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ABSTRACT

The air pollutant ozone (O3) enters plant leaves through stomata and activates
apolastic reactive oxygen species (ROS) signaling. Depending on growth
conditions and genotype, this results in large transcriptional reprogramming,
closure of stomatal pores and activation of cell death programs. These responses
are also regulated through plant stress hormones. This thesis sheds light on how
stress hormone signaling is connected with apoplastic ROS signaling in the
model plant Arabidopsis thaliana, and investigates regulatory mechanisms which
generate specificity among sequence-specific transcription factors (TFs), the
executers of apoplastic ROS -induced transcriptional reprogramming.
The essential methods of the thesis include O3 exposures of Arabidopsis wild
type and mutant plants followed by quantification of cell death and
characterization of transcriptional responses supplemented with several protein-
level analyses of selected WRKY family TFs. The O3-induced cell death was
found to be inhibited by plant hormone salicylic acid, and genes RESPIRATORY
BURST OXIDASE HOMOLOG F (RBOHF) and WRKY70 were found to be
required for O3-induced cell death in jasmonic acid insensitive genetic
background. Even though stress hormones were verified to play important roles
in the regulation of cell death, the transcriptional response to apoplastic ROS in
a hormone deficient/insensitive mutant was highly similar to wild type, suggesting
that much of the signaling involved is independent of the studied hormones
jasmonic acid, salicylic acid, and ethylene. The potential major executers of
transcriptional response to apoplastic ROS, WRKY family TFs, were studied for
their transcriptional regulation, DNA-binding preferences, protein-protein
interactions, subcellular localization, and effects on transcriptome. The results
showed that the DNA-binding preferences of WRKYs vary substantially between
phylogenetic groups, implying that the specificity in signaling between different
WRKYs can be partly achieved through DNA binding preferences. Transcriptomic
analyses of mutants with altered expression levels of the strongly ROS-inducible
WRKY75 implicate this TF as a positive regulator of well-known pathogen-
responsive genes, such as PATHOGENESIS-RELATED GENE 1 (PR1) and
PATHOGENESIS-RELATED GENE 2 (PR2), and as a negative regulator of
several hormone signaling pathways and TFs.
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1. INTRODUCTION

1.1  APOPLASTIC ROS SIGNALING IN ARABIDOPSIS
THALIANA

1.1.1 ROOTS OF ROS SIGNALING
Oxygenic photosynthesis of mainly cyanobacterial origin began to elevate
atmospheric oxygen levels leading to the Great oxygenation event (GOE) about
2.3 billion years ago, possibly causing one of the greatest mass extinctions of all
time [1]. Ever since GOE, there has been a pressure for most organisms to shield
their biomolecules, such as nucleic acids and proteins, from oxidation. To balance
this antioxidant defense optimally with growth, a sensor mechanisms for oxidant
load probably also emerged shortly. When organisms compete for nutrients
through speed of growth, there is a pressure to reduce defenses to a minimum to
enable optimal growth speed. In this kind of competition, it would be easy to
envisage an invention to use ROS to slow down the growth of the faster-growing
organisms, a scenario similar to the use of antibiotics in nature. Once the
machinery for ROS production, sensing, and quenching had evolved, an
organism, or colony or organisms, could have adopted the components for
internal communication. For example, when one of the members of the colony
experienced stress, it would have been possible to produce ROS into the growth
medium and induce the defenses of the rest of the colony before the actual
stressor reached the other members. This highly speculative scenario is just one
of many that could explain the current situation, where most if not all aerobic
organisms use ROS for signaling purposes [2]–[6].

1.1.2 PLANT APOPLAST
Plant apoplast is the compartment outside plant cell plasma membranes (PMs),
where solutes can diffuse freely from cell to cell. In plants leaves, it is also the
main compartment that comes in contact with air and its associates from the
environment, in a sense roughly comparable to human lung epithelium. Thus, it
is not surprising to find PMs covered with receptors which recognize signs of
invasion, such as pathogen-associated molecular patterns (PAMPs), from the
apoplast. In addition to the receptors, the PM-apoplast interphase contains
enzymes capable of producing ROS into the apoplast. These ROS are not quickly
quenched, because the antioxidant defense in the apoplast is weak, probably in
order to allow cell wall lignification and apoplastic ROS signaling.
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1.1.3 ARABIDOPSIS THALIANA AS MODEL ORGANISM
Even though scientists are seldom capable on agreeing on viability of a
hypothesis or the music to play in a laboratory, plant scientists have been able to
agree on the model plant successfully. This plant is called Arabidopsis thaliana,
thale cress, a little weed that often grows in places where other plants have not
yet had time to settle. Its better-known relatives include turnip (Brassica rapa),
rapeseed (Brassica napus) and kale (Brassica oleraceceae). Arabidopsis has a
fairly small genome with not too many repeats, making the genome-level
analyses feasible. In addition, geneticists have found very useful Arabidopsis’
habit of being conditionally self-pollinating. This means that a single Arabidopsis
plant produces thousands of seeds through self-pollination within a life cycle of
about two months, but with a bit of persuasion it can be crossed with another
Arabidopsis plant. Even though Arabidopsis is “genetically easy”, there are even
stronger benefits in working with the model plant: Since there is a large
community of scientists working with the same species, the resources for doing
science as efficiently as possible, such as transformation methods and seed
collections, are highly developed and available for the whole community. Thus,
much of the basic plant research has been and will be done with this little weed.
For decades, the genetic variation between natural accessions of Arabidopsis
thaliana has been an untapped resource, largely because of technical limitations.
Since the research fields of genomics, genetics, and bioinformatics are
advancing quickly, this approach gains popularity. However, most of the plant
molecular biology studies are still made with the accession Columbia-0 (Col-0),
the laboratory strain of choice. Just like mutagenesis-based traditional genetic
screens, the use of natural variation offers an opportunity to find novel
components and mechanisms of apoplastic ROS signaling. In addition, it makes
it possible to find out which parts of the response are varying naturally. This
information may prove valuable when applying the basic knowledge for plant
breeding, for example [7].

1.1.4 APOPLASTIC ROS SIGNALING IN ARABIDOPSIS THALIANA
What is known about apoplastic ROS signaling in Arabidopsis? We know that
sensing of the apoplastic ROS leads to a signal transduction cascade which can
result in a massive transcriptional reprogramming, active apoplastic ROS
production through NADPH oxidases and peroxidases, stomatal closure, and
hypersensitive response –like programmed cell death (PCD), all of which are
potential outcomes of PAMP perception as well [8]–[10]. Both ROS and PAMP
perception lead to self-propagating wave of plant cell –produced apoplastic ROS
spreading to distal tissues, evoking defense responses there as well. The
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components of this wave include NADPH oxidase RESPIRATORY BURST
OXIDASE HOMOLOGUE D (RBOHD), which produces the ROS into the
apoplast, and CALMODULIN-DOMAIN PROTEIN KINASE 5 (CPK5), a cytosolic
Ca2+-activated kinase, which in response to ROS or PAMP perception activates
RBOHD through phosphorylation [11], [12]. In addition to defense signaling, ROS
are exploited in growth-related processes, such as the elongation of roots hairs,
where apoplastic ROS produced by RBOHC are needed at the very tip of the root
hair, probably to activate Ca2+ influx, which in turn can regulate ROS production
through a feedback loop [13], [14]. PCD induced by apoplastic ROS requires
active transcription, since the O3-induced PCD –phenotype can be suppressed
by addition of inhibitors of transcription [15]. Major executers of the transcriptional
reprogramming include WRKY family TFs, since the DNA-sequence they
supposedly bind, the W-box (TTGAC[C/T]), is the most highly enriched promoter
motif among the genes whose transcript levels are increased in response to O3

[16], [17]. Furthermore, this transcriptional response is very similar to responses
elicited by ROS accumulation in other cellular compartments [18]. Even though
the basic characteristics of the transcriptional reprogramming in response to
apoplastic ROS signaling have been characterized and several essential
signaling proteins are known, many of the central questions are still open:

1) How is apoplastic ROS perceived? Are there specific receptors and if
so, where and how do they function?

2) Plant stress hormones are important in pathogen response. How is
phytohormone signaling connected with apoplastic ROS signaling?
How about other defense-related signaling?

3) How is PCD in response to apoplastic ROS initiated, how does it
spread, and what makes it stop?

4) Transcriptional reprogramming is largely executed through sequence-
specific TFs. Which individual TFs are important in apoplastic ROS
signaling, how do they function, and how are they regulated?

1.2 CONNECTIONS OF APOPLASTIC ROS SIGNALING WITH
STRESS HORMONE SIGNALING

1.2.1 SALICYLIC ACID (SA)
SA is a plant hormone best known for its importance for plant’s defense against
pathogens and a necessary component of systemic acquired resistance (SAR).
During the decades of intense study of SA signaling, several SA-binding proteins
(SABPs) have been identified. However, most of them do not seem to be required
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for SAR, suggesting that these SABPs might not be true SA receptors [19].
Recently it was shown that NON-EXPRESSOR OF PR GENES 1 (NPR1) is
capable of binding SA with dissociation constant (Kd) of 140 nM when Cu2+ was
present [20]. This was an exciting finding, since NPR1 is a well-known
transcriptional co-activator of SA responses. Additionally, two NPR1 homologs,
NPR3 and NPR4, were found to bind SA with very different Kd’s of 1000 nM and
46 nM, respectively. Furthermore, NPR3 bound to SA and NPR4 without SA
bound were found to interact with NPR1 and facilitate its degradation [21]. This
suggests interesting dynamics for SA signaling, where NPR1 is stabilized in
response to medium levels of SA, the similar levels where NPR1 could function
as an SA receptor. However, several open question in the model remain: For
example, how can NPR3 and NPR4 function as SA receptors, when the binding
of SA does not induce conformational change in these proteins [22]? Since
apoplastic ROS perception elicits responses similar to pathogen perception, it is
not surprising to find SA to be connected with both. However, the connections
are not straight-forward: Regarding hypersensitive response –like PCD triggered
by apoplastic ROS signaling, SA is considered to be a positive regulator [15],
[23], but SA has also been found to attenuate the responses to apoplastic ROS
signaling, at least at the level of gene expression [24].

1.2.2 JASMONIC ACID (JA)
JA and the intermediates of JA biosynthesis regulate diverse processes from
flower development to defense responses [25], [26]. In defense responses, JA is
usually considered to have an antagonistic relationship with SA: whereas SA
promotes cell death and defense against biotrophic pathogens, JA promotes cell
survival and defense against necrotrophic pathogens. This same antagonism has
been observed regarding O3-induced PCD [27]–[29]. The sensing of JA is
achieved through an F-box protein CORONATINE INSENSITIVE 1 (COI1), which
binds JA-isoleucine (JA-Ile) at nanomolar concentrations [30]. F-box proteins
function in a complex called SKP1-CULLIN-F-BOX protein (SCF) ubiquitin ligase,
which is an E3 ubiquitin ligase targeting specific proteins for proteasomal
degradation. The binding of JA-Ile into COI1 activates SCFCOI1 complex, leads to
degradation of JASMONATE ZIM DOMAIN (JAZ) proteins, which are repressors
of MYC TFs. The degradation of JAZ repressors releases MYC TFs to regulate
transcription of JA-responsive genes [31]–[33]. Numerous JA-inducible genes are
induced in response to apoplastic ROS signaling [16], [34], highlighting the strong
connection between JA and apoplastic ROS.



9

1.2.3 ETHYLENE
Ethylene is a gaseous phytohormone that positively regulates apoplastic ROS –
induced PCD, and apoplastic ROS signaling leads to accumulation of ethylene
[28], [29], [35]. Ethylene receptors resemble prokaryotic two-component
regulators, which relay the signal via transfer of phosphate group from signaling
module to another. Since similar proteins have been found in cyanobacteria, it is
possible that plants have gained the ability to sense ethylene during
endosymbiosis with the chloroplasts [36]–[38]. Receptors at the endoplasmic
reticulum membrane of can be regulated by nanomolar concentrations of
ethylene, the binding event leading to inactivation of the receptor’s stimulatory
activity towards the downstream signaling component CONSTITUTIVE TRIPLE
RESPONSE 1 (CTR1), a negative regulator of ethylene responses. Once the
activity of CTR1 decreases, it can no longer inhibit the cleavage of the membrane
protein ETHYLENE INSENSITIVE 2 (EIN2), whose C-terminal end is
subsequently translocated into nucleus, where stabilizes ETHYLENE
INSENSITIVE 3 (EIN3), a TF regulating the transcription of ethylene-responsive
genes [39]–[41].   Ethylene signaling is closely connected with JA signaling, and
in the case of apoplastic ROS –induced PCD the relationship appears to be
mutually antagonistic: Whereas ethylene promotes cell death and attenuates JA
signaling, JA promotes cell survival and attenuates ethylene signaling [28].

1.2.4 AUXIN
Auxin is best known for its role in regulation of plant growth and development.
Sensing of auxin is mechanistically highly similar to JA; Auxin receptor is an F-
box protein TRANSPORT INHIBITOR RESPONSE 1 (TIR1), which functions as
part of SCFTIR1 complex. Auxin binding induces an interaction between TIR1 and
Aux/IAA proteins, which are negative regulators of AUXIN RESPONSE
FACTORs (ARFs), TFs mediating transcriptional response to auxin. The
interaction between TIR1 and Aux/IAA leads to degradation of Aux/IAAs, and
hence the activation of ARFs. Apoplastic ROS signaling transiently
downregulates auxin signaling [16], and auxin has been reported to have
antagonistic relationship with mitochondrial ROS accumulation [42]. These
findings support the idea that the balance between growth and defense might be
adjusted through interactions between auxin and ROS signaling [43].

1.2.5 ABSCISIC ACID (ABA)
ABA is best known for its role in stomatal closure and abiotic stress responses,
but it is also involved in cuticle formation, pathogen defense, and wound-induced
spreading cell death [44]–[46]. The debate about the identity of ABA receptors
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has been lively, and several different receptors have been suggested within last
15 years. The most well-established module of ABA perception involves protein
of PYR/RCAR family as ABA receptors, which upon ABA binding begin to interact
with PROTEIN PHOSPHATASE 2C (PP2C) family proteins, which are negative
regulators of ABA signaling. This interaction inhibits the phosphatase activity of
PP2C, leading to attenuation of repression of SNF1-RELATED PROTEIN
KINASE 2 (SnRK2) family proteins, which activate downstream component of
ABA signaling through phosphorylation. These downstream signaling component
include plasma membrane ion channel SLOW ANION CHANNEL 1 (SLAC1),
plasma membrane NADPH oxidase RBOHD and several ABA-regulated TFs of
the ABF/AREB family [47], [48]. Generally, hormone treatments do not
significantly induce the transcription ROS-responsive genes, suggesting that
ROS signaling evokes hormone signaling, but not vice versa. However, ABA
appears to make an exception: ABA treatments induce the transcription of several
genes considered ROS-responsive [18]. Indeed, ABA has been reported to
induce oxidative burst in guard cells [49] and mitochondrial ROS accumulation in
the roots [50], suggesting that ROS may be significant secondary messengers in
ABA signaling.

1.3 TRANSCRIPTIONAL RESPONSE TO STRESS

1.3.1 WHY TO STUDY TRANSCRIPTIONAL RESPONSE TO STRESS?
During rapid responses to perturbations, such as acute stress, the transcriptional
changes have been found to correlate poorly with changes in protein abundances
[51]–[56]. Even though the conclusions of these studies have been challenged
lately [57], [58], it is obvious that the transcript levels alone do not directly predict
well the future of the cell; even if the correlation to protein levels would be feasible,
the posttranslational regulation adds another level of complexity, making the
predictions about metabolome, enzyme activities, or cell fate very challenging if
not impossible. Does this mean that rapid transcriptional responses to stress are
studied merely because they are easy to study, not because of their biological
importance? Even though the transcriptional changes may not predict plant’s
future very well, they do carry signals of plant’s immediate past, especially
regarding signal transduction events leading to the transcriptional changes, thus
offering means to improve our understanding of plant stress signaling [18].
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1.3.2 HOW TO ACHIEVE A SPECIfiC TRANSCRIPTIONAL RESPONSE TO
STRESS?

Since plants cannot escape changes in growth conditions, they need
sophisticated methods to adapt. Even though it is very difficult to predict the
phenotypic changes caused by the rapid transcriptional response to stress, it
seems clear that the transcriptional response does play an important role in
adaptation, especially during slower, long-term adaptation [59]–[61]. In the study
of transcriptional responses to stresses, there are two critical questions: How
much specificity is there between transcriptional responses to different stresses
and how is this specificity achieved?

From yeast studies it is known that transcriptional response to stress consists of
two components: Core stress response that is common to all kinds of stresses
and a specific component that is distinct for a given stress [62]–[64]. In yeast, the
core stress response is large, meaning that many stress-responsive genes
respond to all stresses. This leads to cross-tolerance, where a single stressor
leads to a response that confers tolerance to other stresses as well. In
multicellular organisms with heterogeneous cell populations, the core stress
response appears to be smaller [65]. However, there is a significant overlap
between the transcriptional responses to different stresses in Arabidopsis
thaliana [18], [66]–[69], implying that the specificity between different stresses
might have been previously overestimated [18]. On the other hand, a study with
Arabidopsis thaliana under 11 different stress conditions revealed that about half
of the TF-encoding genes which were transcriptionally regulated in response to
stress were regulated only in a single stress condition [70]. This would suggest
that the stress-specific component of transcriptional response is significant, even
though the general stress response cannot be neglected either. If the stress-
specificity does exist, where does it arise from?

A simplified scheme of stress signaling is often reduced to a pathway, which
begins with a sensing of the stress, proceeds to relay of the signal through
secondary messengers such as Ca2+ and activation of signaling proteins such as
kinases and phosphatases, and results in transcriptional response through
activation of sequence-specific TFs. Even though the high degree of crosstalk
between different signaling pathways is better described by a signaling network
rather than a set of pathways [61], the pathway-scheme is useful for illustrative
purposes.

Sensory systems can be very specific, such as HISTIDINE KINASE 1 (HK1),
which can sense osmotic stress [71], but several sensors activate downstream
processes that appear almost identical and use same components, such as
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secondary messengers  ROS or Ca2+, or activate similar kinases or
phosphatases. However, specificity can be retained through several
mechanisms. For example, the amplitude and frequency of Ca2+-bursts or the site
of Ca2+ release retain specific information [72]. Similar mechanisms are possible
for ROS as well. Co-localization or scaffolding of signaling components, such as
kinases of the MPK cascade, also retains information: Even if the activated kinase
could phosphorylate tens of different targets, it will probably phosphorylate the
target that is located in its immediate vicinity [73].

The main executers of transcriptional reprogramming are TFs, which are
regulated by the upstream signal transduction components such as kinases. The
mechanisms by which the TFs can be regulated include proteolytic
activation/inactivation, (selective) subcellular transport,
phosphorylation/dephosphorylation, redox regulation and change of protein
interactors, just mention a few. Once activated, the TF is considered to bind to
the DNA in the gene’s promoter area and change the rate of transcription through
interactions with basal transcriptional machinery. If a specific stress signal has
been relayed to the specific TF, how does this TF find its specific target genes?
An obvious candidate for a source of specificity are protein-DNA interactions: TFs
can recognize a specific sequence of DNA at the promoter site. This recognition
guides the TF at its target gene’s promoter. However, the situation is not usually
so straightforward (Study I). In order for the recognition to happen, the chromatin
status has to be permissive enough to allow the TF to enter the DNA; if the DNA
is tightly packed in heterochromatin, the binding event is not possible.
Furthermore, the bare DNA-binding preference of a TF can be modulated through
protein-protein interactions ([74] and the references within): If there is another TF
(or any protein) nearby which can directly interact with a TF1 but not with a TF2,
the probability of TF1 binding to this site can become higher, even if the DNA
binding site would match better with the preferences of TF2. This has been
elegantly shown for four Arabidopsis PHYTOCHROME INTERACTING
FACTORs (PIFs): Even though the DNA-binding preferences per se did not vary
between the PIFs, the binding sites in the genome showed preferences for
specific PIF(s) [75]. Interestingly, the binding of a TF on the promoter does not
necessarily affect the rate of gene’s transcription. When studying the genes
whose promoter was bound by all fours PIFs, it was found that certain genes’
transcript abundances did correlate with PIF occupancy positively or negatively,
but in several case there was no correlation [75]. Study on the WRKY TFs in
parsley cell culture revealed that most of the time the binding sites of WRKYs,
the W-boxes, were bound by a WRKY even in the absence of stimulus [76].
Additionally, a ChIP-seq experiment combined with transcriptomic analysis
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showed that loss-of-function mutation in Arabidopsis WRKY33 did not have an
effect on the transcript accumulation of most genes whose promoter was bound
by WRKY33 in the wild type [46]. As a conclusion, it is easy to envisage several
steps of regulation which could generate specificity in responses to stresses, but
the contributions of these should be assessed case by case.

1.3.3 SPECIFICITY OF TF-DNA INTERACTIONS
Bacterial TFs function largely according to the established model: A TF
recognizes a specific DNA sequence, binds to it and affect the rate of transcription
of the gene(s) nearby. However, more complex eukaryotic organisms have more
genes and a lot more DNA packed inside a nucleus. Additionally, multicellularity
and elaborate cellular compartmentalization complicate the signaling networks
leading to more complicated transcriptional regulation of genes. Each gene
having straight-forward regulation schemes for all relevant stimuli similar to
bacteria would lead to several problems, including crowding of the nucleus and
immense expansion of TF gene families, which in turn would require more TFs
for regulation. One of the strategies to achieve complex regulation of thousands
of genes with feasible amount of regulators is combinatorial complexity: Ability to
combine simple regulators with additive or emergent effects can increase the
regulatory potential exponentially. For example, we take four bacterial TFs, which
can each recognize their own specific 20 base pairs (bp) long response element
(RE) in gene promoters. If these TFs were able to form dimers with each other
and bind combinations of two consecutive REs, the number of different
combinations recognized would increase from four to 20 (assuming the
monomeric binding ability remains). The additional specificity gained through
dimerization would allow shorter recognition motives for each TF. The shorter
motives would be less prone to deleterious mutations and more agile regarding
rearrangements (higher chance of successful reshuffling of motives without
breaking them). Indeed, the binding sites of prokaryotic TFs are about twice as
long as their eukaryotic cousins [77], and the number of TFs binding to a single
promoter is significantly higher in eukaryotes [78]. Several TF families in
Arabidopsis have tens of members with potential to form heterodimers, and
heterodimers between TFs from different families are also possible. A real-life
example can be drawn from Arabidopsis NF-Y TFs, which bind DNA as
heterotrimers. The 36 TF subunits (10 NF-YA, 13 NF-YB, 13 NF-YC) have the
potential to form 1690 unique combinations [79].

Regardless of the length of the RE or the stringency of TF-DNA interaction, the
TF somehow has to recognize its preferred DNA sequence. There are several
mechanisms for this recognition, and usually a single TF-DNA interaction benefits
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from several mechanisms working in parallel. The most intuitive form of DNA
recognition is direct bonding between the amino acids of the TF and the bases of
the DNA. This is called direct recognition or base readout [80], and is usually
mediated through hydrogen bonding. However, the direct recognition alone is
seldom sufficient to confer the observed specificity. Additionally, TFs use the
shape of the DNA as a readout. This is possible because the base sequence of
the DNA affects the 3D structure of the DNA. For example, a stretch of thymidine
(T) nucleotides leads to a more narrow minor groove, which can be efficiently
recognized by correctly positioned arginine amino acids of the TF [81]. The
sequence affects the shape of the DNA also in a larger scale, generating
curvature or distinct forms of DNA helices which can be recognized by specific
TFs [80]. In certain cases, the shape of the DNA may facilitate the formation of
TF-TF interactions, highlighting the active role of DNA in TF-DNA interactions
[82]. Since the mechanisms of DNA recognition are versatile, it is not possible to
predict DNA-binding specificities of TFs from their amino acid sequence. The
experimental in vitro methods to determine the DNA binding specificities include
protein binding microarray (PBM) and systematic evolution of ligands by
exponential enrichment (SELEX). Whereas PBM relies on TF protein which binds
to immobilized DNA on a microarray and is later quantified using fluorescently
labeled antibodies, SELEX is based on freely diffusing pool of randomized
oligonucleotides which get enriched for the preferred binding site through several
cycles of binding, washing, and PCR amplification. Eventually the
oligonucleotides are sequenced and a model of binding preference is
constructed.
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2. AIMS OF THE STUDY

The central questions addressed in this thesis were:
1. What are the factors that explain the natural variation in O3 sensitivity in

Arabidopsis thaliana?
2. What are the roles of stress hormones SA/JA/ethylene in apoplastic ROS

signaling –induced transcriptional reprogramming and PCD? What are the
modulators of these responses?

3. What generates specificity in apoplastic ROS signaling between the members
WRKY transcription family, important executers of transcriptional
reprogramming?
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3. MATERIALS AND METHODS

The materials and methods used are described in detail in publications as
indicated in table 1.

Table 1. Methods used in publications II, III, and IV. Parentheses indicate that
the method was applied by the co-authors of the publication.

Method Publication

O3 exposure II, III, IV

Quantification of cell death by ion leakage II, III

Trypan blue staining (II), III
3,3'-Diaminobenzidine (DAB) staining (II), III

SA treatment (II)

qPCR (II), (III), (IV)

Measurement of stomatal conductance (II)

Microarray analysis (II), (III)
RNA-seq sample preparation (II), (III), (IV)

RNA-seq data analysis II, III, IV

RNA-seq data visualization (II), III, IV

QTL mapping (II)

Statistics: ANOVA, Linear mixed model (II), (III)

SELEX IV

LC-MS/MS sample preparation IV

LC-MS/MS (IV)

LC-MS/MS data analysis IV
Arabidopsis seedling transformation IV

Molecular cloning IV

Confocal microscopy IV
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Table 2. List of Arabidopsis mutants and natural accession used. All mutants are
in Col-0 background, unless otherwise mentioned.

Genotype Annotation Used in
publicati
on

Comments

Col-0 II, III, IV Natural accession

C24 II Natural accession

CT101 II O3 sensitive RIL

(C24/Tenela)

Cvi-0 II Natural accession

Tenela II Natural accession

abi1 aba insensitive 1 III Dominant ABA insensitive

mutant

agb1-2 gtp binding protein beta 1 III Loss-of-function mutant

anac017-1 nac domain containing protein 17 III Loss-of-function mutant

anac017-2 nac domain containing protein 17 III Gain-of-function mutant

anac017-3 nac domain containing protein 17 III Loss-of-function mutant

aos allene oxide synthase III Loss-of-function mutant

coi1-16 coronatine insensitive 1 III Conditional loss-of-function

mutant

ein2-1 ethylene insensitive 2 III Loss-of-function mutant

gpa1-4 g protein alpha subunit 1 III Loss-of-function mutant

NahG salicylate hydroxylase NahG III line expressing bacterial

NahG gene encoding a

hydroxylase suppressing

SA accumulation

rbohD respiratory burst oxidase

homologue D

III Loss-of-function mutant

rbohF respiratory burst oxidase

homologue F

III Loss-of-function mutant

sid2-1 salicylic acid induction deficient 2 III Loss-of-function mutant

sid2-2 salicylic acid induction deficient 2 III Loss-of-function mutant

wrky25 III Loss-of-function mutant

wrky70 III Loss-of-function mutant

aos ein2 III

coi1-16 eds1 enhanced disease susceptibility 1 III

coi1-16 ein2 III

coi1-16 ein2

eds1

III
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coi1-16 ein2

sid2-1

III

coi1-16 ein2

sid2-1 eds1

III

coi1-16 rbohD III

coi1-16 rbohF III

coi1-16 sid2-1 III

coi1-16 wrky25 III

coi1-16 wrky70 III

ein2 sid2 III

tga2 tga5 tga6 III

wrky18 wrky40

wrky60

III

ERF6 4D-5 ETHYLENE RESPONSE

FACTOR 6

III Overexpression line of

dominant active ERF6

ERF6 4D-7 ETHYLENE RESPONSE

FACTOR 6

III Overexpression line of

dominant active ERF6

ERF6 EAR 65 ETHYLENE RESPONSE

FACTOR 6

III Overexpression line of

ERF6 fused with

transcription repressor

domain EAR

ERF6 EAR 71 ETHYLENE RESPONSE

FACTOR 6

III Overexpression line of

ERF6 fused with

transcription repressor

domain EAR

wrky25 wrky33 III, IV SAIL_529_B11,

SALK_006603

wrky75-25 IV N121525

EST-inducible
WRKY75

IV (XVE)(HPT)LexA::WRKY75

N2102362

EST-inducible

WRKY75

IV (XVE)(HPT)LexA::WRKY75

N2102363

35S::CRE1-HA CYTOKININ RESPONSE 1 IV overexpression line of

CRE1 fused with affinity tag

HA

35S::GBF1-HA G-BOX BINDING FACTOR 1 IV overexpression line of

GBF1 fused with affinity tag

HA
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35S::TGA9-HA TGACG (TGA) MOTIF-BINDING

PROTEIN 9

IV overexpression line of

TGA9 fused with affinity tag

HA

35S::WRKY25-

HA

IV overexpression line of

WRKY25 fused with affinity

tag HA

35S::WRKY33-

HA

IV overexpression line of

WRKY33 fused with affinity

tag HA

35S::WRKY38-

HA

IV overexpression line of

WRKY38 fused with affinity

tag HA

35S::WRKY50-

HA

IV overexpression line of

WRKY50 fused with affinity

tag HA

35S::WRKY53-

HA
IV overexpression line of

WRKY53 fused with affinity

tag HA

35S::WRKY60-

HA

IV overexpression line of

WRKY60 fused with affinity

tag HA

35S::WRKY75-

HA

IV overexpression line of

WRKY75 fused with affinity

tag HA
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Table 3. List of defense-related marker genes used for qPCR.
Gene name AGI Annotation Used in

publication
WRKY75 At5g13080 ARABIDOPSIS THALIANA WRKY

DNA-BINDING PROTEIN 75

III

AOX1a At3g22370 ALTERNATIVE OXIDASE 1a III

ARGOS At3g59900 AUXIN-REGULATED GENE

INVOLVED IN ORGAN SIZE

III

ARR5 At3g48100 ARABIDOPSIS THALIANA

RESPONSE REGULATOR 5

III

CRK9 At4g23170 CYSTEINE-RICH RLK (RECEPTOR-

LIKE PROTEIN KINASE) 9

III

CRK39 At4g04540 CYSTEINE-RICH RLK (RECEPTOR-

LIKE PROTEIN KINASE) 39

III

ERF6 At4g17490 ETHYLENE-RESPONSIVE ELEMENT

BINDING FACTOR 6

III

GRX480 At1g28480 GLUTAREDOXIN 480 III

IDA At1g68765 INFLORESCENCE DEFICIENT IN

ABSCISSION
III

LOX4 At1g72520 LIPOXYGENASE 4 III

ODX/DIN11 At3g49620 DARK INDUCIBLE 11 III

ORA59 At1g06160 OCTADECANOID-RESPONSIVE

ARABIDOPSIS AP2/ERF 59

III

RBOHD At5g47910 RESPIRATORY BURST OXIDASE

HOMOLOGUE D

III

CYP71A13 At2g30770 CYTOCHROME P450, FAMILY 71

SUBFAMILY A, POLYPEPTIDE 13

IV

PAD3 At3g26830 PHYTOALEXIN DEFICIENT 3 IV
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4. RESULTS AND DISCUSSION

4.1 ROLES OF STRESS HORMONES JA/SA/ETHYLENE
DURING ACUTE O3 EXPOSURE
The plant hormones SA, JA, and ethylene are important regulators of stress
responses. They have especially been studied in the context of plant immune
responses, where they play an important role in determining the direction of
defense responses. The choice of strategy is crucial for the plant, since the best
strategy against biotrophic pathogens is a very poor choice against necrotrophic
pathogens [83]. Previously, SA and ethylene have been considered promotors of
PCD, a valid strategy against biotrophic pathogens, whereas JA has been
considered to promote cell survival during the attack of necrotrophic pathogens.
Indeed, JA-insensitive mutants develop visible lesions in response to O3

exposure as well. However, the role of SA appears to be more complicated. In
the case of acute O3 exposure, SA appears to antagonize the effects of apoplastic
ROS [24], suggesting a cell death –inhibitory role rather than cell death –inducing
role. This was further verified in study II, where the O3 tolerance of natural
accession C24 was found to be a consequence of hyperactive SA signaling, a
known feature of this accession [84], and SA pre-treatment conferred O3 sensitive
accessions Tenela and Cvi-0 O3 tolerant (II).

Another finding that opposes the scheme of SA functioning as promotor of cell
death during acute O3 exposure was made in study III, where it was shown that
impairment of SA biosynthesis by mutation in SALICYLIC ACID INDUCTION
DEFICIENT 2 (SID2) did not decrease the amount of cell death induced by O3 in
coronatine insensitive 1-16 (coi1-16), a mutant insensitive to JA. Interestingly, the
perturbation of ethylene signaling by mutation in ETHYLENE INSENSITIVE 2
(EIN2) did decrease the amount of O3-induced cell death in coi1-16 background,
but only when SA biosynthesis was intact. This implies that the balance between
JA and ethylene signaling is important in determining the outcome of apoplastic
ROS signaling, but SA is an important modulator of this response: When JA
signaling is inactive, the ethylene-powered pro-death signal dominates. When
both ethylene and JA signaling are silenced, SA signaling inhibits apoplastic ROS
–induced PCD. If the SA levels are reduced, PCD is triggered in response to
apoplastic ROS (Figure 1).
The mechanisms by which SA operates to inhibit apoplastic ROS –induced PCD
are not known. The transcriptomic analyses performed in study III suggest that
the mechanism could be related to SA dampening a specific branch of defense
signaling triggered by apolastic ROS: Two mutant lines (coi1 ein2 sid2 and tga2
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tga5 tga6)  impaired in different aspects of SA signaling showed increased O3-
induced expression of genes related to immune response, cell death, and
transmembrane kinase activity, even though the same GO categories were
enriched among genes expressed at lower levels than in the wild type under
control growth conditions. Apparently the impairment of SA signaling leads to
sensitization to an unknown signal produced in response to apoplastic ROS
signaling. The promoter areas of the genes “hypersensitive” to O3 would suggest
that this signal is related to bursts of Ca2+; element CCGCGT was enriched within
these genes’ promoters (unpublished). This element was previously reported to
be regulated by Ca2+-regulated CALMODULIN-BINDING TRANSCRIPTIONAL
ACTIVATOR (CAMTA) family TFs [85].
Obviously, plant stress hormones do not operate alone; they are part of the
signaling network including numerous mechanisms, pathways, and components.
To further elucidate the signal transduction components involved in the O3-
induced cell death of JA-insensitive coi1, this mutant was crossed with several
other mutants each deficient for a component of the known defense signaling
regulators (III). From this double mutant analysis, two genes crucial for O3-
induced PCD in coi1 emerged: RBOHF and WRKY70. Interestingly, the mutation
in another respiratory burst oxidase homolog, RBOHD, did not affect the O3

sensitivity of coi1. The same was true regarding WRKY25, a homolog of
WRKY70. This points towards high degree of specificity in the components of
apoplastic ROS signaling and transcriptional reprogramming.
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Figure 1. Interactions between apoplastic ROS signaling, plant stress hormones
SA, JA, and ethylene (ET), and signaling components RBOHF and WRKY70
according to findings in study III.

4.2 SPECIFICITY IN SIGNALING AMONG WRKY TF FAMILY
WRKY TFs are a large family with 74 members in Arabidopsis. A majority of them
were found to be transcriptionally induced in response to O3 treatment. The
induction was largely independent of stress hormones JA/SA/ethylene (Study IV).
Study III already gave indications of high degree of specificity between WRKYs,
but the source of this specificity was not known. Based on results from study IV,
the transcript-level regulation of WRKYs offers little specificity regarding
apoplastic signaling, since >40 WRKYs are transcriptionally induced in response
to O3 exposure. The specificity in signaling among WRKY family is likely achieved
through several post-transcriptional mechanisms, including DNA-binding
preferences, protein stability, protein-protein interactions, and subcellular
localization.
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The in vitro DNA binding specificities were found to vary substantially between
the WRKYs from different phylogenetic subgroups (IV). WRKYs from group IIc
(WRKY75, WRKY50, and WRKY51) preferred to bind very similar primary
monomeric sequences TTGACTTT, but clear differences were evident: more
closely related WRKYs 50 and 51 had a peculiar secondary monomeric
preference: TTTTCCAC, which does not at all resemble the classical binding site
reported for WRKYs, the W-box (TTGAC[C/T]). Interestingly, the same sequence
has been reported to be bound in vivo by Nicotiana tabacum WRKY12, a paralog
of WRKY50/51 [86]. Further differences were found by looking at dimeric binding
preferences: WRKY50 and 51 showed a clear preference towards a composite
site consisting of two monomeric binding sites in an immediate contact
(TTGACTTCCA, TTGACTTTCCA, and TTGACTTTTTCCA), whereas WRKY75
showed co-operative binding between monomeric binding sites 5-6 nucleotides
apart (such as TTGACTTTNNTTGAC), but no preference towards composite
sites. WRKY25 and WRKY33, two closely related TFs from group I, which are
phylogenetically more distant from the rest of the studied WRKYs (50/51/75),
showed binding characteristic similar to each other but clearly different from
WRKY50/51/75: Their preferred monomeric binding site was classical W-box
TTGAC[C/T] with a strong potential for binding composite sites, such as
TTGACTTGAC.

Protein interaction analyses performed on seven selected overexpressed and
HA-tagged WRKYs revealed that certain WRKYs, namely WRKY25, WRKY33,
WRKY53, and WRKY60, appeared to be stabilized on protein level in response
to apoplastic ROS signaling (IV). This result does not correlate well with the
transcript level regulation, highlighting the low predictive value of transcript levels
regarding protein levels. For each WRKY studied, approximately 20 putative
interactors were obtained, with approximately half of them shared between at
least one other WRKY. Among the interactors, a significant proportion belonged
to gene ontology categories “intracellular protein transport” and “chromatin
organization”, suggesting that the function of WRKYs might be regulated at the
levels of subcellular localization and association with chromatin (IV).
The protein localization study performed in Arabidopsis seedlings and with four
selected YFP-tagged WRKYs showed that all studied WRKYs localized into
nucleus, opposing the idea that nuclear transport would be a significant point of
regulation for these TFs (IV). However, interesting patterns of subnuclear
localization were observed: WRKY25 showed even YFP signal in the nucleus,
but WRKY53 and WRKY75 localized into bright, fairly large speckles in most of
the nuclei observed. WRKY60 appeared to localize into a lot smaller, less
resolved speckles, forming structures that resemble a network.
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Altogether these results suggested that there are numerous post-transcriptional
steps of regulation in the function of WRKYs, but how does it reflect at the level
of transcriptional regulation driven by a single WRKY or a pair of WRKYs? This
was studied through transcriptomic analyses of wild type and knockout mutants
wrky75-25 and wrky25 wrky33 in  O3-treated plants and under control growth
conditions. Since the comparison to publically available data revealed 2-hour O3

response to be transcriptionally highly similar to 14-hour Botrytis infection, the
effects of wrky33 during Botrytis infection from Liu et al. [46] were included in the
comparisons. Furthermore, two estradiol-inducible overexpressor lines of
WRKY75 were analyzed.
As could be expected, a large proportion of the O3 response was unaffected by
the knockout of a single WRKY or even a pair of WRKYs, but certain clear effects
were found, both in control growth conditions and after O3 exposure (IV). In both
conditions, wrky25 wrky33 had genes related to defense against pathogens
expressed at lower level than in the wild type, suggesting that the net effect of
these two TFs is a positive regulation of defense genes. The enrichment of W-
box in the promoter areas of the genes expressed at lower level in the mutant
suggested that the regulation could go directly through WRKYs. Interestingly, the
results from wrky33 from Liu et al. are quite different: Some of the best-known
target genes of WRKY33, such as camalexin synthesis–involved PAD3 and
CYP71A13 were expressed at lower levels than in the wild type in both wrky25
wrky33 and wrky33, but most of the defense-related genes that were regulated
in wrky33 vs. wild type were actually expressed at higher level in the mutant,
suggesting that WRKY33 acts mainly as a negative regulator of defense-related
genes. This was supported by the enrichment of W-box in the promoters of genes
expressed at higher level in wrky33 but not at lower-expressed genes. Altogether,
this suggests that WRKY25 and WRKY33 might act in an antagonistic manner to
regulate the balance of defense responses. Considering the similar DNA-binding
preferences, the antagonism could be based on direct competition of DNA-
binding sites.

Based on the results from wrky75 under control growth conditions, WRKY75
appears to be a negative regulator of responses to several hormones, including
JA, ethylene, ABA, auxin, gibberellin, and a positive regulator of pathogen
defense response (response to fungus/biotic stimulus). Surprisingly, the W-box
or its derivatives showed only a weak enrichment in the promoters of the genes
regulated in the mutant. One probable reason for this is the enrichment of ERF
and MYB family TFs among the genes regulated in the mutant: If WRKY75
regulates directly only a handful of TFs, which in turn regulate tens of target
genes, the fraction of genes directly regulated by WRKY75 becomes statistically
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insignificant. This hypothesis got support from the overexpression experiment:
TFs were indeed enriched among the WRKY75-regulated genes. Combining the
results from knockout and overexpression experiments, it was possible to
construct a short list of genes most probably regulated through WRKY75. The list
of 18 genes positively regulated by WRKY75 contains well-known pathogen-
responsive genes PR1, PR2, PCC1, and several receptor-like kinases,
highlighting the role of WRKY75 as a positive regulator of pathogen response
(IV). The list of 16 genes negatively regulated by WRKY75 contains a ROS-
responsive TF ZAT10 [87], DICARBOXYLATE CARRIER 2 (DIC2) probably
related to redox-connection between cytosol and mitochondria [88], two genes of
MPK cascade: MITOGEN ACTIVATED PROTEIN KINASE KINASE KINASE 19
(MAPKKK19) and MITOGEN ACTIVATED PROTEIN KINASE KINASE 9
(MKK9), suggesting that WRKY75 could function as a regulator of ROS signaling
or homeostasis. Furthermore, the regulation of MPK cascade could explain why
WRKY75 appears to regulate such a wide spectrum of processes. In addition, the
list contains genes involved in sulfur deficiency response, suggesting that
WRKY75 might play role in sulfur homeostasis, possibly through interactions with
ROS, glutathione, JA, and ethylene, which all have been implicated as
components of sulfur homeostasis [89].
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5. CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

Plant defense signaling pathways form a complex network, where apoplastic
ROS have a significant role in signal transduction and amplification. In this thesis,
O3 was used as a tool to produce apoplastic ROS in order to find out which
signaling components interact with apoplastic ROS and how the interactions
work. Special emphasis was on the role of plant stress hormones and WRKY
TFs. SA signaling was found to inhibit PCD induced by apoplastic ROS, and this
phenomenon explained the O3 tolerance of natural accession C24. However,
impairment of SA biosynthesis by mutation in SID2 did not significantly change
the O3 sensitivity of JA insensitive and O3 sensitive coi1. On the other hand, sid2
mutation did increase the O3 sensitivity of coi1 ein2, suggesting that SA indeed
does protect the plant from PCD induced by apoplastic ROS, but ethylene
signaling can bypass this protection when JA signaling is impaired (Figure 1).
Furthermore, the O3 sensitivity of coi1 was suppressed by mutations in RBOHF
or WRKY70, implicating these genes as important components of PCD induced
by apoplastic ROS in JA-insensitive background.
The function of WRKYs was further investigated in biochemical and
transcriptomics methods to find out factors generating signaling specificity
between the members of the large TF family. Several steps of regulation with
potential to generate specificity were found: DNA-binding preference, protein
stability, protein-protein-interactions, and subnuclear localization. Transcriptomic
analyses suggested an antagonistic interaction between WRKY25 and WRKY33,
and implicated WRKY75 as a regulator of well-known pathogen response genes
and several TFs from different gene families. At the level of whole rosettes, more
than 40 WRKYs were transcriptionally induced in response to apoplastic ROS. In
the future, transcriptomic and chromatin-binding studies with higher spatial
resolution up to the level of individual cells will probably reveal fine structure of
the transcriptional regulation that helps to define the roles of individual WRKYs in
stress responses.
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