl-3 plants at both 0 hpi and 48 hpi (P, 0.8381 and 0.1019). However, the
difference of SA level between nox! and atgsnori-3 plants is significant at P in

0.0285 after Bgt infection.

65



3. Characterization of nox/ mutant

Furthermore, the statistical analysis demonstrated that no significant difference

between the different bacterial lines in nox/ mutant background was found (P, 0.99).

The result suggests that enhanced NO production might compromise capability of
SA accumulation in nox/ mutant both during basal resistant and ETI. It is also

possible that nox/ mutant regulates SA accumulation through S-nitrosylation.
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Figure 3-3 Reduced total SA levels were determined in nox1 mutants in response to

various of pathogens.

A. Total SA accumulation in response to attempted Pst Dc3000 (avrB) at 1 x 10° cfu/ml. B.
Detection of SA accumulations following challenge with Pst DC3000 (avrRps4) at 1 x 10°
cfu/ml. C. Accumulation of SA upon treatment of Pst DC3000 at 1 x 10° cfu/ml. D. Total SA
levels was detected following Bgt challenge. Data points are mean of 3 replicates + S.E.
following ANOVA.
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3.2.2 Impaired R gene-mediated resistance in noxI plant

Arabidopsis WT ecotypes express R gene-specific resistance against host-specific
pathogens, which results in ETI. GSNOR is required for regulating SNO
concentration to establish R gene-mediated resistance (Feechan et al 2005). In
addition, the concentration of SA is remarkably increased during HR (Shirasu et al.
1997). The noxI mutant revealed an accelerated SNO accumulation and suppressed
SA accumulation towards to treatments of various pathogens. In order to explore the
possible role of NOXI in R gene-mediated defence responses, nox/ plants were
infiltrated with Pst DC3000 (avrB) and Pst DC3000 (avrRps4), respectively. As a
result, nox/ plants exhibited stronger HR development and enhanced disease

susceptibility compared to Col-0 plants in response to both treatments.
3.2.2.1 HR development in response to avirulent Pst DC3000 in noxI mutant

HR development is the hallmark of R gene-mediated resistance. In Col-0, the
perception of AvrB by RPMI leads to HR development at infection sites, which
might limit the further spread of pathogens (Grant e al. 2000b). HR-induced cell
death can be visualised using trypan blue, which specifically stains dead or dying
cells blue (Figure 3-4). The Col-0, atgsnorl-3 and noxI plants were challenged with
Pst DC3000 (avrB) at 1x107 cfu/ml. As a result, nox! and atgsnorl-3 plants revealed
an enhanced HR-induced cell death in comparison with Col-0 (Figure 3-4 A).
Furthermore, similar symptoms were observed when infiltrated with Pst DC3000
(avrRps4) at 1x107 cfu/ml, leaves of noxI and atgsnoel-3 mutants exhibited stronger
HR development when compared to Col-0 (Figure 3-4 B). In contrast, there is no
difference among Col-0, atgsnori-1 and noxI plants in response to Pst DC3000
infection at 1x107 cfu/ml (Figure 3-4 C).

In order to corroborate these findings, HR-responsive cell death in Col-0, atgsnori-3
and nox! were quantified using cell death-induced electrolyte leakage (Figure 3-5).
The initiation of HR starts from a change in ion flux, which involves an efflux of ~

OH and K" out of and an influx of H" and Ca*' into cells (Atkinson et al. 1996).

Therefore, the measurement of electrolyte leakage of leaves following challenge with
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pathogens provides an important tool to quantify HR development during the disease
resistance. Challenged with Pst DC3000 (avrB) at 1x10° cfu/ml, the electrolyte
leakage increased over time in all stated Arabidopsis plants. When compared to Col-
0, both nox! and atgsnorl-3 mutants showed an accelerated electrolyte leakage
(Figure 3-5). In all given lines, there is no significant increase before 4 hpi; however,
a substantial raise occurred between 4 hpi and 6 hpi. In addition, the acceleration of
electrolyte leakage in Col-0 was slow down after 6 hpi. In contrast, nox/ exhibited an
enhanced acceleration in electrolyte leakage, which is approximately twice higher
than that in Col-0 at 24 hpi. The differences between different Arabidopsis genotypes
are clarified by two-way ANOVA, which is statistically significant at P, in 0.0006
(Figure 3-5). Furthermore, both nox/ and atgsnori-3 mutants show enhanced HR
relative to Col-0 and the difference between nox/ and atgsnori-3 is statistically

significant.

Similar results were revealed in response to Pst DC3000 (avrRps4) treatment at 1 x
10® cfu/ml (Figure 3-6). Triggered by AvrRps4, the results of electrolyte leakage
showed a significant rise in all stated genotypes after 4 hpi, and the measurements in
noxI plants were significantly greater than those in Col-0. The difference between
different lines is statistically significant at P, 0.0005. In addition, HR development
between nox! and atgsnorl-3 plants showed significant difference after 4 hpi.
Collectively, increased NO production promotes cell death during ETI, which might
regulate HR development through S-nitrosylation.

68



3. Characterization of nox/ mutant

A —~
% LY
= t
S T
o {q
S N
S : ﬁ.x:':s
on - S
U e |
A 4 < ke
1> : 5
L \ |

\_ |

B &
S
‘; “’_x
= g%
S i
N— &)
S Qi
S A
on 0%
QO
()
)
%)
QL

C
o -
S
S
o
@) i
D ' 4
w~
%)
QL

Col-0 atgsnorl-3 noxl

Figure 3-4 HR-induced cell death in Col-0 and mutants upon treatments of various
strains of Pst DC3000

A. Cell death development in stated Arabidopsis genotypes was determined by trypan blue
staining upon infection of Pst DC3000 (avrB) at 1 x 10" cfu/ml for 15 hour post inoculation
(hpi). B. Cell death developments in Arabidopsis genotypes was triggered by Pst DC3000
(avrRps4) at 1 x 10" cfu/ml for 15 hpi and scored by trypan blue staining. C. Cell death
development in the given Arabidopsis genotypes, triggered by 1 x 10 cfu/ml Pst DC3000 at

15 hpi. Only half leaf has been inoculated in all three experiments.
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Figure 3-5 Quantification of HR development in nox7 plants against Pst DC3000
(avrB).

Quantification of cell death development in given Arabidopsis lines following challenge with
Pst DC3000 (avrB). The data points represented the mean of 3 replicates + S.E. The strains

of avirulent Pst DC3000 were infiltrated at 1x10° cfu/ml. uS/cm? (microSiemens per cm2).
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Figure 3-6 Avirulent Pst DC3000 (avrRps4) induced HR in the stated lines.

HR-induced cell death determined by electrolyte leakage in stated lines in response to Pst
DC3000 (avrRps4). The data points represented the mean of 3 replicates + S.E. The strains

of avirulent Pst DC3000 were infiltrated at 1x10° cfu/ml. uS/cm? (microSiemens per cm2).
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3.2.2.2 Enhanced Pst DC3000 (avrB) susceptibility of noxI plants

To determine the possible impact of nox/ in R gene-mediated immune responses, the
growth of avirulent pathogens were measured within infiltrated leaves. nox/,
atgsnorl-3 and Col-0 plants were challenged with Pst DC3000 (avrB) at 1x10°
cfu/ml, and leaf extracts were collected at 4 days post inoculation (dpi). The leaf
extracts were diluted and spread on agar plates. The growth of bacteria was
quantified by counting the number of colonies on the agar plates. The atgsnori-3
mutant is known to be susceptible to Pst DC3000 expressing either avrB or avrRps4
(Feechan et al. 2005).

In response to Pst DC3000 (avrB) infection, both nox/ and atgsnori-3 lines showed
enhanced bacterial susceptibilities relative to Col-0 (Figure 3-7 A). ANOVA was
applied to verify the reliability of the result. The difference between nox/ and Col-0
plants is statistically significant (P, 0.0029), In contrast, statistical analysis
demonstrated there is no significant difference (P, 0.5098) between nox/ and

atgsnorl-3 mutants.

Furthermore, increased bacterial susceptibilities were determined in nox/ and
atgsnorl-3 mutants upon treatment of Pst DC3000 (avrRps4) when compared to Col-
0 (Figure 3-7 B). The statistical results showed that difference between nox/ and
Col-0 plants is significant at P, in 0.0007. Conversely, the bacterial susceptibility in
the nox/ mutant was indistinguishable from that of atgsnorl-3 line, because the

difference is not statically significant (P, 0.5038).

The results suggest that R-gene mediated resistance is compromised in nox/ plants

relative to Col-0, which might be due to enhanced NO production.
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Figure 3-7 Pathogenicity test in nox7 plants upon infiltration of avirulent strains of Pst

DC3000.

A. Growth of Pst DC3000 (avrB) at 4 dpi in the leaves of stated genotypes. B. Number of Pst

DC3000 (avrRps4) colonies recorded by inoculated leaf extracts in all given lines upon 4 dpi.

The data proposed the mean of 3 replicates + S.E. The strains of Pst DC3000 were

infiltrated at 1 x 10° cfu/ml.
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3.2.3 Impact of NOXI in basal resistance

Pst DC3000 is virulent on Col-0 ecotype and results in the development of disease
symptoms (Whalen et al. 1991). Arabidopsis expressing basal resistance confers
ability to limit the growth of virulent pathogens (Glazebrook et al. 1996). However,
the basal resistance is substantially compromised in atgsnori-3 line (Feechan et al.
2005). Herein, we explored that NO overproduction influences the development of

basal resistance by challenging nox/ with Pst DC3000.

Upon infiltration of Pst DC3000, the difference in susceptibility between different
plant lines was reflected by the leaf appearance 4 days after infection (dpi) (Figure
3-8 A). However, nox! and Col-0 plants showed similar level of leaf chlorosis,
alongside atgsnorl-3 mutant showed relatively stronger leaf chlorosis. This result
implies that basal resistance might not be compromised in nox/ background relative
to Col-0. To investigate basal resistance in nox/ mutant, the 4 dpi leaf extracts were
collected from stated lines to quantify the bacterial growth on agar plates (Figure 3-8
B). As a result, an increased susceptibility was determined in nox/ plants when
compared to Col-0 line; however, the difference is not statistically significant (P,
0.0563). In contrast, statistical analysis indicated that atgsnorl-3 mutant showed

significant increased susceptibility relative to Col-0 (P, 0.0099).

Interestingly, the pathogen susceptibility in nox/ mutant is at similar level as that
found in atgsnorl-3 line, and difference is not statistically significant (P, 0.3498).
Therefore, basal resistance might be defected in nox/ plants against Pst DC3000
when compared to Col-0, but nox/ mutant also showed more resistance to Pst
DC3000 relative to atgsnorl-3 line. The findings also suggest that over producing
NO might weaken plant basal resistance by regulating S-nitrosylation, but not as

strong as that of atgsnori-3.
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Figure 3-8 Pathogenicity test in nox7 and atgsnor7-3 mutants upon infiltration of Pst
DC3000.

A. Appearance of leaves after 4 days of infiltration with Pst DC3000 at 1 x 10° cfu/ml. B.
Number of colonies recorded upon 4 dpi towards Pst DC3000 at 1 x 10° cfu/ml. The data
represented the average of 3 replicates £ S.E. Psp (NPS1125) infiltrated at 1 x 10° cfu/ml.
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3.3 Discussion

It has been found that nox/ contains a substantially high concentration of L-Arginine
and L-Citrulline, which suggests that an enhanced endogenous NO in the nox/
mutant might be due to an iNOS-like NO synthesis activity. Although the
phenomenon of a pathogen-triggered NO burst has been extensively described in
plants (Delledonne et al. 1998), NOS enzymes, which are structurally related to these
found in animals, have not been identified in higher plants (Qiao et al. 2009). Herein,
we report defence-related phenotypes of nox/ mutant, which include key aspects of

NO signalling not previously demonstrated.

A pool of GSH exists in plants and it is rapidly oxidized by NO to form GSNO.
GSNO is a low molecular weight tripeptide considered as a stabilised reservoir of
NO, which can be reduced by GSNOR into GSSG and NHj3 (Leterrier ef al. 2011).
GSSG can be recycled back to the GSH pool through further reduction. Thus, a
GSNOR-regulated reversible mechanism of NO bioactivity underlies NO signalling.
GSNOR has been demonstrated to control the global SNO content, which is a key
regulator of multiple plant defences (Feechan et al. 2005).

It has been reported that SNO formation can be altered by challenging with Pst
DC3000 (avrB) (Feechan et al. 2005). Total SNO concentrations were determined in
nox1 plants following infiltration of Pst DC3000 (avrB) and Pst DC3000 (avrRps4),
respectively. As expected, the nox/ mutant exhibited higher initial SNO
concentration and accelerated SNO accumulation in comparison with Col-0.
However, the level of SNO concentration and accumulation in nox/ plants were
similar to these found in atgsnorl-3 mutant. Thus, it is reasonable to presume that
overproducing NO increased SNO level that might influence the defence response in

nox I mutant.

Therefore, the activity of R gene-mediated resistance was examined in the nox/ line
by HR development and pathogenicity testing. HR is a hallmark of ETI and acts to
prevent the pathogen from spreading into distal healthy tissue (Greenberg et al.
1994). Inoculation of avirulent strains of Pst DC3000 result in cell death by HR
(CDHR) in nox! plants (Figure 3-5 & Figure 3-6). The AtrbohD produces ROI to
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activate HR in R-gene mediated resistance. However, its activity is repressed in nox/
mutant. In addition, S-nitrosylation of AtrbohD at Cys890 might impede its
capability to bind with FAD (Yun ef al. 2011). Hence, ROI production might be
blocked in nox! and atgsnorl-3 mutants due to the S-nitrosylation of AtrbohD,
which implies that the cell death formation is ROI-independent, but might be
promoted by increased SNO concentration in nox/ and atgsnorI-3 plants. Moreover,
the accumulation of SA, another activator for cell death, is repressed in nox!/ plants,
alongside the CDHR is increased in nox! and atgsnori-3 relative to Col-0 line. It is
known that S-nitrosylation of SA-binding protein, such as AtSABP3, results in
repression of SA signalling (Wang ef al. 2009) Therefore, it is reasonable to presume
that ROI and SA mediated HR development pathway might be blocked in nox/ and
atgsnorl-3 backgrounds, and instead, a SNO-mediated pathway might be responsible
for HR development during ETI, but the mechanism behind SNO-promoted HR

development is unknown.

Furthermore, the growths of Pst DC3000 (avrB) and (avrRps4) were enhanced in
nox1 when compared to Col-0. However, the bacterial titres were statistically similar
between nox! and atgsnori-3 mutants. The results suggest that overproducing NO

compromise R-gene mediated resistance, which might be GSNO-dependent.

In order to examine the impact of basal resistance in noxI, the nox/ line was
infiltrated with Pst DC3000 (Figure 3-8). Similar to the atgsnori-3 plants, basal
resistance was defected in nox/ mutant during pathogenicity test, suggesting the

mechanism might be GSNO-related.

SA has long been known as a signal molecule that is involved in both local and
systemic defence response (Vernooij et al. 1994). The accumulation of SA is reduced
in noxI plants in response to various pathogens, such as Pst DC3000 (avrB), Pst
DC3000 (avrRps4), Pst DC3000 and Bgt. GSNOR-regulated SNO content impacts
the SA-signalling pathway. In the absence of Atgsnor, SA accumulation is repressed
upon Pst DC3000 (avrB) infection. In addition, accumulation of PR/ transcripts is
substantially reduced and delayed in atgsnorI-3 in response to both non-specific and
specific pathogens, which cannot be restored by infiltration of exogenous SA. The

change in SA concentration leads to PR gene expression, which, in turn, results in
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immune activities (Tada et al. 2008). Thus, the evidence indicated that GSNOR
positively regulates the SA signalling network both upstream and downstream of SA

(Feechan et al. 2005).

Furthermore, the Arabidopsis SA-binding protein, AtSABP3 represses SA signalling
through S-nitrosylation. However, the loss of function mutant, atsabp3, exhibited
enhanced pathogen growth when compared with Col-0, which suggested that
AtSABP3 is required for a negative feedback loop of SA-signalling in the defence
response (Wang et al. 2009). Collectively, it is reasonable to assume that SA
accumulation and SA-mediated signalling transduction might be blunted in nox/
plants through S-nitrosylation, consequently, resulting in defect of R-gene and basal

resistance.

In conclusion, the compromised defence immunity of nox/ plants might be due to
increased protein S-nitrosylation. There are similar results that SNO concentration,
SA accumulation and pathogen susceptibility were observed in nox/ relative to
atgsnorl-3 plants, and hence, GSNOR might be related. However, in order to verify
this hypothesis, further experiments are required. For instance, the nox/ atgsnorlI-3
double mutants are generated and being characterised. In addition, as one of the key
defence signals, it is reasonable to further investigate the SA-signalling in nox/
plants, and several key regulators of SA-pathway will be examined. These include
the change of transcripts of PRI, activity of NPR1 and TGAI, together with
accumulation and activity of AtSAP3 in nox/ plants against pathogen attack. The
resulting findings will further clarify possible mechanisms underpin NO-regulated

defence response.
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Chapter 4 Construction of atgsnorl-3 noxI plants

4.1 Introduction

Previous findings suggest that nox/ plants exhibit increased SNO content and
accelerated HR symptoms after infection with Pst DC3000 (avrB). Furthermore,
decreased SA accumulation and defected ETI against avirulent Pst DC3000 were
observed. As a result, nox/ plants displayed promoted disease development relative
to Col-0, which may be due to the elevation of GSNO caused by excessive NO

production.

GSNOR has been shown to control the global level of S-nitrosylation in vivo, which
plays a key role in the establishment of plant defence activities (Feechan ef al. 2005).
It has been demonstrated that GSNOR is highly specific for the metabolism of
GSNO (Liu et al. 2001). In comparison with the nox/ line, atgsnori-3 showed
stronger HR symptoms and enhanced pathogen susceptibility. However, the
statistical analysis indicated that there was no significant difference between these
two lines. In order to dissect NO signalling in the establishment of defence responses
and investigate whether the disease phenotype of nox/ plants is GSNO-dependent or
-independent, atgsnorl-3 and mnoxl single mutants were crossed to generate the

atgsnorl-3 nox1 double mutant.

Interestingly, the results implicated that NO and GSNO function additively to alter

developmental phenotypes and enhance pathogen susceptibility.
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4.2 Results

4.2.1 Identification of the atgsnorl-3 noxI double mutant

The single mutants nox/ and atgsnori-3 were crossed to generate the double mutant.
atgsnorl-3 was used as the pollen donor to nox!. Therefore, the next generation will
acquire the Atgsnor insertion as well as sulfadiazine resistance from the T-DNA
insertion located in atgsnori-3. The atgsnorl-3 and noxI heterozygous plants (F1
progeny) were screened on an agar plate supplemented with sulfadiazine. The
resulting sulfadiazine resistance plants were transplanted into soil and allowed to set
seed. The seeds were collected from each F1 individual candidate and grown into F2
progeny plants, which were then further verified by genotyping PCR. In order to
confirm the presence of T-DNA insertion in F2 plants, PCR was performed using
two gene specific primers and one T-DNA left border primer. A size of 1.2 Kb PCR
product was amplified with Col-0 genomic DNA, whereas a 650 bp fragment was
produced with DNA from homozygous atgsnori-3 plants and both bands were found
in PCR products from heterozygous plants (Figure 4-1). Progeny from homozygous
plants were then verified by PCR to confirm that this double mutant (atgsnori-3
nox1) was homozygous for the Azgsnor insertion (Figure 4-2). The genotyping PCR
of nox mutation in atgsnorl-3 noxI candidates was not performed because nox/ is a
recessive mutant. However, nox/ is a point mutation at TRP 54, which changes TRP
codon (TGG) into a stop codon (TGA). Therefore, the identification of nox/ in F2
and F3 candidates were confirmed by DNA sequencing (Figure 4-3).

The phenotypic characterization of F3 progeny plants showed phenotypes of both
noxI and atgsnorl-3 single mutants (Figure 4-4 A). For instance, reduced size of
rosettes and pale green leaves and the reticular pattern of the nox/ single mutant
were all found in atgsnori-3 noxI double mutants. Furthermore, atgsnori-3 noxI
double mutants possessed curly leaves, loss of apical dominance and reduced fertility
as seen in atgsnorl-3 plants. Collectively, the atgsnori-3 noxI double mutant
phenotypes suggest that GSNO and/or SNO content is important during vegetative

and reproductive development. Mutations in Azgsnor lead to a further reduction of
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fertility in comparison with the nox/ single mutant. In addition, nox/-related
phenotypes might be, at least partially, due to the limitation of shikimate pathway
because of a defect in a chloroplast phosphoenolpyruvate (PEP)/phosphate translator
(PPT) (Voll et al. 2003).

F2 Progeny
M Col-0
% % * * % % % % % % % % % % % % % % % % % % % % % %%
s — N ARRHOBG  SHSUOOR  aRSRTWO v wectds GEIRRIE
* (Homozygous) ** (Heterozygous) *** (Wild type)

Figure 4-1 Identification of the T-DNA insertion in F2 progeny plants by PCR.

PCR with two gene specific primers and one T-DNA left border primer were used to identify
the T-DNA insertion in an F2 segregating population. Homozygous knock-out (*) mutants

were identified and allowed to set seed.

»
*l
Q

o\'Q\d’S%
1 2 3 4 56 7 8 91011 12 131415 16 1718 U ©

Progeny from Homozygous plants

(Tl =

Figure 4-2 Confirmation of atgsnor homozygosity in atgsnor1-3 nox1 by PCR.

Progeny of the afgsnor1-3 nox1 F2 progeny (*) were confirmed as homozygous for the T-

DNA insertion in Atgsnor.
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AR RS R R RS SRR SRR R R R R R R R R R RS R R R SRR R R R R R R R R R R R RS RS SE]

CCTTAGACACGAATCGTTTCAGAACCGCCGCTACTGCAGTTCCTGAAAGTGCTGAGGAAG
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CCTTAGACACGAATCGTTTCAGAACCGCCGCTACTGCAGTTCCTGAAAGTGCTGAGGAAG
e

GTGATAACAGTGGTAAATTGACGAAGGTTTTGGAACTTGGCTTGTTGTTCGCTATGTGGT
GTGATAACAGTGGTAAATTGACGAAGGTTTTGGAACTTGGCTTGTTGTTCGCTATGTGGT
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ACCTTTTCAATATCTACTTCAACATCTACAATAAACAGGTACTCCTTTGCTTC
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Figure 4-3 Confirmation of nox7 mutation in atgsnor1-3 nox1 mutant

The DNA fragments were amplified from genomic DNA of atgsnor1-3 nox1, nox1 and Col-0.

The resulting fragments were sequenced to confirm the point of mutation.
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atgsnorl-3 noxI double nox! single

Figure 4-4 The phenotype of atgsnor1-3 nox1 mutants (4 weeks old plants).

A. Additive phenotypes in atgsnor1-3 nox1 plants. The Arabidopsis rosettes are about 45
millimetres (mm) in diameter. The largest leaves are approximately 7 mm across and 13 mm
long. B. In the atgsnor1-3 mutant, rosettes are about 85-90 mm in diameter. Scale indicted
larger leaves are approximately 18-19 mm across and 35 mm long. C. The phenotypes of
nox1. The largest leaves are about 10 mm across and 19.5 mm long; the rosettes are 50-51

mm in diameter.
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4.2.2 Defence-related phenotypes of atgsnorl-3 noxI double mutants

The atgsnori-3 noxI double mutant is expected to have constitutive NO
accumulation and abolished GSNOR activity. To investigate if NO and GSNO play
mutual or distinctive roles in manipulation of plant immune systems, their defence-

related phenotypes were determined.

4.2.2.1 HR is accelerated in atgsnorI-3 noxI double mutant plants

Previously we determined that nox/ plants have enhanced HR symptoms, which is
similar to that of atgsnori-3. Therefore, the HR was investigated in the atgsnori-3
noxI double mutant. Following infiltration of Pst DC3000 (avrB) the development of
HR was performed in Col-0, atgsnori-3, noxI and atgsnori-3 noxI plants. Cell death
was visible in nox!, atgsnori-3 and double mutant lines after 24 hpi relative to Col-
0, with more cell death in double mutant plants (Figure 4-5). To clarify the impact of
HR in these double mutants, cell death was quantified by using electrolyte leakage

measurements following inoculation with Pst DC3000 (avrB) (Figure 4-6).

Application of Pst DC3000 (avrB) triggers HR-induced cell death, this was
examined in all given lines from 2 hpi. In Fig 4-6, the atgsnori-3 noxI double
mutant showed strong enhanced HR development in comparison with other tested
lines. The difference between double mutant and Col-0 is statistically significant (P,
0.0001). Statistical analysis indicated that atgsnori-3 noxI only showed significant
difference relative to atgsnori-3 at 2 hpi (P, 0.018) and 4 hpi (P, 0.0085) within 10
hours after inoculation. In addition, the difference between nox/ and atgsnori-3 noxI

is statistically significant after 4 hpi (P, 0.0058).

These results suggest that removal of both GSNOR and NOX1 function leads to an
acceleration of HR relative to both parental plants. Thus, the phenotypes of nox/ and

gsnorl-3 are additive in the context of the kinetics of HR development caused by Ps¢
DC3000 (avrB).
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Figure 4-5 Pst DC3000 (avrB) induced cell death in all given lines.

Cell death development in stead Arabidopsis genotypes was determined by trypan blue
staining upon infection of Pst DC3000 (avrB) at 1 x 10" cfu/ml for 24 hpi.
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Two-Way ANOVA Tukey's multiple comparisons test
Oh 2h 4h 6h
Significant P-value Significant P-value Significant P-value Significant P-value
Col-0 & atgsnorl-3 ns >0.9999 ns 0.2176 *x 0.0039 b <0.0001
Col-0 & nox! ns >0.9999 ns 0.0955 ** 0.0058 o 0.0011
Col-0 & double ns >0.9999 ol <0.0001 ol <0.0001 *KKK <0.0001
atgsnorl-3 & noxl ns >0.9999 ns 0.9746 ns 0.999 ns 0.6777
atgsnorl-3 & double ns >0.9999 * 0.018 b 0.0085 ns 0.051
noxl & double ns >0.9999 ns 0.051 *x* 0.0058 ** 0.0026
8h 10h 24h 26h
Significant P-value Significant P-value Significant P-value Significant P-value
Col-0 & atgsnorl-3 ol <0.0001 ol <0.0001 *RAX <0.0001 *RKK <0.0001
Col-0 & noxI *xx 0.0007 *x 0.0026 *AAX <0.0001 *RkK <0.0001
Col-0 & double Kk <0.0001 ook <0.0001 okkok < 0.0001 Rk <0.0001
atgsnorl-3 & noxI ns 0.1682 ns 0.2176 i 0.0011 b 0.0007
atgsnorl-3 & double ns 0.2176 ns 0.0703 *RAX <0.0001 *RKK <0.0001
noxl & double ** 0.0011 ok 0.0003 folololl <0.0001 ool <0.0001

P-values above are multiplicity adjusted P values. The threshold of family-wise significant is set at 0.05.

Figure 4-6 The atgsnor1-3 nox1 double mutant shows an accelerated HR phenotype.

HR-induced cell death was determined by electrolyte leakage in stated lines in response to
Pst DC3000 (avrB). The data points represented the mean of 3 replicates + S.E. The strains
of avirulent Pst DC3000 were infiltrated at 1x10® cfu/ml.
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4.2.2.2 Additive pathogen susceptibility in azgsnorI-3 nox1 double mutants

Four-week old Col-0, atgsnori-3, noxI and atgsnorl-3 noxI plants were infiltrated
with Pst DC3000 (avrB). Disease symptoms development, such as leaf collapsing,
was monitored. It has been determined previously that disease symptoms were
maximal at four dpi in Col-0 and, approximately, three days in atgsnorl-3 and noxI
plants. However, double mutant plants showed accelerated disease symptoms at 48
dpi (Figure 4-7). To investigate pathogen susceptibility of double mutant, the
bacterial titres were recorded after 3 days post Pst DC3000 (avrB) challenge at 1x10°
cfu/ml (Figure 4-8 A). Among the tested lines, atgsnori-3 noxI plants were the most
susceptible to Pst DC3000 (avrB), with bacteria titre 3 logs higher than that found in
Col-0, and approximately 0.5 to 1 log higher in comparison with both atgsnori-3 and
noxI plants, respectively. The difference between double mutant and Col-0 is
statistically significant (P, 0.0001). In addition, the difference between atgsnori-3
noxI] and mnoxI plants is significant at P, 0.001. In contrast, statistical analysis
indicated that no significant difference between atgsnori-3 and double mutant was
found. The finding suggests that enhanced disease symptoms development in
atgsnorl-3 noxl after inoculation with Pst DC3000 (avrB) might be due to the

suppression of GSNOR activity.

Pst DC3000 suspensions were inoculated in 4-weeks old Col-0, atgsnori-3, noxI and
atgsnorl-3 noxI plants, and plants were scored for the presence of bacteria titre as
described above (Figure 4-8B). Bacteria colonies in double mutant were 2 logs
higher than that found in Col-0, which is statistically significant (P, 0.0001). The
increased bacterial growth was identified in atgsnorI-3 noxI mutant relative to either
atgsnorl-3 or noxl single mutant. The statistical analysis demonstrated that the
difference between double mutant and atgsnorl-3 is significant (P, 0.0024), and
there is also a significant difference between atgsnorl-3 noxI and noxI (P, 0.005).
The results suggest that the additively compromised basal resistance in double
mutant might be due to the removal of GSNOR activity and increased protein-

nitrosylation.
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In conclusion, both R-gene mediated resistance and basal resistance are defected in
atgsnorl-3 nox1 mutant relative to parental plants and Col-0. Therefore, GSNO and

NO might additively function in regulation of immune responses.

Pst DC3000 (avrB)
0Oh 15h 24 h 48 h

noxl

atgsnorl-3 noxI ‘ .

Figure 4-7 Disease symptoms development

Kinetics of disease symptom development in the leaves of stated Arabidopsis genotypes
over time post Pst DC3000 (avrB) challenge at 5x10" cfu/ml.
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Figure 4-8 Enhanced pathogen susceptibility in atgsnor1-3 nox1 plants compared with

WT and single mutants.

A. Columns showed growth of bacteria after 3 days of infiltration with Pst DC3000 (avrB) at 1

x 10° cfu/ml. B. The columns indicated number of colonies recorded upon 3 dpi towards Pst

DC3000 at 1 x 10° cfu/ml. The data points represented the average of 3 replicates + S.E.
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4.3 Discussion

atgsnorl-3 noxI double mutants maintain some nox/-related phenotypes. These
included reduced rosettes and leaf size, together with reticulate leaf pattern (Figure
4-4). It has been known that re-establishment of the ability to transport PEP, or
alternatively form PEP from pyruvate inside the chloroplasts could rescue noxI
phenotype, such as recovery of reticulate leaf phenotype, improvement of silique
numbers and biomass production (Voll ef al. 2003). Accordingly, alongside GSNO-
dependent pathway, the restriction of the shikimate pathway by a defect in a PPT

production might contribute to the development phenotypes of nox!.

Studies indicated that nox/ and atgsnori-3 lines displayed different expression
patterns of floral-related genes, such as FLOWERING LOCUS C (FLC), LEAFY
(LFY) and CONSTANS (CO) (He et al. 2004, Kwon et al. 2012). Although, there is
no direct evidence implicating that a delay of flowering time effects seed
development, the reduced fertile capability in the double mutant might be contributed
by both noxI and atgsnori-3 mutations. Therefore, it would be interesting to
compare expression patterns of floral-related genes in atgsnori-3 noxl double
mutant with its parental plants. In summery, the phenotypes of double mutant line

might be conveyed by both NO- and GSNO-derived protein regulations.

During the characterization of resistance—related phenotypes, the accelerated HR
symptoms were found in atgsnori-3 noxI plants in comparison with both atgsnori-3
and nox! mutants following the infiltration of Pst DC3000 (avrB) (Figure 4-6).
Furthermore, enhanced pathogen susceptibilities were determined in atgsnori-3 noxI
plants following challenge with Pst DC3000 (avrB) and Pst DC3000, respectively
(Figure 4-8). These results suggest that NO and GSNO may function additively in
disease resistance, with a more dominant role for GSNO. Although it has been
known that the activity of NADPH oxidase was repressed in both atgsnori-3 and
noxI plants (Yun et al. 2011), the additive HR-induced cell death from electrolyte
leakage indicated that a potential protein nitrosylation pathway, which is not
regulated by GSNOR, might be implicated in the establishment of HR during
attempted Pst DC3000 (avrB) infection. However, the details of both GSNO-
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dependent and independent pathway that underpin elevated HR development remain
unknown.

It is known that SA is a key regulator for establishment of systemic resistance. In
addition, previous results exhibited reduced SA accumulation in both atgsnori-3 and
noxI plants. Hence, it is conceivable that SA accumulation might be suppressed in
atgsnorl-3 noxl plants, and consequently results in defects of SA-related defence
response. However, to confirm this hypothesis, it will be necessary to further
characterise atgsnori-3 noxI plants by monitoring the disease symptoms in distal
leaves, kinetics of SA accumulation and PR/ transcription levels during pathogen
infection. If this is found to be the case, the finding may contribute to the

understanding of NO-derived protein modification in SAR.

In conclusion, these results indicated that both GSNO-dependent and GSNO-
independent pathways contribute to the additive disease-related phenotypes in
atgsnorl-3 noxI double mutants, while a more dominant role was taken by GSNO
relative to NO during HR development and disease symptoms development. Because
the lack of identification of NOS and NO-sensitive sGC in plant genomes, the
mechanisms underlying plant model of NO signal transduction remains fractional.
The current module of NO signal transduction in plants suggests that GSNO and/or
SNOs are the formation of endogenous NO sources, and response to the equilibrium
of protein S-nitrosylation and de-S-nitrosylation. However, this study suggests that
NO and GSNO/SNOs might mediated their effects on plant defence responses
through different type of protein modifications. Unlike GSNO/SNOs, which strictly
influence the level of protein S-nitrosylation, NO might be involved in differential
protein nitrosylation, these include S-nitrosylation and metal-nitrosylation. It has
been known that the formation of protein XNOs is predominantly NO dependent but
GSNO concentration-independent in the yeast Saccharomyces cerevisiae (Foster et
al. 2009). It is conceivable that compromised defence responses in nox/ and
atgsnorl-3 noxl plants might be partially due to the increasing of NO-dependent
XNOs. However, to confirm this hypothesis, it will be necessary to further
characterise atgsnori-3 noxI plants by monitoring the kinetics of XNO accumulation

and compare with SNO levels during pathogen infection. The resulting findings
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might further contribute to the understanding of SNO and NO function in plant

immunity.
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Chapter 5 Generation of NO-Reporter Systems

5.1 Introduction

NO is a key player in plant signalling involved in a range of protein functions
associated with development and defence regulation (Delledonne et al. 2001,
Feechan et al. 2005, Tada et al. 2008, Wang et al. 2009, Yun ef al. 2011). NO is
known to affect protein activities through post-translational modifications (PTMs),
including S-nitrosylation, metal-nitrosylation and tyrosine nitration (Astier 2010). In
particular S-nitrosylation, which affects the thiol group of cysteines, has been
demonstrated to be a major PTM in plant pathophysiological processes (Feechan et

al. 2005, Wang et al. 2009, Yun et al. 2011).

Being a reversible and specific mechanism, S-nitrosylation requires enzymatic
processes to govern its cellular status. Although GSNOR, one important player in
this context, has already been identified, this enzyme only regulates S-nitrosylation
indirectly through GSNO turnover (Feechan et al. 2005, Yu et al. 2012). In addition,
in the last chapter, results indicated its activity lacks specificity to fine-turn NO-
signalling; this implies that other genes and/or proteins might contribute to NO-

signalling in addition to GSNOR.

To facilitate genetic dissection of the dynamic events in the NO signalling network,
transgenic Arabidopsis lines were engineered that would report accumulation of a
gene transcript closely correlated with NO signalling during defence responses. The
principle advantages of this approach are: (1) spatial and temporal accumulation of
marker transcripts can be imaged in real-time; (2) the results are able to reflect
mechanisms that are actually occurring in the plant; (3) high-throughout saturating

mutant screens can be carried out with transgenic lines.

In the research described in this chapter, NO-inducible marker genes were identified
and NO-reporter cassettes were generated. To engineer the reporter cassette for

subsequent plant transformation, the promoter region of the marker genes were fused

93



5. Generation of NO-reporter system

to the firefly luciferase gene (Murray et al. 2002). Such transgenic plants may also be
utilised for high-throughout mutant screens (Grant et al. 2003, Chini ef al. 2004).

5.2 Results

5.2.1 Identification of NO-inducible marker genes

Marker genes are useful for monitoring dynamic events in the NO-derived signalling
pathway. There is a large number of genes that are regulated by NO in Arabidopsis,
some of which might be involved in plant disease resistance and could fulfil an
important role in NO-regulated signalling (Huang et al. 2002, Polverari ef al. 2003,
Palmieri et al. 2008). In order to identify NO-inducible marker genes, microarray
data from both in-house and public databases were mined for potential candidates

that are listed in Table 5-1.

Table 5-1 Transcriptional changes of selected genes in WT plants following challenge
with 0.5mM SNP.

At3g28740  Encodes a member of cytochrome 9.9
P450 family

Atlg76600 Unknown nuclear protein 15.7

At5g42380 Calmodulin like 37 (CML 37) 10.22345675

The selection of three candidates is based on analysis of microarray data (Ahlfors et
al. 2009) and cross-reference with published data (Palmieri et al. 2008). The
Arabidopsis leaves were harvested at 3 hours after treatment. The data were

generated using three biological replicates.

Among these three candidates, cytochrome P450 family (CYP) is a large and diverse
group of enzymes that have been identified across all the life kingdoms. They are
primarily involved in redox processes (Nelson 2011). In total, there are 272 genes

belonging to the CYP450 family in Arabidopsis (Werck-Reichhart D 2002).
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At3g28740 encodes CYP81DI11 (Cytochrome P450, Family 81, Subfamily D and
Polypeptide 11) (Heazlewood et al. 2005). In contrast, At/g76600 encodes an
unknown nuclear protein (Klok ef al. 2002). The CML37 encoded by 4t5g42380 has
a Ca”" binding activity (McCormack ef al. 2005). However, the functions of these

genes remain unknown.

In order to experimentally confirm the expression of these genes that are specifically
regulated by NO, Col-0 was treated with GSNO, whereas MgCl, and GSH (reduced
form of glutathione) were used as controls. The leaf samples were collected at 3-hour
intervals, and the transcript levels of these three genes was determined by reverse
transcriptase (RT) PCR (Figure 5-1). For At5g42380, there was no visible difference
in the transcription level between GSNO-treated and untreated (control) leaves. In
contrast, no basal expression was observed in 4£3g28740 control treatments, a
significant GSNO-induced transcription was observed at 3hpi. Accordingly,
At3g28740 was deemed to be a suitable NO-inducible marker gene. In addition,
Atl1g76600 was included as enhanced accumulation at 1 and 3 hpi of GSNO
treatment was shown in comparison with MgCl, and GSH treatments. Furthermore, a
strong accumulation of A¢/g76600 transcript was detected at 10 min in all treatments,
which might be triggered by wound of infiltration. Hence, A¢/g76600 might be NO

inducible.

MgCl, GSH GSNO

0O 10min l1hr 3hr 10min 1hr 3hr 10min 1hr 3hr

At3g28740

- - - At1g76600
— At5g42380
I — —— - ACT?

Figure 5-1 RT-PCR of selected genes following 10 mM GSNO inoculation.

Arabidopsis leaves were harvested at stated time points. ACT2 was used as a loading
control. 10 mM MgCl,and 10 mM GSH were used as controls. The experiment was repeated
3 times with similar results. RT-PCR was optimized for 22 cycles.
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To further characterise the expression patterns of selected genes, the marker
transcripts were monitored in Col-0, atgsnori-1 and atgsnori-3 plants. atgsnori-1 is
a gain of Atgsnor function Arabidopsis transgenic plant (Feechan ef al. 2005). A SA-
biosynthesis impaired mutant SALICYLIC ACID INDUCTION DEFICIENT 2 (sid2)
was included, which exhibits an increased susceptibility to P. syringae and a reduced
SAR (Nawrath and Metraux 1999). Col-0, atgsnori-1, atgsnori-3 and sid2 lines
were each challenged with Pst DC3000 (avrB), and the fluorescence signals of
relative expression of marker transcripts were recorded in both non-induced and
pathogen-induced conditions in microarray assay (Loake unpublished data) (Figure

5-2).

There was no significant difference in accumulation of 473g28740 transcript in Col-
0, atgsnorl-1 or sid2 plants. However, the transcription level of A¢3g28740 was
significantly increased in atgsnori-3 plants compared to it in Col-0 in both non-
induced and pathogen-induced conditions (Figure 5-2A). This suggested that the
expression of Ar3g28740 might be SNO-dependent but pathogen-independent.
Alongside, the transcription level of A1/g76600 showed an increase in all tested lines
under infection compared to the non-induced condition (Figure 5-2 B). Hence, the
expression of A¢/1g76600 might be activated in response to Pst DC3000 (avrB),
especially in the atgsnori-3 line, which shows that the difference between non-
induced and induced condition is statistically significant at P, 0.0002. However,
whether this elevation is caused by high cellular SNOs content requires further

investigation.
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Figure 5-2 Transcription profiles of selected genes in stated lines upon Pst DC3000

(avrB) challenge.

A. The transcription profile of At3g28740 in stated lines. B. The transcription profile of
At1g76600 in all given lines. Arabidopsis leaves were infiltrated with avirulent strain of Pst
DC3000 at 1 x 10° cfu/ml. The data from 6 hpi measurements with two repeats. Plot the data

from microarray source (Loake unpublished data).
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5.2.2 Construction of NO-Reporter Cassettes

At3g28740 and Atlg76600 were deemed to be NO marker genes that positively
respond to NO. Hence, the promoters of these NO marker genes were used to
generate NO-reporter cassettes. In order to engineer such cassettes, the predicted
promoter regions from 2000 bp upstream from the transcriptional start site (TSS),
were selected as NO-responsive promoters and fused to the reporter gene [uciferase
(LUC) (Murray et al. 2002). The linearized Promoter (P): LUC reporter constructs
were then subsequently cloned into a binary vector (pGreenll-0229) (Hellens et al.
2000). The integrated plasmids were transferred into E. coli genome to generate E.

coli strain that carries P: LUC reporter construct (Figure 5-3).

[_-2000 bp upstream from TSS At3928740 ] PART 27 .
N —

Not| Ncoll Not|
E. coli v v v
PR1 Luc TER
Ncoll Not|
v v

Luc TER
(LB— nos-bar — lacZ ——RB
T pGreenll-0229 g — E. coli
o -
(b"“ (2495 bp) m
a g
~— -

nptl

Figure 5-3 Establishment of bioluminescence cassettes for bacteria transformation.

TSS: transcriptional start site. PR-1: promoter of PR1. TER: terminator. P-3G: promoter of
At3g28740. LB: left border. RB: right border. nos-bar: nopaline synthase promoter drive bar
(bialaphos resistance) gene. The pSa-ORI: is the broad host range replication origin that
used in most of Agrobacterium vector. ColEl ori: a common replication origin in E. coli
vectors. These replication origins promote number of plasmids in Agrobacterium and E. coli

cells, respectively. nptl: kanamycin resistance gene, the selection marker of pGreenll vector.
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5.2.3 Identification of putative regulatory motifs in promoters

A number of putative regulatory motifs were found in the promoter regions of
At3g28740 and Atlg76600, which were concordant with NO-regulated gene
expression (Table 5-2) (Palmieri et al. 2008, Mengel et al. 2013). Previous study
showed that G-box, OCSE, MYCL, MYB and W-box motifs all frequently occur in
the promoters of NO-regulated genes (Palmieri et al. 2008).

In the promoter region of At3g28740, single motif of G-box, MYB and OCSE were
found in the first 500 bp (all positions of motifs are given in relation to TSS)
upstream of At3g28740, but four MYCL motifs were located at this region. In
addition, one MYCL and one MYB motif were found between -1000 and -1500 bp

upstream.

Similar to that found in promoter of A¢3g28740, one motif of OCSE and MYB,
together with two MYCL motifs, were identified within -500 upstream of
Atlg76600. However, there are two W-box found within first 500 bp of promoter
that bind to WRKY family. Furthermore, the G-box motif was located at -1075 bp
upstream and two additional MYCL motifs were identified at -744 and -1740 bp

upstream of transcription start, respectively.

Therefore, 2000 bp upstream from TSS of two marker genes were selected to be

promoter regions.

Table 5-2 Cis-elements identified in the promoter regions of At3g28740 and
At1g76600.

Base pairs upstream from TSS
Gene 1-500 500-1000 1000-1500 1500-2000
Cis-element name
At3g28740 G-box MYCL
MYCLx4 MYB
MYB
OCSE
Atlg76600 MYCLx2 MYCL G-box MYCL
WRKY x2
MYB
OCSE
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5. Generation of NO-reporter system

5.2.4 Generation of NO-reporter transgenic plants

The NO-reporter bioluminescence plasmids were generated as described as in
2.1.1.1. The plasmids were integrated into Col-0 genome by using Agrobacterium-
mediated transformation method, which is an efficient tool to generate stable
transgenic plants without the need of tissue culture (Clough and Bent 1998).
Transgenic plants were screened with BASTA resistance. The luciferase activity was
further detected in selected candidates (Figure 5-4). The activity of LUC in plants is
triggered by treating leaves with its substrate, luciferin, and can be monitored by an
ultra low-light imaging camera (Murray et al. 2002). As results, the plants with 10
mM GSNO pre treatment showed luciferase activities. In contrast, there is no
luciferase activity detected in plants without GSNO pre-treatment. Seedlings with

successfully induced luciferase expression were transplanted for seeds.
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Figure 5-4 Luciferase activity in P-1G: LUC plants.

A. P-1G: LUC transgenic plants were sprayed with 10 mM GSNO solution to induce
luciferase activity, and luciferase activity was imaged with CCD camera. Seedlings with

successful induced luciferase expression were circled. B. P-1G: LUC plants without GSNO
treatment as control group.
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5.3 Discussion

To aid functional dissection of the NO signalling network, NO-reporter plants were
developed that faithfully report (S)NOs accumulation in real time. The NO-inducible
marker genes were identified from published databases and verified by RT-PCR
(Palmieri et al. 2008, Ahlfors et al. 2009). At3g28740 and At1g76600 were deemed
to be NO marker genes. The promoter regions were used to make promoter-reporter

cassettes.

When blasting the upstream sequence against known promoter motif database, such
as plant promoter database (PPDB) and Arabidopsis Gene Regulatory Information
Server (AGRIS). A number of putative regulatory motifs were found in the promoter
regions of At3g28740 and At1g76600, including G-box, MYB, MYCL and OCSE.
These motifs might be involved in plant response to change in NO context (Chen et

al. 2002, Palmieri et al. 2008).

For instance, MYCL motif is recognised by MYC TF family, which is implicated in
defence response (Boter et al. 2004). It also frequently occurs in the promoter region
of NO-regulated genes (Palmieri et al. 2008). Presently, in vitro study indicated that
S-nitrosylation might regulate structures and binding activities of MYB30 TF and
TGA1 TF (Mengel et al. 2013, Tavares et al. 2014). In addition, a G-box motif is
known to bind with bZIP proteins and to be implicated in gene expression during
pathogen attack (Kim et al. 1992). It is identified within first 500 bp upstream of
At3g28740 but different from that found in A2g76600 promoter (-1075 bp upstream
from TSS). Hence, the binding sites allow these two genes to be regulated by NO-
influenced TF.

Interestingly, in addition to the motifs described above, the promoter region of
Atlg76600 contains multiple putative WRKY binding sites, which has been found in
promoters of many plants defence genes (Dong et al. 2003). This suggests that
Atlg76600 might undertake a role in defence regulation that has access to NO
signalling (Figure 5-2 B) (Palmieri et al. 2008). It could be the explanation that there
are two different transcription profiles of two genes upon Pst DC3000 (avrB)

infection (Figure 5-2). The expression of At3g28740 is clearly S(NO)s-inducible
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rather than pathogen-inducible. Oppositely, the transcript of Atlg76600 is thought to
be triggered by pathogen attack due to the existence of WRKY binding motifs. In
addition, the presence of OCSE motifs enables interaction with SA-mediated TFs,
but might be in an opposite manner (Figure 5-2). To confirm these hypothesise,
subsequent analysis of transgenic plants will be required, which are transformed with

deletions and/or mutations of the promoters fused to luciferase.

Currently, 19 individual putative P-/G: LUC transgenic lines and 15 of P-3G: LUC
transgenic plants have been isolated through BASTA resistance, and SNO-induced
luciferase activity has been confirmed in one of P-/G: LUC candidate. However, the
homozygous genotype of reporter gene transgenic lines will be required for
subsequent analysis, especially P-3G: LUC transgenic plants. In addition, the in-
house microarray data reflected the different expression pattern of A13g28740 and
Atlg76600 in response to Pst DC3000 (avrB) infection (Figure 5-2). The resulting
analysis of these lines might uncover the role of NO in these pathogen-inducible

transcripts elevation.
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Chapter 6 NO-inducible Zinc Finger Proteins

6.1 Introduction

While identifying the NO-inducible marker genes (Chapter 5) from both publically
available and in-house microarray databases, a number of C2H2 type zinc finer
proteins (ZFPs) were found to be inducible by NO donors (Palmieri et al. 2008,
Ahlfors et al. 2009). ZFPs constitute one of the largest families of transcriptional
regulators (TRs). The ZF domains enable interaction with DNA, RNA, or proteins
(Tuchi 2001, Ciftci-Yilmaz and Mittler 2008). In Arabidopsis, 176 members of
C2H2-type ZFPs were identified, which are mostly plant specific and predicted to
bind DNA (Englbrecht et al. 2004). Several studies have suggested that C2H2 ZFPs
could function as key TRs involved in regulating stress responses of plants (Rizhsky

et al. 2004, Mittler et al. 2006, Eulgem and Somssich 2007, Qureshi et al. 2013)

Transcriptional reprogramming is an important event of signal transduction in plants.
In this context, transcription factors (TFs) and their cofactors are crucial to ensure
initiate gene expression at the right time and place, which allows plants to respond to
different stimuli (Yu et al. 2001). Additionally, in vitro study revealed that S-
nitrosylation of TGA1 might be required for its DNA-binding activity, which might

lead to an impact in plant disease resistance (Lindermayr et al. 2010).

To investigate the role of NO-inducible ZFPs and their possible role in defence
response of plants, several approaches were performed: (1) phenotypes of loss-of
function mutants were characterised to explore the potential role of these proteins in
plant disease resistance. (2) Transgenic Arabidopsis lines expressing green
fluorescent protein (GFP)-tagged ZFPs were generated for visualisation of in vivo

localisation.

In this chapter, the NO-inducible C2H2 ZFPs and their T-DNA insertion knockout
(KO) mutants are identified. Furthermore, due to their genetic tandem duplication,

RNA interference (RNAi) was employed to generate double knockdown Arabidopsis
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lines. Thus, the phenotypes of loss-of-function mutants implied that ZFPs might

function as part of an NO regulatory network that contributes to basal resistance.

In addition to the study of loss of function mutants, the computational model of these
NO-inducible C2H2 ZFPs structures were established, which revealed conserved
putative functional domains. These in silico analysis suggested that the DNA-binding
activity of these proteins might be regulated by S-nitrosylation, and they might
function as repressors involved in the regulation of defence-related transcriptional
reprogramming. To verify such hypothesis, GFP-ZATS cassette was engineered for
subsequent plant transformation. Such transgenic plants might be utilised for

studying protein trans-localisation in transcriptional reprogramming.
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6.2 Results

6.2.1 Identification of NO-inducible C2H2 ZFPs

Following analysis of the microarray data generated by (Palmieri et al. 2008, Ahlfors
et al. 2009), we identified ZATS (At3g46080), ZAT7 (At3g46090) and ZATI2
(4t5g59820) as induced by NO donors. Based on analysis of zinc finger position,
sequence and number of fingers, they were classified into the subclass of C2H2 type
ZFPs (Englbrecht ef al. 2004, Ciftci-Yilmaz and Mittler 2008). Hence, these NO-
inducible C2H2 type ZFPs were selected for subsequent experiments. In addition,
ZATI16 (At3g46070), the tandem duplication of ZATS and ZAT7, was also included

due to potential functional redundancy.

Current studies suggested that ZAT12 is implicated in multiple stress responses and
required for the expression of several abiotic stress-related genes (Rizhsky et al.
2004, Davletova et al. 2005). Alongside, ZAT7 (a distant relative of Zat12) has been
reported to be involved in oxidative stress and salinity tolerance (Rizhsky et al.
2004). In contrast, there is no direct evidence regarding the role of ZATS in stress
responses of plants (Obulareddy et al. 2013). These studies emphasized the
importance of C2H2 ZFPs in stress responses in plants, but the role of these ZFPs in
plant defence response remains unknown, which promotes researches performed
with C2H2 type ZFPs. Our findings reveal not only the function of these proteins in
defence response pathways, but also the mechanisms that regulate their role in signal

transduction.
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6.2.2 Impact of NO-inducible ZFPs in plant disease resistance

6.2.2.1 Identification of loss-of-function mutants

The T-DNA insertion lines of ZAT7, ZATS, ZAT16 and ZAT12 were found in the
TAIR (Table 6-1). SAIL 434 GOS5 (zat7), SM_3 1198 (zat8) and GABI 348H06
(zat12) lines were selected, as the insertions are located in their exons. However, the
insertion site of T-DNA line of ZAT7, SAIL 404 GO03, is located at its five prime
untranslated region (5’ UTR). They were acquired from Nottingham Arabidopsis
Stock Centre (NASC) and genotyped to be homozygous.

The selected T-DNA lines were genotyped by PCR with T-DNA verification primers
and the genomic primers. A large size PCR product (~1000 bp) was amplified with
Col-0 genomic DNA, whereas a small-sized band (~500 bp) was produced with
DNA from homozygous plants and both bands were found in PCR products from
heterozygous plants (Figure 6-1). In addition, the insertion of zat7 has a short repeat
at 5’ end. As a result, two bands (509 bp and 809 bp) were determined in genotyping
in comparison with Col-0 (Figure 6-1C).

In order to experimentally confirm that selected ZFPs are knockouts, RT-PCR was
performed to compare the basal expression of targeted genes in T-DNA mutants and
Col-0 (Figure 6-2). Three determined homozygous plants (*) were selected for from
each line for RT-PCT (Figure 6-2). As a result, the knockout plants were selected

that showed no bands of any targets genes.

107



6. NO-inducible Zinc Finger Proteins

Table 6-1 T-DNA insertion lines of zinc finger proteins.

Gene ID T-DNA lines Loci of Genotype Basal
insertion expression
At3g46070 SAIL 434 GO5 Exon Homozygous  No
zatl6
At3g46080 SM 3 1198 Exon Homozygous No
zat8
At3g46090 SAIL 404 G03 300 UTRS5 Homozygous No
zat7
At5g59820 GABI 348H06 Exon Homozygous  No
zatl2

The insertion of zat16, zat8 and zat12 were located in the exon of targeted genes. However,
there is no exon insertion mutant available for zat7. Thus, the mutant with insertion located
at 300 bp upstream of untranslated region (UTR) has been ordered. All ordered mutants
were confirmed to be homozygous and no basal expression level of target genes in

comparison with Col-0.
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zat16 (SAIL 434 GO5) Col-0

* -

zat8 (SM_3_1198) Col-0

zat7 (SAIL_404 GO03) Col-0

- zatl2 (GABI_348H06) Col-0

Figure 6-1 Genotyping of zat7, zat8, zat16 and zat12.

The genotyping PCR was carried out with three primers. The gene specific genomic primers
pair is only functioning in Col-0 and heterozygous. The T-DNA left border primer reveals the
genotype of heterozygous or homozygous. Homozygous (*) plants were selected for RT-
PCR.
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Figure 6-2 Confirmation of knockout mutants by RT-PCR

A. Expression levels of ZAT16 transcripts in zat16 mutant in comparison with Col-0. B. ZAT8
transcript level in zat8 plants relative to Col-0. C. Expression level of ZAT7 in zat7 mutant
relative to Col-0. D. Expression levels of ZAT12 in zat12 mutant and Col-0. ACT2 was used

as a loading control. The RT-PCR was optimized for 22 cycles.

6.2.2.2 Generation of zat7zat8 double knockdown mutant

Recent study of C2H2 ZFP family suggested that zat7 and zat8 might be the result of
recent gene duplication (Ciftci-Yilmaz and Mittler 2008). Hence, zat7 zat8 double
mutant was engineered because of potential functional redundancy. In consideration
of their tandem location, it would be difficult to generate a double mutant by crossing
the T-DNA insertion mutants. As a result, a double knockdown mutant zat7zat8 was
established by RNAi. The sense and anti-sense fragments were therefore designed to
100% matched with both ZAT7 and ZATS so that RNAi would disrupt translation of
both genes.

The CDS of ZATS and ZAT77 were obtained from TAIR. By aligning two CDS, a
100 bp sequence of ZATS was selected as the sense fragment, which is also found in
ZAT7 with 98% sequence similarity. The complementary sequence was amplified to
be antisense fragments, and additional 200 bp downstream region was selected as

hairpin intron (Figure 6-3). The RNAi construct was established as described as in
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2.1.1.2. By employing Agrobacterium floral dipping, the RNAi construct was
delivered and integrated into Col-0 genome. The harvested seeds were then sowed on
agar plates with Kan selection. The seeds were collected from each F1 individual
candidate and grown into F2 progeny plants, which were then further verified by RT-
PCR (Figure 6-4).

It has been known that expression of ZAT7 and ZATS is promoted by NO donor
(Ahlfors et al. 2009). In Figure 6-4, rnai candidates and Col-0 were infiltrated with
0.5mM GSNO as a NO donor. The leaf samples were collected at 0 and 3 hpi for RT-
PCR. In comparison with Col-0, there are no visible basal transcriptions of ZATS in
all candidate plants; after GSNO-induction, there are no visible bands of ZATS
transcript in tested lines except rnai-1 plant. Meanwhile, both basal and GSNO-
inducible transcripts of ZAT7 were reduced in rnai-3 plants. Therefore, rnai-3 line

was deemed to be zat7 zat8 double knockdown mutant and selected for subsequent

susceptibility test.
ZAT7 1 ATGGTT: GA AATTGTGA' AGAAGATACGACTGCGAAATGTTTGATGTTGTTATCAAGA 75
ZATS 1 ATGGT GAGA A —--AGATACGGCGGCGAAATGTTTGATGTTGTTATCAAGA 72
cons 1 Fkkkokokokokokokok *  kkk * dede gk e ok ok o ok vk ok o o ok ok o e ok ok o ok o ok ok o o ok ok ok ke ok 75
ZAT7 76 GTC GAATGCGGCGGCGGCTGC AACGTGTTTTCCGATGCAAGACTTGTCTTAAAGAGTTCTCA 150
ZATS 73 GTT ATGCGGC! - AAC 'TTTCCGATGCAAGACTTGTCTTAAAGAGTTTTCG 141
cons TE *k hkkkhkhkkkkhkhkkkok Kk KhkAAK  HAAR AR A A AR A AN A AN A AN A AANANAAANANAAANNRN  WR 150
ZAT7 151 TCGTTTCAAGCTTT TCATCGTGCAAGCCACAAGAAACTTATCAACAGTGACAATCCATCACTTCTTGGA 225
74T8 142 TCGTTTCAAGCTTTGGGAGGTCATCGTGCAAGCCACAAGAAACTCATTAACAGTAGCGATCCATCACTTCTTGGA 216
cons 151 **x dek ek ok koo ok d o o o e ke ok e o e ok ok ok ok ok ok e ok 225
ZAT7 226 TCCTTGTCCAACAAGAAAACTAAAAC--—-——- GTCTCATCCTTGTCCGATATGTGGAGTGAAGTTTCCGATGGGA 294
7ATS 217 TCCTTGTCTMCAAGAAAACTAAAACGGCGAL&L CTCATCCTTGTCCGATA! GGAGTTTCCGATGGGG 291
cons 226 ** sk dedede e sk sk ok ok e e e ke ok ok 300

ZAT7 295 CAAGCTCTTGGTGGTCACATGAGGAGACATAGGAACGAGAAAGTCT---CAGGCTCGTTGGTTACACGTTCTTTT 366
ZATS 292 CAAGCTCTTGGTGGTCACATGAGGAGACATAGGAGTGAGAAAGCCTCACCAGGCACGTTGGTTACACGTTCTTTT 366

cons 301 ** * ko dkkkk hkkkhkkkkhkkhkkkkkkkkkk 375

ZAT7 367 CTACCGGAGACGACGACGGTGACGGCTTTGAAGAAATTTAGTAGTGGGAAGAGAGTGGCTTGTTTGGATTTGGAC 441
7ZAT8 367 TTACCGGAGACGACGAC GACTTTGAAAAAATC AGAGAGTGGCTTGTT--—--—— TGGAC 435

cons 376 KKK KKRRAKRKRAKRKKKKRRKRAAKK, KRR RAAK hkkk AR AR AR AR AR AR AR hkk kA ARk hkk *hkkkk 450

ZAT7 442 TTAGATTCGATGGAGAGTTTGGTCAATTG AGAACGATTTCTTGGAGTTAA 507
ZATS 436 '.l‘TAGATTCGATGGAGAGT'1‘TAGTCAATTGGAAGTTGGAGTTGGGAAGAACGATTTCTTG —————— A 495

cons 451 ** deoke ke * 516

Figure 6-3 CDS alignment of zat7 and zat8.

The alignment was carried out by clustarX, and the consensus was indicated as *. The
sequence that underlined in red was selected to be the sense fragment. The underlined
sequence in blue was selected to be antisense fragment (complementary sequence of sense

fragment) and hairpin intron.
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rnai transgenic plants(zat7 zat8) Control plant (Col-0)
1 2 3 4 1 2 3 4
0.5mM GSNO — — — —_ + + + + —_ 4+
ZATS
ZAT7 -

N e S S5, . A A -

Figure 6-4 Confirmation of zat7 zat8 double knockdown mutants.

The basal and GSNO-induced accumulations of ZAT8 and ZAT7 transcripts were
determined by RT-PCR in 4 tested individual rnai lines and Col-0. ACT2 was used as a
loading control. The RT-PCR was optimized for 22 cycles.

6.2.2.3 ZAT8 might be required for tolerance of nitrosative stress

In order to study the role of ZATS in NO signalling, zat8 plants were grown in agar
plates with the supplement of NO donor. The Col-0 and atgsnori-3 seeds were used
as positive and negative controls, respectively. There were 30 seeds of each line
sowed on each LB agar plate containing 1.5 mM GSNO, and three plates for each
line (Figure 6-5). While 96% of Col-0 seeds germinated, less than half seeds of zat§
germinated with GSNO supplement.

S-Nitroso-cysteine (Cys-NO) is the product of reaction between Cysteine (Cys) and
GSNO and is used as an NO donor as an alternative to GSNO. The experiment
procedure was repeated on plates supplied with 2 mM Cys-NO (Figure 6-5). The
germination frequency of zat§ was reduced to half when compared to Col-0.
Consequently, the results demonstrated that Zat8 might function in the response

against nitrosative stress.

Interestingly, the germination frequencies of atgsnori-3 and zat8 plants are very
similar on GSNO, which is 43% of zat§ compared to 33% for atgsnori-3 mutant and
no statistical difference (P, 0.248). Although, the germination frequencies are also

similar on Cys-NO plates, 50% (zat8) compared to 38% (atgsnori-3), statistical
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analysis indicated that the difference is significant at P, 0.0365. Thus increased
nitrosative susceptibility in zat§ plants might be due to the impaired GSNOR

activity.

 Col-0
B argsnorl-3
= zat8

1.29

Seedling Development Frequency

Two-Way ANOVA

Tukey's multiple comparisons test

Un treated 1.5mM GSNO 2mM Cyc-NO
Significant P-value Significant P-value Significant P-value
Col-0 & atgsnorl-3 ns 0.7234 HrHE <0.0001 HHEH <0.0001
Col-0 & zat8 ns 0.5893 HrEE <0.0001 ol 0.0001
atgsnorl-3 & zat8 ns 0.9734 ns 0.248 * 0.0365

P-values above are multiplicity adjusted P values. The threshold of family-wise significant is set at 0.05.

Figure 6-5 Seedling development frequency of stated lines +/- NO donor.

Percentage germination of Col-0, atgsnor1-3 and zat8 after 6 days on LB agar plates

supplemented with 1.5 mM GSNO and 2 mM Cys-NO. The plates were maintained in a dark

room at 22 °C for 6 days.
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6.2.2.4 NO-inducible ZFPs might be required for basal resistance

To study the possible impact of these zinc fingers in defence regulation, Pst DC3000
suspensions were inoculated in 4-weeks old Col-0, atgsnori-3, zat7, zat8, zat16, and
zatl2 plants, as well as the zat7 za8 double mutant. Leaf extracts were collected at 5
dpi. The extracts were then spread on agar plates for quantification of bacterial
growth in the stated lines. The number of bacterial colonies were recorded after 3
days. Pathogen susceptibilities of Arabidopsis genotypes were present in Figure 6-6,

there is no significant difference between two genotypes labelled with same letter.

Although the protein function analysis suggested that these NO-induced ZFPs might
function redundantly, zat§ showed enhanced susceptibility relative to zat7 and the
difference was statistically significant (P, 0.0001). A similar result was determined
between zat8§ and zatl16. In addition, statistical analysis demonstrated no significant
difference among zat7, zat16 and Col-0 (P, 0.078). Furthermore, zat7 zat8 double
transgenic plants exhibited similar level of bacterial titre relative to zat8, which
showed no statistical difference (P, 0.772) in between. The findings suggested that
ZAT 7 and ZAT16 might be function redundant; however, ZAT8 might be epistatic to
ZAT7 and ZAT16 to regulate defence response.

The increased bacterial growth was identified in zat/2 plants relative to Col-0, and
difference in between is statistically significant (P, 0.0001). Interestingly, there is no
significant difference (P, 0.095) detected between zat/2 and zat7. The same result
was also demonstrated between zat/2 and zatl6. In addition, zatl2 exhibited similar
susceptibility compared to zat8§ (P, 0.518). Therefore, one possible hypothesis is that
Zat8 is epistatic to ZAT12, which is subsequently epistatic to ZAT7 and ZAT16 in

basal resistance.
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P-values above are multiplicity adjusted P values. The threshold of family-wise significant is set at 0.05.

ANOVA Tukey's multiple comparisons test

Significant ns ns ns ns ns
P- value 0.078 | 0.095 [ 0.518 | 0.772 | 0.653
Col-0 a
zat7 a b
zatl6 a b
zatl2 b
zat8 c d
zat7 zat8 d
atgsnorl-3

Figure 6-6 Pathogenicity test in stated lines upon treatment of Pst DC3000.

Number of colonies recorded upon 5 dpi towards Pst DC3000 at 1 x 10° cfu/ml. Col-0 and
atgsnor1-3 are WT resistant and susceptible controls, respectively. The Data represented

the average of 3 replicates + S.E.

115



6. NO-inducible Zinc Finger Proteins

6.2.3 Functional characterisation of NO-inducible ZFPs

6.2.3.1 Sequence alignment and conserved domains

In order to identify the potential functional domains, the amino acid sequence of
these ZFPs was aligned using ClustalX (Figure 6-7). It revealed a high consensus
sequence among these 4 ZFPs. Multiple invariant sequences were also determined in
two zinc fingers. The specific DNA binding sequence [QALGGH] has been found in
both first and second finger of these selected proteins (Kubo et al. 1998). A
conserved domain LD"/gDLN was revealed at the C terminus of these ZFPs. This
conserved domain has been identified to be the core sequence of the EAR motif
(Ciftci-Yilmaz et al. 2007). Furthermore, there are 6 Cys residuals found in the
conserved domains with 4 of them found in the finger sequence, one in an invariant
sequence at the N terminus, and another within the EAR motif at the C terminus.
Therefore, the function of these NO-induced ZFPs might be regulated by S-
nitrosylation. In addition, they might also function as transcription repressors through

EAR motif.
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l l First zinc finger

at3g46080/1-164 1 MMIARBIEEV E | v ED- AR K EIMPESR VEECGG- - GGEK RCKTCLKEFS KKL INsspp 68
at3g46090/1-168 1 MMARSIEE IV IVEEDTTAKELMLLSRVGECGGGCGGDE RCKTCLKEFS KKLINSDNP 71
at3g46070/1-170 1 MVMAESDNRDLTVD SELMLLSG I GEHDG- - - RKK REKTCERDIFD SKLTNSDDK 67
at5g59820/1-162 1 MMA1S-E1KSTVDVIFAANCLEMLLSRVGQ ENVDGGDQK TEKTCLKQEH KKlP NND--- 67

A V

MVARSEE |- |++D-TAAKCLMLLSRVGECGG--GG-KRVFRCKTCLKEFSSFQALGGHRASHKKL INSDDP
SEKASP - - - GTIIVTR S F LPET TV TIERK 134

l l Second zinc finger
PCPICGVE
P VK NEKVS----GSLVTRSFLPETTTVTA 134
T LE N T
P VE N i

KEREKASNV HSFEMPETT 138
SLLGSLS+K--KTKTTTSHPCPICGVEFPMGQALGGHMRRHRNEK-S----G-LVTRSFLPETTTVTTLKK

Consensus

at3g46080/1-164 69 SLGSLSNR- - KTKTATS
at3g46090/1-168 72 siLGSLSNi——KTK——Ts

at3g46070/1-170 68 SEPGSPKKKPKTTTTTT
at5g59820/1-162 68 AIES SGLMKK - - - - VKTS§|

SGAAG--GA RALL P- 131

Consensus

Ir EAR

LD- - [SMES L VNWKINEGERT | s - - 164
LDLD|SMES LVNWKLELGRT | SWS 168
FDLT[SVESFVNTELELGRTMY - - 170
USLGMVDN- LNLKILELGRTVY - - 162

at3g46080/1-164 135S
at3g46090/1-168 135 F
at3g46070/1-170 139 S
at5g59820/1-162 132 S

\ .

SSSGKRVACLDLDL-S+ESLVNWKLELGRT I +--

Consensus I

Figure 6-7 Alignments of protein sequences of ZATS8, ZAT7, ZAT16 and ZAT12.

Consensus sequence was found among 4 selected ZFPs. The colour represents the degree
of conservation. Conserved sequences and invariant specific DNA binding sequences
(QALGGH) are located in two zinc finger domains. The core sequence of EAR motif
[L/FDLNL/F (x)] is found at the C terminus.

6.2.3.2 Secondary structures of ZFPs

The secondary structures of ZATS8, ZAT7, ZAT12 and ZAT16 were predicted in I-
TASSER online server of protein structure and function predictions, which the 3D
models were built on multiple threading alignments and iterative template fragment
stimulations (Roy et al. 2010). The secondary structure of ZAT8 contains a helix
loop (Figure 6-8A and B). The DNA binding sequences present on the fingers is
found at the inner surface of the helix (Figure 6-8A). In contrast, the Cys residuals on
the fingers are exposed outside of the helix (Figure 6-8B). The EAR domain is
located at the end of C-terminal (Figure 6-8B). However, the Cys at the head of EAR
domain is only found at the inner side of the helix. The similar features are also
determined in secondary structures of ZAT7, ZATI12 and ZAT16. This model

suggested that these ZFPs might function in transcriptional regulation as the helix
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structure might facilitate the contact with DNA double helix. Moreover, the Cys
residuals that located on two fingers and EAR domain might interfere the DNA-

binding activity and repression activity through S-nitrosylation.

N terminus

DNA binding sequence

DNA bindi
DNA binding sequence 1AINg sequetice

Cystetne Cysteine

EAR motif
—_—

~

C terminus

Figure 6-8 Predicted secondary structure of ZAT8S.

A. Specific DNA binding sequence is located at the inner surface of Zinc finger domains. B.
Location of EAR motif. Zinc finger domains are highlighted in green. The specific DNA
binding sequences are labelled in yellow. Red indicates the location of Cysteine residues.

The EAR motif core sequence is coloured in dark blue.
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6.2.3.3 Localization assay of ZATS8

As shown above, ZAT8 might function as a transcription repressor. Hence, the
subcellular localization of ZAT might be in the nucleus. GFP is a convenient marker
used to visualize the in vivo localization of target proteins. It emits bright green
fluorescence when exposed under the light with wavelength between blue and
ultraviolet range (Sheen ef al. 1995). Hence, a GFP coding sequence was fused with
ZATS and transiently expressed in tobacco leaves. Expectedly, GFP-ZATS8 located in
the nucleus (Figure 6-9).

GFP-ZAT8

Figure 6-9 Localization of GFP-Zat8 in tobacco leaves after 4 days infiltration

GFP (middle) indicated expression of 35S: GFP in cell wall and nucleus. GFP (right) showed

localization of GFP-ZATS8 in nucleus.
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6.3 Discussion

The recent evidence has implied a C2H2 Zinc finger TF (Fzfl) as a regulator of
nitrosative stress in S. cerevisiae (Sarver and DeRisi 2005). In addition, a yeast
specific zinc cluster protein, CTA4, has been shown to control the responses to NO
in C. albicans (Chiranand et al. 2008). The NO sensitivity test indicated that ZATS
might be required for tolerance of nitrosative stress in Arabidopsis. Interestingly,
zat8 mutant exhibits nitrosative susceptibility relative to Col-0, to a level similar to
that of atgsnori-3 plants (Figure 6-5). To investigate whether enhanced nitrosative
susceptibility in zat8 plants is GSNOR-related, the transcripts level and activity of
GSNOR could be examined in a zat8 mutant background. In addition, the expression

level of ZATS would be examined in the azgsnori-3 mutant.

In response to Pst DC3000, loss of function Arabidopsis plants exhibited enhanced
susceptibilities in comparison with Col-0 (Figure 6-6). ZAT7 and ZAT12 positively
regulate cytosolic ascorbate peroxidase 1 (Apx1) expression, a key H,O, removal
enzyme, during oxidative stress (Rizhsky ef al. 2004). Moreover, the expression of
luciferase, which is driven by ZATI2 native promoter, was largely delayed and
repressed in an rbohD mutant compared to Col-0 in response to a wound-induced
ROS signal (Miller et al. 2009). This suggests that the rbohD-produced ROS might
trigger the expression of ZAT12. Hence, it is possible that ZAT12 might be required
to limit the ROS-potentiated cell death. Therefore, it is possible that these T-DNA
insertion mutants are susceptible to Pst DC3000 due to the extended ROS induction.
However, to confirm this hypothesis and further understand the role of ZFPs in
defence response, full characterisation of mutant plants will be required, including
ROS accumulation, HR development, SA accumulation, R-gene related disease

resistance and disease-related gene transcription.

The protein sequence alignment and secondary structure of ZAT7, ZAT8 and ZAT16
suggested that they might be functionally redundant (Englbrecht et al. 2004).
However, the pathogenicity test result indicates that only ZAT7 and ZAT16 might be
functionally redundant. Previous study proposed that ZATI12 might function

upstream of ZAT7, which is a possible explanation to this phenomenon, because zat7
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zat§ plants exhibited increased bacteria titre compared to zat7, zat16 and zatl2 single
mutants, but as similar to zat8 plants. Thus, ZAT8 might be epistatic to ZATI12,
subsequently epistatic to ZAT7 and ZAT16. It will be necessary to determine the
expression pattern of other NO-induced ZFPs in zat§ mutant. In addition,
electrophoresis mobility shift assay (EMSA) could be employed to examine the
binding activity of ZAT8 on promoter regions of ZAT7, ZAT16 and ZAT12.

In silico analysis indicated that ZAT7, ZATS, ZAT16 and ZAT12 contain specific
DNA-binding sequence “QALGGH” located on their C2H2 zinc fingers, which is the
classic feature of TF IIIA type C2H2 ZFPs (Miller et al. 1985, Kubo et al. 1998).
Therefore, these proteins could function as DNA binding proteins and are considered
to be potential TFs, which might have an impact on NO-mediated transcriptional
reprogramming. Moreover, the alignment of protein sequences revealed a core
sequence of EAR motif located at C-terminal of ZFPs (Figure 6-7). The EAR motif
is an active repression motif identified in a number of ZFPs with repression activity

(Ohta et al. 2001).

Furthermore, the predicted protein structure implied that these NO-inducible ZFPs
might function as repressors in transcriptional regulation. The helical structure of
selected ZFPs mirrors the DNA double helix facilitates the contact with the DNA-
binding sequences located at the inner surface of the two fingers (Figure 6-8). This
putative structure suggested that these ZFPs might negatively regulate transcription

initiation (HannaRose and Hansen 1996).

ZFPs are rich in Cys. In particular, two Cys residuals on the zinc fingers show a
surface presentation in the protein residues model. This might promote S-
nitrosylation, which leads to changes in structure and activity. Thus, the GST fusion
protein in vitro expression system will be employed to express GST-ZATS in E. coli.
The purified recombinant Zat8 could be used in biotin-switch for protein S-
nitrosylation assay. Alongside, the transgenic line expressing GFP-ZATS was
generated to visualise its localisation in vivo. As expected, GFP-ZATS8 was detected
in nucleus, which suggested that function of ZAT8 might be involved in
transcriptional reprogramming. In addition, a recent study revealed that ZATS

transcripts were isolated in the transcriptome of guard cells by deep sequencing, and
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might be involved in biotic stress (Obulareddy ef al. 2013). Hence, ZATS8 might be

also involved in regulation of stomata closure during response to pathogen attack.

The further analysis of these lines might identify a role as NO-modified
transcriptional factors for these regulatory proteins, contributing to the understanding

of NO-regulated transcriptional reprogramming during host-pathogen interaction.
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Chapter 7 General discussion

In this concluding chapter, I aim to integrate the current understanding of nox/ and
atgsnorl-3 nox] mutants in disease resistance. In addition, the forward genetic
strategy is presented using an NO-reporter system to identify the mutations, which
disrupt NO perception. Finally, the implications of selected ZFPs in NO-induced

transcriptional reprogramming can be hypothesised.

7.1 NO and GSNO function additively in the plant defence response

NO is a key signalling molecule implicated in plant development and defence
responses (Delledonne et al. 1998, Durner et al. 1998, He et al. 2004, Zeidler et al.
2004). Because of the proposed diverse and abundant sources of NO in plants, it
might be necessary to regulate the level and bioactivity of NO (Moreau et al. 2010,
Yu et al. 2014). GSNO provides a reservoir of NO bioactivity that is central to NO
signal transduction. Evidence indicated that GSNOR regulates GSNO and SNO
level, and its activity is required for the defence response but this enzyme does not
control NO levels in plants (Liu ez al. 2001, Feechan et al. 2005). Thus, the defence-
related phenotypes of nox/ and atgsnori-3 noxI mutants are the key interest in this

study.

Our findings suggest that the nox/ mutant exhibits compromised R-gene mediated
resistance, including extend HR cell death and enhanced pathogen susceptibility in
response to Pst DC3000 (avrB) and Pst DC3000 (avrRPS4). These phenotypes are
also shown in atgsnori-3 plants. In addition, the intercellular SNO level was also
increased in nox/ plants in response to Pst DC3000 (avrB). Herein, it is reasonable to
presume that the compromised R-gene mediated resistance in nox/ plants is due to
the increased GSNO production. Firstly, the activity of NADPH oxidase is supressed
through S-nitrosylation in both nox/ and atgsnori-3 plants (Yun ef al. 2011). A
NADPH-independent pathway promotes the HR development in both nox/ and

atgsnorl-3 mutants. In addition, GSNOR is a metalloenzyme that binds zinc and
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contains 15 Cys residues. It is possible that GSNOR activity is regulated by S-

nitrosylation.

Moreover, noxI plants show repressed basal resistance, which has similar disease
symptoms and growth level of Pst DC3000 as these found in atgsnori-3 plants. The
NPR1 monomers are thought to be important for basal resistance, but the NPR1
monomerization shift in nox/ plants is reduced in response to SA treatment
compared to Col-0 (Yun and Loake, unpublished). Therefore, the reduced NPR1

monomerization might be associated with the enhanced susceptibility in nox/ plants.

It is possible that the increased GSNO promotes disease susceptibilities in nox/
plants. However, atgsnorl-3 noxI mutant shows greater HR development and
pathogen susceptibility than its parental plants. Thus, NO and GSNO might
additively function to manipulate the host defence, but GSNO plays a predominant

role.

GSNOR is highly specific for the metabolism of GNSO that lacks the specificity to
fine-turn the NO signalling. S-nitrosylation specifically targets protein metal or
critical Cys residues. Therefore, in addition to GSNOR, an enzyme might function on
specific S-nitrosylated Cys or metal residues (Foster et al. 2009). In summary, NO

might use a distinct pathway to regulate the plant defence response.
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7.2 Genetic screening for mutants integral NO recognition

NO signal transduction is well studied in mammals, which initiates cGMP dependent
signalling pathway and an alternative pathway through S-nitrosylation (Foster ef al.
2003, Yamasaki 2010). However, there are no genes identified to encode NOS in
high plants (Foresi et al. 2010, Moreau et al. 2010). Furthermore, no NO-dependent
sGC are identified to be responsible for cGMP production (Ludidi and Gehring 2003,
Kwezi et al. 2007). Hence, identification of key genes involved in NO perception
could uncover the molecular machinery underpinning NO signal transduction. For
this purpose, forward genetic approaches have been employed in plants to genetically

dissect S(NO) signalling.

Forward genetics could be used to identify genes integral to NO recognition. Herein,
At3g28740 and At1g76600 were identified to be NO inducible, and transgenic lines
containing the NO-reporter cassettes were established in this study. Further work is
to induce heritable mutants of non-allelic suppressor and/or enhancer mutations by
ethyl methane sulfonate (EMS) treatment. The seeds from NO-reporter lines will be
subjected to mutagenesis, and subsequently two distinct genetic screens will be
approached to isolate candidate plants that have abnormal NO recognition ability,
including failure to respond to NO and constitutive expression of NO-marker genes
in the absence of NO. Furthermore, the mutations will be identified by next
generation sequencing to locate the mutation sites in the genome, which corresponds

to the loss and gain of NO perception ability.

In mammalians, NOS/sGC/cGMP mediated NO production and signal transduction
is intensively studied, which involves in metal nitration (Moreau et al. 2010,
Yamasaki 2010). In plants, several possible resources, oxidative or reductive
mechanisms, have been proposed responsible for NO production (Durner et al. 1998,
Modolo et al. 2005, Rumer et al. 2009, Foresi et al. 2010). However, to date, the
routes of NO biosynthesis in plants have not been well described. In addition, the
enzyme that structurally related NOS has not been identified in higher plants. The
earlier study suggests that an additional enzyme might regulate specific S-

nitrosylated proteins, or protein metal-nitrosylation to fine-turn NO bioactivity.
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Accordingly, genetic screens in Arabidopsis mutants integral NO recognition might

be informative to understanding of NO generating mechanisms.
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7.3 Potential key genes involved in NO signalling

Putative transcriptional factors (TFs) ZAT7, ZATS and ZAT12 might be involved in
the regulatory mechanism of NO signalling in plants. Evidence indicated that the
expression of these genes is up regulated by exogenous NO donor (Palmieri et al.
2008, Ahlfors et al. 2009) and considered as the result of gene duplication (Ciftci-
Yilmaz and Mittler 2008). Moreover, both ZAT7 and ZAT12 have been potentially

shown to be involved in oxidative response (Rizhsky et al. 2004).

Here, we report that growth of zat8 plants is repressed by different NO donors. Thus,
ZATS might be important to protect against nitrosative stress. The zinc finger TF
mediated induction of nitrosative stress response has been demonstrated in yeast
(Chiranand et al. 2008). GSNOR is critical for establishment of resistance against
nitrosative stress. Hence, the experiment of determining transcript level and activity
of GSNOR will be carried out in zat8§ plants, which might ultimately influence the

nitrosative response.

In this study, zat7, zat§ and zatl2 plants show strong disease susceptibility to Pst
DC3000, which implies that they might positively regulate NO-induced basal
resistance. Following the analysis of protein secondary structures, EAR domain was
found in ZAT7, ZAT8 and ZATI12. Several EAR motif-containing proteins have
been reported to function as repressors (Kagale and Rozwadowski 2011). The EAR
motif is required for interaction between ZAT7 and WRKY70, in which WRKY70
confers enhanced expression of SA-induced PR/ to increase the resistance to virulent
pathogen (Li et al. 2004, Ciftci-Yilmaz et al. 2007). It is possible that these ZFPs
might interact with defence regulators to positively regulate host defence. In
addition, ZAT12-deficient mutant failed to enhance the expression of WRKY25
during oxidative stress (Rizhsky et al. 2004). Evidence suggested that WRKY25 is
involved in both pathogen growth and disease symptom development and its
induction can be altered by both SA treatment and pathogen infection in Col-0 plants
(Rizhsky et al. 2004, Zheng et al. 2007). Therefore, it is reasonable to speculate that
these ZFPs repress the transcriptional initiation of repressors of NO-related defence

response.
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Analysis of protein function and structure suggested that ZAT7 and ZAT8 might
function redundantly. Surprisingly, both zat7 and zat§8 single mutants showed
enhanced pathogen growth in response to Pst DC3000, which repudiate the previous
hypothesis. Because ZAT7 has been reported to be involved in H,O,-induced
oxidative stress (Rizhsky et al. 2004). Therefore, it is possible that ZAT7 and ZATS
might function in R-gene mediated resistance and basal resistance, respectively.
However, to verify this hypothesis, further characterisation of zat7, zat§8 and zat7

zat§ plants against various pathogens will need to be carried out.

An in vitro study suggested that S-nitrosylation influences the structure and DNA
binding activity of an Arabidopsis TF AtMYB30, which might subsequently regulate
the defence responce (Tavares et al. 2014). Herein, it could be worth determining
whether S-nitrosylation regulates the activity of these NO-induced ZFPs. In addition,
in silico analysis suggests that ZAT8 promoter region contains the binding sites of
C,H, ZFTF, it implies that expression of ZAT8 might be autoregulatory. Moreover,
there are several defence-related TFs are predicted to interact with promoters of these
putative ZFTFs, such as WRKY 33, WRKY 18 and WRKY48. Hence, biotin-switch
and electrophoresis mobility shift assay (EMSA) will help to understand the binding
activity of ZATS8 and the effect by S-nitrosylation. In the meantime, characterisation
of zat7, zat8, zat12 and zat7 zat8 double mutants is required. These data may provide
evidence to elucidate the potential mechanisms for NO-mediated transcriptional

reprogramming in the plant defence response.
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7.4 Conclusion

S-nitrosylation is the major route of NO signal transduction, which has emerged as
one of the most important post-translational modifications in plant defence
responses. The results reported here show that high NO levels might compromise
plant defence responses by promoting S-nitrosylation of proteins. This finding has
supported the study of NO-mediated negative feedback loop that restricts HR
development by inhibiting reactive oxygen species (ROS) production through
NAPDH oxidase (RbohD) S-nitrosylation (Yun et al. 2011).

GSNO is thought to be an endogenous NO reservoir in plants that contributes to the
equilibrium of protein S-nitrosylation and de-S-nitrosylation. In yeast, NO-dependent
but GSNO-independent protein modification has been demonstrated previously
(Foster et al. 2009). This project has shown a similar finding in plants that a NO-
signalling pathway exists in addition to a GSNO-dependent pathway. Hence, NO and

GSNO might have additive functions in disease resistance.

NO synthesis and associated signal transduction have been well described in
mammals. However, a NOS-like enzyme for NO production remains elusive in
plants. In addition, there is no current evidence for an NO-regulated, soluble guanyl
cyclase (sGC). Hence, whether 3,5-cyclic guanosine monophosphate (cGMP) serves
as secondary messenger of NO signal transduction in plants is questionable. In this
study, generation of an NO-reporter Arabidopsis plants has provided a platform to
identify genes that might involve in NO perception, which will help to understand

the initial NO signalling pathway in plants.

S-nitrosylation of nuclear proteins might play a role in the regulation of transcription
in plants. For example, the Zinc-finger (ZF) motif found in ZF transcriptional factors
(ZnTFs) is rich in cysteines and is also sensitive to S-nitrosylation, which makes this
TF class a target of redox-mediated regulation. In mammals, several ZnTFs that
function in neuronal physiology are reported to be S-nitrosylated and participate in
NO-mediated gene expression (Matthews et al. 1996, Riccio et al. 2006, Nott and
Riccio 2009). This project has identified several putative ZnTFs in Arabidopsis
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which are strongly induced by NO and might function in basal resistance in response
to Pst DC3000. In-depth analysis of these NO-inducible ZnTFs in disease resistance
may provide insights into the regulation of the plant immune system through NO-

mediated transcriptional regulation.

Due to time constraints, some key experiments have not been undertaken. For
instance, studies of dynamical changes in the SA-mediated defence pathway in nox/
and atgsnorl-3 nox1 double mutants will help to understand crosstalk of NO and SA
signals in the modulation of the defence response. The study of transgenic plants
expressing Flag-tagged ZnTFs will provide in vivo evidence to demonstrate the
impacts of S-nitrosylation of TFs in the regulation of the defence response. In
addition, mutant screen on NO-reporter lines and characterisation might lead to

identification of proteins that regulate NO level.

In summary, a model of NO-signalling transduction in plant immunity is shown
below. This project has provided a series of platforms to dissect the NO signalling
network in the plants defence response. These findings might help discover
additional NO signalling components and contribute to our understanding of how NO
signalling is initiated, transduced and translated into downstream defence responses

in plants.

130



7. General discussion

Pathogen

([

NOl +—— sno |

"=
SA T GSNOR

S- mtrosy[atlon
SABP3 /

RbohD

'~. Zat12
NPR* : .
NPR1 I NPR1 : 2 $
: W \pR1 o il 4
: - 2 Zaft? Za.t1 6
v v
-‘ H lmmune‘ repressor

NPR1
GA SA-dependent gene expression H

¥4 Pathogen-induced cell death

+
Immune response

Figure 7-1 Model of NO-signalling in plant immunity.

Pathogen perception results in NO production. lts bioactivity is transduced through S-
nitrosylation of rare highly reactive Cys residues of protein. The cellular S-nitrosylation levels
are controlled by both GSNOR-dependent and GSNOR-independent pathways. ROI burst
through RbohD leads to the development of cell death. S(NO) might block RboHD activity by
S-nitrosylation and regulate cell death via an unknown pathway after reaching a critical
threshold level. Pathogen recognition also triggers SA accumulation, resulting in activation of
SABP3 and conversion of NPR1 monomeric from oligomeric. Monomeric NPR1 is
translocated into nucleus and binds TGA1 to express SA-dependent defence genes, which
enables immune response. However, S-nitrosylation negatively regulates SABP3 activity and
promotes NPR1 oligomeric, which limits immune response. ZAT8 expression is triggered by
NO accumulation, and subsequently activates expression of ZAT12, ZAT7 and Zat16. These
proteins then repress the expression of immune repressors and result in pathogen-induced
cell death and immune response. However, the activities of these proteins might be blunt by

S-nitrosylation, which enables the expression of immune repressors.
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