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“Riippuu mista roikkuu.”

-A Finnish proverb



ABSTRACT

Plants have complex defences against the countless threats they face. These complicated
and fine-tuned defences are a necessity for an organism unable to escape its surroundings.
Plant defences can be precisely and effectively raised for a particular stress. However, the
underlying signalling networks and components, which are highly interconnected and in
constant flux, are not yet fully understood. Hormones, transcription factors, signalling
molecules, posttranslational modifications, and secondary metabolites interact in a complex
network where correct timing and balance determine the survival of the plant. In addition,
us humans depend on plants. Thus, understanding the intricacies of plant defences is an
important facet in our quest to feed the growing global population while attempting to
adjust to climate change.

New insights were uncovered into the complex interactions of stress hormones in grey
mould infection and oxidative stress, into the important role of PP2A-By in glucosinolate
metabolism and defence signalling, and into the complexity of WRKY transcription factor
family. Jasmonic acid is crucial in defences to necrotrophic pathogens and salicylic acid in
defences to biotrophic pathogens. Hormone interactions of jasmonic acid, salicylic acid, and
ethylene, were examined by exposing signalling mutants of Arabidopsis thaliana to various
treatments including necrotrophic fungal pathogen Botrytis cinerea and oxidative stress
caused by ozone. It was uncovered that impairing salicylic acid signalling in addition to
jasmonic acid rescued the sensitive phenotype of jasmonic acid signalling mutant to wild
type level of resistance to Botrytis cinerea. As the balance of defences and growth is
regulated at several levels, transcription factors and protein phosphorylation are key players
in plant defences. Transcription factors function by either promoting or repressing the
transcription of their target genes thus having an important role in regulating plant
functions. WRKY transcription factors are abundant during stresses and examining their
specificities revealed variation in binding sites but also shared roles. WRKY75 emerged as an
important node connecting hormones, reactive oxygen species and protein
phosphorylation. Protein phosphorylation is a key posttranslational modification where
protein phosphatases remove phosphate groups from proteins counteracting kinases that
add them. It became clear that PP2A-By has an important regulatory role in suppressing
defences including affecting glucosinolate accumulation. Observing plant defences at
different levels revealed how interconnected reactive oxygen species, salicylic acid and
jasmonic acid, WRKYs, and protein phosphatase PP2A-By are. A better understanding of the
defence network interactions is crucial in a world where food production and thus food
security faces ever aggravated threats due to climate change.
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1 INTRODUCTION

Understanding how plants deal with stress is of immense importance for human survival
as our food production is based on plants. Plants need to allocate their resources in an
efficient way for growth, reproduction, and survival. To balance between these, plants rely
on sensing their surroundings and internal signalling to adjust their metabolism accordingly.

What is plant stress? Plant stress is in its core anything and everything that diverges
from the plant’s ideal surroundings or conditions. Plant stresses are often divided into two
categories: biotic and abiotic stresses. Biotic stresses are caused by living organisms such as
pathogens and pests. Abiotic stresses are caused by environmental factors such as
temperature, nutrient levels, water availability, and air pollutants. Here the focus is on two
stress factors, one biotic and the other abiotic, which share many similarities: Botrytis
cinerea infection and ozone treatment leading to oxidative stress.

How plants deal with stress? Plants have innate defences, such as defensive structures
like thorns and waxy layers and some of which are only activated when needed including
ROS (reactive oxygen species) burst, stomatal closure, etc., and acquired immunity where
previous stress makes them more robust against the next stressor. Also, plant defences can
be dissected into many layers, each with its own characteristics and complexity. Working
from bottom up; genes are the basis of everything, transcription factors regulate gene
expression, hormones orchestrate signalling pathways, posttranslational modifications such
as phosphorylation further define the proteins and their activity, secondary metabolites that
can function as phytoalexins, and structural defences such as trichomes, thick waxy layers,
and thorns, form yet another layer of defences. The main focus in this thesis is on the
hormonal signalling pathways and the networks they form with each other and other parts
of plant defences.

Plant defences are a complex system, which we still don’t fully understand. Despite the
tireless efforts of intense research, we are only starting to understand the enormous
complexity of plant defences and the signalling networks driving them. Due to an
incomplete picture, we are accustomed to depicting processes in plants as simple linear
cascades of one thing leading to another. In reality those processes are far more complex,
and it can be easy to miss or overlook a connection. As many of the players and interactions
in plant defences are still unknown, we are still bound to the simplistic portrayals. Yet with
each new peace of the puzzle, we can start to move towards a better understanding of the
underlying complexity.

Population growth coupled with increase in living standards, loss of arable land,
pathogen pressure, invasive species, pollution, and climate change all put pressure on
agriculture and forestry. We have already witnessed the catastrophic outcomes of what
crop failures can lead to. The Great Irish Famine caused by potato blight in the 1840’s led to
the death of at least a million people (Mokyr & O Grada, 2002). Severe droughts in 1870’s
caused 9,5 — 13 million deaths in China (referred to in Ashton et al., 1984). Currently, Black
Sigatoka (also known as Black Leaf Streak Disease caused by Mycosphaerella fijiensis
Morelet) threatens various banana crops and its occurrence risk has risen over 44% due to
climate change in the past 60 years (Bebber, 2019). Our survival depends on plants and thus
understanding them is of great importance and not simply economic in nature.
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2 REVIEW OF THE LITERATURE

2.1 Plant defences and pathogen stress recognition

Stress recognition could be considered the second line of defences against stress factors.
The first line are unarguably the physical barriers including thorns, trichomes, morphology,
waxy layers, and structures filled with deterring secondary metabolites. In the second line of
defences, initial pathogen recognition is considered to take place through pattern
recognition receptors (PRR’s). They recognise pathogen-associated molecular patterns
(PAMPs, also known as microbe-associated molecular patterns (MAMPs), such as chitin and
flagellin) and damage-associated molecular patterns (DAMPs, fragments of the plant itself)
as well as nematode-associated molecular patterns (NAMPs) (Choi & Klessig, 2016).
Recognition of PAMP’s through PRRs leads to PAMP-triggered immunity (PTI). To avoid this
level of detection pathogens have evolved effectors which aim at silencing the initial
recognition. In turn plants have evolved receptors to sense these effectors, nucleotide-
binding domain leucine-rich repeat containing receptors (NLRs), which activates effector-
triggered immunity (ETI) (Jones & Dangl, 2006). However, recent research indicates that
division to PTl and ETI could be an oversimplification as both activate defences that overlap
at several points (reviewed by Yuan et al., 2021). In fact, it might be that both PTl and ETI
are required for full defence initiation (Zhang & Dong, 2022).

After the initial pathogen recognition plants need to adjust their metabolism to survive the
infection. This is achieved through signalling which leads to defence reactions including
alterations in transcription, posttranslational modifications, and adjustments in metabolism.
Signalling components in plant defences include among others ROS, Ca%*, NO (nitric oxide),
hormones, mitogen-activated protein kinases (MAPKs), and transcription factors (TFs)
(Mignolet-Spruyt et al., 2016). Different plant stresses tend to activate separate signalling
pathways. Interestingly Botrytis cinerea Pers. Fr. (teleomorph Botryotinia fuckeliana (de
Bary) Whetzel) infection (discussed further below) and oxidative stress caused by reactive
oxygen species (ROS) have much in common at the transcriptional level (Xu et al., 2015a).

2.2 Reactive oxygen species, signalling and oxidative stress

Reactive oxygen species (ROS) include among others hydroxyl radical (HO®), hydrogen
peroxide (H203), superoxide(02"), and ozone (0s). Plants produce ROS in several organs
during normal plant processes (e.g., photosynthesis in chloroplasts) as by-products which
are then effectively scavenged before they can cause damage through oxidation. In lower
atmosphere O3 is a potent air pollutant capable of causing significant crop losses (Feng et
al., 2022). ROS are not only harmful by-products of metabolism or air pollutants, they play
an important part in plant signalling both within one cell and between cells (Vaahtera et al.,
2014; Waszczak et al., 2018).

Early on during an infection an apoplastic ROS burst is produced by NADPH oxidases, known
as respiratory burst oxidase homologs (RBOH) in plants, together with peroxidases (Torres,
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2010). This burst of ROS can lead to hypersensitive response (HR) (Delledonne et al., 2001),
which is rapid programmed cell death at the infection site. Altogether 10 RBOHs can be
found in Arabidopsis thaliana (L.) Heynh. (Torres & Dangl, 2005) with different roles. These
roles vary from pollen tube growth, seed ripening, and root hair formation to cell death and
defences (Kadota et al., 2015). RBOHD and RBOHF share some functions in pathogen
responses, cell death and stomatal closure (Kadota et al., 2015). RBOHD is essential in the
ROS wave that leads to systemic acquired acclimation (Fichman & Mittler, 2020). After cell
wall damage ROS is involved in lignification (Denness et al., 2011) which is a common
reaction to pathogen infection (Moura et al., 2010). O3 can be used in laboratory conditions
to simulate apoplastic ROS signalling (Wohlgemuth et al., 2002). Oz can activate
programmed cell death (PCD), very similar to HR, a defensive measure that can be effective
against biotrophic pathogens (Govrin & Levine, 2000; Overmyer et al., 2005). In contrast
PCD can leave plants more vulnerable to necrotrophic pathogens (Govrin & Levine, 2000).
Remarkably, even though late ROS accumulation can assist the pathogen during infection,
early ROS can have an opposite effect (Asselbergh et al., 2007; Serrano et al., 2014; Survila
et al., 2016) indicating that the timing of ROS production is important in successful defence
reactions.

2.3 Botrytis cinerea

Plant pathogens are often divided into biotrophic and necrotrophic pathogens depending on
their way of attaining nutrients from the host. Biotrophic pathogens require living host cells
to thrive and aim to infect without raising plant defences. In turn necrotrophic pathogens
thrive on dead and dying, necrotic, tissues and actively attempt to kill plant cells.
Understandably, these two categories of pathogen require very different defence responses
from the plant.

Botrytis cinerea is a necrotrophic fungal pathogen capable of infecting a wide range of hosts.
This pathogen is the cause of grey mould and affects over 200 crop plants (including beans,
strawberries, and grape) across different plant industries (agriculture and forestry)
(Williamson et al., 2007). B. cinerea causes multiple symptoms including soft rots and grey
mould. The pathogen is most often spread by air borne conidia and the pathogen can
remain dormant until favourable conditions or until the host reaches a certain
developmental stage (such as fruits ripening) (Williamson et al., 2007). Weiberg et al. (2013)
mention that the economic losses due to B. cinerea can reach 10-100 billion dollars
annually. B. cinerea is at the second place in a survey of fungal pathologists listing the most
scientifically or economically significant fungal pathogens (Dean et al 2012). With a
sequenced genome (Amselem et al., 2011) it is not surprising that B. cinerea is widely used
as a model necrotrophic pathogen in plant sciences. In this thesis the focus is on the early
defence regulation of Arabidopsis against B. cinerea infection.

As a necrotrophic pathogen B. cinerea thrives on dying tissues. There are several elements
that can impact the success of the pathogen. B. cinerea genotype, in addition to host
genotype, is an important factor in whether the infection is successful or not (W. Zhang et
al., 2017). Also, infection success is strongly affected by environmental conditions (Ciliberti
et al.,, 2015). In addition, the condition of the host plant has a strong effect. Sugar levels
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(Lemonnier et al., 2014), developmental stage and environmental factors all play their part
in infection success (Elad & Evensen, 1995).

Both the host plant and B. cinerea can produce ROS during an infection. B. cinerea is able to
cause the host plant to produce a burst of ROS and the strength of this burst affects the
infection severity; the higher the burst, the more effective the infection (Tiedemann, 1997).
B. cinerea can trick the host plant into producing ROS and activate programmed cell death
at the infection site (Torres, 2010). In addition to the host plant producing ROS, B. cinerea is
able to produce ROS with extracellular enzymes (Rolke et al., 2004). B. cinerea NADPH
oxidases have been expected to be involved in the ROS production by the pathogen during
infection, but in turn seem to be important for development of penetration structures and
lesion expansion (Segmdiller et al., 2008). The HR, i.e., rapidly triggered cell death, is part of
plant defences and is meant to slow down or stop an infection. Yet there is evidence that HR
is necessary, and triggered, in successful B. cinerea infection (Govrin & Levine, 2000).
Inhibiting ROS accumulation at the infection site reduces the lesion size and cell death (Asai
& Yoshioka, 2009; Govrin & Levine, 2000). B. cinerea produces toxins as part of the infection
strategy including botrydial. Botrydial requires light to cause lesions and the toxin aids in
tissue penetration and tissue colonization (Colmenares et al., 2002).

2.4 Hormones

Phytohormones play crucial roles in plant development and defences. They orchestrate
signalling pathways which entwine in a complex system. Central defence hormones
discussed in this thesis are jasmonic acid (JA), ethylene, and salicylic acid (SA) due to their
key regulatory roles in defences against pathogens. Generally, JA and ethylene are
considered to be defence hormones against necrotrophic pathogens and salicylic acid has a
key role in defences against biotrophic pathogens (Glazebrook, 2005; Stroud et al., 2022;
Thomma et al., 2001). De novo production and reactivation of storage forms and then the
degradation or inactivation of defence hormones at the right time are vital for successful
defences and balancing defences with growth.

2.4.1 Jasmonic acid

JA and jasmonates (JAs, derivatives of JA), are oxylipins (oxidized fatty acids). In JA
biosynthesis a-linoleic acid is converted into 12-oxo-phytodienoic acid (12-OPDA) in the
chloroplast, transported out from the chloroplast by an outer membrane protein JASSY,
transported into peroxisome where it gets synthesized into JA (Ghorbel et al., 2021; Guan et
al., 2019) (Figure 1). Acyl carrier proteins (ACPs) are involved in building fatty acids. ACP1 is
essential for linoleic acid biosynthesis in the chloroplast and thus to JA levels (Zhao et al.,
2022). For example, wounding increases the amount of OPDA along with other oxylipins
(Buseman et al., 2006). It is noteworthy that the precursor of JA, OPDA, can function as a
signalling molecule on its own and regulate genes, for example some belonging to WRKY
and MYB transcription factor families (Taki et al., 2005). In addition, OPDA is involved in
increasing cellular redox capacity during stress (Park et al., 2013).

Increased levels of JA are required for activation of JA dependent defences. When the need
for those defences subsides the degradation of JA is equally important. Cytochrome P450
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gene CYP94B3 has been found to play a key part in JA degradation. CYP94B3 converts JA
into 12-hydroxy-jasmonoyl-isoleucine (120H-JA-lle) which no longer functions in JA
signalling (Koo et al., 2011).

To activate signalling, JA binds to CORONATINE INSENSITIVE 1 (COI1) and forms a complex
with JASMONATE-ZIM-DOMAIN (JAZ). This targets JAZ for degradation, which in turn allows
downstream TFs to bind to their targets and to regulate JA dependent gene expression (the
extensive literature is reviewed by Li et al., 2022, Figure 1). There appears to be two distinct
branches of JA signalling, one in collaboration with ethylene and the other with abscisic acid
(ABA) (Lorenzo et al., 2003, 2004). Defences against B. cinerea are raised via the ethylene
response factor (ERF) branch, that is the JA and ethylene branch (Berrocal-Lobo et al., 2002;
Lorenzo et al., 2003) while JA and ABA are related to wounding responses via the MYC
branch (Lorenzo et al., 2004).

JA regulated genes are up-regulated within an hour of the stimuli and remain up-regulated
for over 24 hours post infection (Zhang et al., 2020) even at 96 hpi when treated with
Alternaria brassicicola (Schw.) Wilts. (Penninckx et al., 1996). JA accumulation in response to
Pseudomonas syringae pv. tomato (Okabe) Young, Dye & Wilkie and A. brassicicola
infections and Pieris rapae L. feeding was fast and surprisingly high in P. syringae infection
on Arabidopsis (De Vos et al., 2005). The accumulation of JA, gene expression, and proteins
all follow a similar pattern, where the initial regulation is fast and remains up-regulated for
several days (Stroud et al., 2022).

JAis involved in a plethora of plant processes both in plant development and in defences
(Ghorbel et al., 2021). JA is known for its role in defences against necrotrophic pathogens
but also plays important roles in timing of senescence (Kim et al., 2015) and stomatal
closure (Ghorbel et al., 2021). In fact, even OPDA the precursor of JA is involved in stomatal
closure (Savchenko et al., 2014). Other roles of JA include inhibition of lignin formation after
cell wall damage (Denness et al., 2011). JA plays an essential role in defences against both
apoplastic ROS and B. cinerea (Blomster et al., 2011; Méndez-Bravo et al., 2011; Overmyer
et al., 2005; Xu et al., 2015a).

There is growing interest for pharmaceutical uses for JA. Jasmonates share structural
similarities with prostaglandins which have anti-inflammatory effects. In addition to anti-
inflammatory uses, there is interest for JA in cancer treatments due to promising results.
The effects are possibly due to MAPK cascade activation or ROS production (Jarocka-
Karpowicz et al., 2021) which are both significant parts of plant defences as well.
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Figure 1. A. Two pathways of JA biosynthesis. Both pathways of JA synthesis use a-linoleic
acid as the substrate. The pathways then diverge; in one pathway a-linoleic acid is
converted into galactolipids by lipoxygenases (LOX), then into 12, 13-epoxy-linolenic acid by
allene oxide synthase (AQS), and then into OPDA by allene oxide cyclase (AOC). In the other
pathway a-linoleic acid is converted into 13-hydroperoxylinoleic acid (13-HPL) by lipases and
then into OPDA by a still unknown process. At OPDA the pathways converge again and
OPDA is transported out of the chloroplast. In order for OPDA to be converted into JA it is
imported into peroxisome where it is finally oxidized into JA (Ghorbel et al., 2021; Guan et
al., 2019). B. Simplified depiction of JA signalling. After stimuli JA is converted into the active
form JA-lle by JASMONATE RESISTANT 1 (JAR1). Pointed arrows indicate positive regulation
and blunt arrows indicate degradation. JA signalling is dependent on release of inhibitory
effect of JAZ proteins (Li et al., 2022).

2.4.2 Salicylic acid

SA is synthesised from chorismate in two different ways: through the isochorismate
synthase (ICS) pathway (which is triggered by e.g., pathogens) and through phenylalanine
ammonia lyase (PAL) pathway (Figure 2) (Peng et al., 2021). In the ICS pathway chorismate is
converted to isochorismate by ISOCHORISMATE SYNTHASE 1 (ICS1) (Wildermuth et al.,
2001) while the PAL pathway is less prominent in SA biosynthesis and uses phenylalanine as
the substrate (Peng et al., 2021). In the ICS pathway ICS1 converts chorismate into
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isochorismate which is transported from the plastid into cytosol by ENHANCED DISEASE
SUSCEPTIBILITY5 (EDS5). In the cytosol avrPphB SUSCEPTIBLE3 (PBS3) converts isochorimate
into isochorismate-9-glutamate which then spontaneously breaks down into SA and by-
products (Rekhter et al., 2019).

Degradation or converting SA into storage forms appears to be an important regulatory
step. As an example of further SA metabolism, DOWNY MILDEW RESISTANT 6 (DMR6)
functions in SA degradation by hydroxylating it into 2,5-dihydroxybenzoic acid (2,5-DHBA)(Y.
J. Zhang et al., 2017). DMR6-LIKE OXYGENASE1 (DLO1) appears to function similarly to
DMR6 but localizes differently (Zeilmaker et al., 2015).

SA is one of the main hormones regulating plant stress responses. SA is involved in defences
against biotrophic pathogens in particular but plays a role in abiotic stresses such as
drought, cold, heat, and osmotic stress as well. In addition, SA has been found to play a role
in plant growth and development such as to promote seed germination under stress
conditions and in low concentrations (Rivas-San Vicente & Plasencia, 2011). SA is the
precursor of acetyl salicylic acid, which is perhaps most commonly known for its
pharmaceutical use in pain relief as aspirin (Madan & Levitt, 2014).

SA is required for systemic acquired resistance (SAR) (Gaffney et al., 1993), PTI, as well as ETI
(Zhang & Li, 2019). Several NONEXPRESSER OF PR GENES (NPRs) play significant roles in SA
signalling, where NPR3/NPR4 supress SA related genes and NPR1 functions as a positive
regulator (Ding et al., 2018; Zhang et al., 2006, Figure 2). SA binding causes folding changes
in NPR1 enabling its interaction with TFs. In the nucleus NPR1 dimerization allows it to
connect two TGA1A-RELATED GENE 3 (TGA3) dimers to regulate SA mediated defences
(Kumar et al., 2022). Redox change in cytoplasm by SA is considered to facilitate the
monomerization of NPR1 from the oligomeric form and thus the movement of NPR1 from
the cytosol to nucleus (Mou et al., 2003). Still, we might not yet have a full picture on how
NPR1 is activated as the oligomer form of NPR1 might not exist in vivo (Ishihama et al.,
2021). In addition, NPR1 has a role in the cytosol as well where it forms salicylic acid-
induced NPR1 condensates (SINCs) (Zavaliev et al., 2020). These SINCs contain defence
related proteins and target them for degradation (Zavaliev et al., 2020).

SAis involved in stomatal closure, an important defence mechanism against drought and
pathogens, through NPR1 signalling (Wang et al., 2020; Zeng & He, 2010). SA can form a
positive loop with ROS to promote cell death ( Xu et al., 2015b), which can assist in defences
against biotrophic pathogens. Along with other regulators, many NAC DOMAIN
CONTAINING PROTEIN (NAC) and WRKY DNA-BINDING PROTEIN (WRKY) TFs play a role in
the regulation of SA biosynthesis and signalling. ANAC019, ANACO55, ANAC072, ANACO061,
ANAC090, WRKY18, WRKY40, WRKY58 function as negative regulators (Birkenbihl et al.,
2017; Hickman et al., 2019; Wang et al., 2006; Zheng et al., 2012) and ANAC032, WRKY70,
WRKY75, WRKY53, WRKY18 as positive regulators of SA signalling (Allu et al., 2016; Guo et
al., 2017; Li et al., 2004; Wang et al., 2006). The dual role of WRKY18 as both negative and
positive regulator of SA related defences could be an interesting topic to look into in future
studies. WRKY70 and WRKY54 have been suggested to inhibit SA biosynthesis in non-stress
conditions and after a stress subsides (Wang et al., 2006). The TFs CAM-BINDING PROTEIN
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60-LIKE G (CBP60g) together with SAR DEFICIENT 1 (SARD1) are positive regulators of SA
biosynthesis by binding to the promoter of SALICYLIC ACID INDUCTION DEFICIENT 2 (SID2,
also known as ICS1)(Wang et al., 2011).

SA responsive genes are up-regulated rapidly. The first set of up-regulated genes can be
observed already 0,5 to 2 hours after the inducing treatment. However, the up-regulation is
transient, between 12- and 16-hours a majority of up-regulated genes are back to the same
level they were prior to treatment (Hickman et al., 2019; Zhang et al., 2020). Measurable
accumulation of SA, as a result of P. syringae pv tomato infection, started at 3 hours post
infection, the amount was at the maximum level at 24hpi and undetectable at 72hpi (De Vos
et al., 2005). Perhaps, the earliest SA regulated genes are regulated by SA levels too low to
be detected with current methodology or the early SA synthesis is under effective
scavenging, which would need to be silenced or reduced for the accumulation of SA to
occur.
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Figure 2. A. The two pathways of SA biosynthesis: phenylalanine ammonia lyase (PAL) and
the isochorismate synthase (ICS) pathways (Peng et al., 2021). In the ICS pathway
chorismite is converted into isochorismate by ICS1 and ICS2. SARD1 and CBD60g are TFs that
bind to the promoter of ICS1. Isochorismate is converted into isocrosimate-9-glutamate (IC-
9-Glu). IC-9-Glu can then spontaneously convert into SA, a process that ENHANCED
PSEUDOMONAS SUSCEPTIBILTY 1 (EPS1) enhances. The PAL pathway is less prominent in
Arabidopsis. Phenylalanine is converted into trans-cinnamic acid by PALs and then into
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benzoic acid (BA) by ABNORMAL INFLORESCENCE MERISTEM 1 (AIM1). Finally, BA is
converted into SA by benzoic acid-2-hydroxylase (BA2H). B. SA signalling, the effect different
amount of SA has on the signalling, and TFs that play a significant role in the regulation of SA
dependent gene expression. Sharp arrows indicate a positive regulatory effect on gene
expression and blunt arrows indicate an inhibitory effect.

2.4.3 Ethylene

Ethylene is a small gaseous hormone and of great economic importance in agriculture,
especially during post-harvest where ethylene affects storability and ripening of various
crops (e.g., apples, tomatoes, cut flowers). Ethylene has multiple roles in plant development
and defences. During development ethylene inhibits leaf growth and affects fruit ripening
and senescence (Dubois et al., 2018). Ethylene is involved in the regulation of timing of
senescence (Kim et al., 2015). In plant defence, ethylene is often coupled with JA against
necrotrophic pathogens and PAMPs and DAMPs are connected to the up-regulation of
ethylene production (Adie et al., 2007).

In the absence of ethylene, the ethylene receptors (ETHYLENE RESPONSE 1 (ETR1), ETR2,
ETHYLENE RESPONSE SENSOR 1 (ERS1), ERS2 and ETHYLENE INSENSITIVE 4 (EIN4)) enable
CONSTITUTIVE TRIPLE RESPONSE 1 (CTR1) to block ETHYLENE INSENSITIVE 2 (EIN2). In the
opposite situation where ethylene is present the receptors are blocked by ethylene. This
renders CTR1 unable to function and releases EIN2 (C-terminal re-localizes into nucleus) to
activate the downstream components of the signalling pathway leading up to ethylene
responses (Binder, 2020; Qiao et al., 2012, Figure 3). As with OPDA in JA synthesis, ACC (1-
aminocyclopropane-1-carboxylic acid), a precursor of ethylene, can function as a signalling
molecule on its own (Van de Poel, 2020). In Arabidopsis ACC is involved in several
developmental processes including successful seed fertilization where it is involved in
guiding pollen tube growth to the ovule (Mou et al., 2020) and it has an inhibiting regulatory
role during early growth (Vanderstraeten et al., 2019). Ethylene receptors have been shown
to affect the level of ethylene sensitivity where higher receptor protein levels lead to less
sensitivity and vice versa (Binder, 2020).
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Figure 3. A. Ethylene biosynthesis splits into two signalling pathways: ACC signalling and
ethylene signalling. Methionine is converted into S-adenosyl-I-methionine (SAM) by SAM
synthetase (SAMS). SAM is then converted to ACC (1-aminocyclopropane-1-carboxylic acid)
by acetyl-coA synthetase (ACS). ACC is in turn converted into ethylene by ACC oxidase
(ACO). B. Simplified view of ethylene signalling. When present ethylene binds to receptors
(ETRs, ERSs, EIN4) which renders CTR1 unable to phosphorylate EIN2. This removes the
inhibitory effect CTR1 has on EIN2 allowing EIN2 to interact with its downstream targets
leading to ethylene responses. Pointed arrows indicate a positive relation and blunt arrows
indicate inhibitory effect.
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2.5 Hormonal interactions

Hormone interactions are an integral part of orchestrating appropriate regulatory measures.
There are indications of every type of interaction between hormones within the wealth of
scientific literature (Overmyer et al., 2018). The many different growth conditions,
experimental techniques and time scales used to study hormone interactions complicates
their interpretation. Still, examining what is already known of hormone interactions in plant
defences, especially when and how those interactions happen, can offer important insights
into plant defences and can highlight what is still unknown (Figure 4).

BR CK

'— Ethylene

7

ABA
GA
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Figure 4. Hormonal interactions that are in focus of this thesis are depicted inside of the
circle; SA, JA, ethylene and how they interact. Other hormones (brassinosteroids (BR),
cytokinins (CK), gibberellins (GA), auxin (AUX), strigolactones, and ABA) outside of the circle
(in grey font) interact with each other and with SA, JA, and ethylene, but these interactions
are not discussed in this thesis. Pointed arrows indicate a positive interaction and blunt
arrows indicate an inhibitory relationship.

JA and SA interactions are of particular interest as they are connected to two different
defence strategies. JA has a crucial role in defences against necrotrophic pathogens, where
avoiding cell death has a positive effect on survival. SA in turn has an important role in
defences against biotrophs, which requires cell death. SA negatively affects JA signalling in
several ways. Firstly, SA can suppress JA responsive genes via transcriptional regulators
including NPR1 and TGACG (TGA) MOTIF-BINDING PROTEINs (TGAs) (Leon-Reyes et al.,
2010; Spoel et al., 2003). TGAs may be positive indirect regulators of JA and ethylene
responses when SA levels are low but functions as a negative regulator of JA when SA levels
increase (Zander et al., 2010). Secondly, SA hinders JA regulated TFs by keeping them in the
cytosol, possibly tying them into complexes (thus successfully blocking them from
functioning), degrading them or promoting negative regulators (including WRKY’s; WRKY70,
WRKY62, WRKY50, WRKY51) (Caarls et al., 2015; Gao et al., 2011; Li et al., 2004; Mao et al.,
2007; Spoel et al., 2003; Van der Does et al., 2013). Finally, SA is suggested to cause histone
modifications, which in turn can repress JA dependent genes (Caarls et al., 2015).

Interactions between SA and JA are well documented. Yet, the extent of those interactions
at the level of transcriptional regulation varies from study to study. SA treatment
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dramatically affects, enhancing or repressing, the expression of almost 70% of JA responsive
genes. The effect is not as strong reversed, JA has some effect on SA responsive genes but
only on approximately 12% (Hickman et al., 2019). Meta-analysis of publicly available RNA-
seq data suggested that the effect of JA on SA is higher. JA seemed to repress almost 40% of
genes up-regulated by SA and the other way around, SA only seemed to repress 24% of
genes up-regulated by JA (Zhang et al., 2020). Hickman et al. (2019) report that they saw a
higher number of SA regulated genes than had been previously published. Different growth
conditions and timepoints, differences in methods of analysis and which interactions were
included (up-regulated or both up- and down-regulated) can all explain some of the
differences between the two publications.

Plants can raise defences very locally so that the antagonistic relationship of SA and JA only
affects the infection site. SA signalling and regulation of defences in infection with biotroph
P. syringae rendered host plant vulnerable to infection with a necrotroph A. brassicicola but
only at the same site or in very close proximity to the original infection site (Spoel et al.,
2007).

Sometimes both SA and JA are needed to launch effective defences. In the case of
nematodes on watermelon, red light promotes the accumulation of both JA and SA as well
as the genes for their biosynthesis in the roots (Yang et al., 2018). Both SA and JA
accumulation are induced in P. syringae infection (De Vos et al., 2005). This induction of
both JA and SA can be due to spatial up-regulation where SA is produced at the infection
site and JA around that infection site (Betsuyaku et al., 2018). Looking at the outcome of 96
isolates of B. cinerea on JA and SA deficient Arabidopsis mutants it was clear that blocking JA
signalling led to infection in most cases. SA deficiency led to a varied outcome. Some of the
96 B. cinerea strains were able to cause an infection, some were not, and in some of the
infections the SA deficient mutant behaved in a similar fashion to wild type (WT) (W. Zhang
et al., 2017). This suggests that SA has a protective role against some B. cinerea strains, but
its role is not as prominent as JA. Furthermore, when looking at the role of SA, JA, ethylene
and PHYTOALEXIN DEFICIENT4 (PAD4) in necrotrophic infections (P.syringae and A.
brassicicola) they all had a positive effect on resistance (Tsuda et al., 2009). Even though JA
is crucial in B. cinerea infections, SA through PAL biosynthesis pathway seems to limit lesion
size (Ferrari et al., 2003). Efficiency of synthesis of one hormone can reflect in the levels of
another defence hormone. Lack of ACP1, an acyl carrier protein involved in building fatty
acids, leads to lower JA levels but at the same time to increased SA levels in P. syringae pv.
tomato DC3000 infection (Zhao et al., 2022).

Ethylene is involved in SA regulated ROS production in guard cells. SA signalling via NPR1
regulates the expression of three ACC synthetases, 1-AMINO-CYCLOPROPANE-1-
CARBOXYLATE SYNTHASE 2 (ACS2), ACS6, and ACS11, which leads to ethylene production.
Ethylene signalling activates ROS production by ATRBOHD/F (Wang et al., 2020). Both
ethylene and JA are required in regulating ERF1 (Lorenzo et al., 2003), which is a TF involved
in pathogen defences. In fact, enhanced ERF1 expression leads to better B. cinerea
resistance (Berrocal-Lobo et al., 2002). In addition, ERF1 represses genes involved in
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defences to herbivory and wounding that are regulated by JA via MYC2 (Lorenzo et al.,
2004). EIN3 can downregulate ICS1 activity thus repressing SA synthesis (Chen et al., 2009).

Transcription factors can play a different role in different signalling pathways, blocking one
and promoting another. TGA2/5/6 TFs function at a SA/JA crossroads, positively regulating
SA and negatively regulating JA (Xu et al., 2015a). WRKY70 has a very similar role to that of
TGA2/5/6; it up-regulates SA responsive genes and represses JA responsive genes (Li et al.,
2004). WRKY33 on the other hand positively regulates JA responsive genes and negatively
regulates SA defences (Birkenbihl et al., 2012; Zheng et al., 2006). The transcription factor
SIGNAL RESPONSIVE 1 (SR1) is involved in several defence pathways including SA responses
(SR1 negatively regulates EDS1, which is involved in SA biosynthesis (Du et al., 2009)),
ethylene signalling (SR1 binds to EIN2 and negatively affects its expression) (Nie et al., 2012)
and SR1 regulates expression of early pathogen-responsive genes (Jacob et al., 2018).

The use of a quadruple mutant dde2 ein2 sid2 pad4, where the lack of DELAYED
DEHISCENCE 2 (DDE2) impacts JA biosynthesis and the lack of PHYTOALEXIN DEFICIENT 4
(PAD4) impacts basal plant resistance, and corresponding double and triple mutants
revealed interactions between hormone signalling pathways that become apparent only
when several signalling pathways are compromised. This multilevel approach revealed that
JA is needed in regulation of SA signalling (Hillmer et al., 2017). Another study with the dde2
ein2 pad4 sid2 mutant indicated that the combined hormonal signalling network is required
for correctly timed early defence initiation to P. syringae (Mine et al., 2018). During the
early phase of defences, genes with the binding site for WRKY transcription factors were
strongly up-regulated while the NAC and MYC TFs were more predominant during later
timepoints (Mine et al., 2018). Overall, hormonal interactions play an integral role in tuning
plant defences and new layers to those interactions are constantly being discovered.

2.6 Transcription factors: WRKYs in stress and hormone interactions

Transcription factors (TFs) are divided into families based on their DNA binding domains. TFs
regulate gene expression by either promoting or decreasing their target gene’s
transcription. They are in turn also regulated via several mechanisms including other TFs
and post-translational modifications (such as phosphorylation) (Moore et al., 2011).
Understanding which TFs play a significant role in certain stresses can open new
opportunities for crop improvement via engineering existing metabolism towards a desired
outcome (Jirschitzka et al., 2013). Changes in TF activity has been identified as a major
player in crop domestication of many main crops (Doebley et al., 2006) illustrating that TFs
can be a powerful option for future crop improvements. For example, SoyWRKY15a was
identified to be involved in seed size determination in wild soy (Glycine soja Siebold & Zucc.)
(Gu et al., 2017).

One of the stress related TF families are WRKYs. WRKYs are a family of estimated 75 TFs
(Riechmann & Ratcliffe, 2000), and they are characterized by containing a zinc-finger binding
motif and the WRKYGQK motif (Eulgem et al., 2000). The WRKYGQK motif is conserved
among WRKYs and binds to DNA at the W box element which has a conserved TGAC core
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(Eulgem et al., 2000). WRKYs are further divided into three groups (I, ll, lll) based on the
number of WRKY motifs found in them and by the type of zinc-finger like structures they
have (Eulgem et al., 2000). The W-box is the most prevalent motif found among ozone
regulated genes (Blomster et al., 2011; Xu et al., 2015a; Xu et al., 2015b). Often WRKYs have
overlapping functions with other members of the same TF family making it difficult to
determine their roles with single knockout mutants (Ulker & Somssich, 2004).

In addition to the earlier mentioned WRKYs in sections discussing JA (2.4.1), SA (2.4.2) and
hormonal interactions (2.5), different roles of WRKY’s include a wide range of processes
from seed growth, root development, senescence, and flowering to abiotic and biotic stress
responses (Chen et al., 2017). Focusing on stress responses, the three main stress hormones
discussed in this thesis (SA, JA, and ethylene) can all regulate WRKY75 transcription (Guo et
al., 2017). Ethylene regulates WRKY75 transcription as it is a target gene of EIN3 (Guo et al.,
2017). WRKY75 forms a positive regulation loop with SA by binding to ICS1 (also known as
SID2) enhancing SA production (S. Zhang et al., 2017). Also, WRKY75 represses CAT2
transcription leading to increased ROS accumulation due to lower catalase activity (Guo et
al., 2017). In turn, WRKY33 is required in controlling H,0: levels as the lack of WRKY33 leads
to elevated H,0: concentration (Sun et al., 2020). Considering the timing of stress
responses, WRKY33 seems to be part of the early defence reaction as its transcript levels are
at highest at 1 and 2 hours after oxidative stress initiation (Blomster et al., 2011) and 14
hours after B. cinerea infection (Liu et al., 2015) indicating that WRKY33 plays an important
role in early stress regulation.

2.7 Secondary metabolites: camalexin and glucosinolates

Secondary metabolites that have adverse effects on herbivores and harmful microbes are
part of plant defences. An understanding of how they are metabolised and regulated is of
great importance for both agriculture and for understanding ecological processes of a
variety of plant-organism interactions. Glucosinolates (GSL) are important secondary
metabolites in plant defences. There are at least 120 different GSLs found in plants (Fahey
et al., 2001). The conversion of indol-3-yl-methyl glucosinolate (I3M) to 1-methoxy-I13M
glucosinolate (1MO-I13M) is well conserved among Brassicaceae species yet their ratio to all
GSLs differs between species (Bednarek et al., 2011; Fahey et al., 2001). Distribution of GSLs
is different across different plant organs and tissues. Roots tend to have more GSL than
shoots (Van Dam et al., 2009). In addition, which GSLs are most abundant, depends on the
part of the plant: I3M tends to be the most prevalent GSL in leaves while overall levels of
GSLs are highest in roots (Agerbirk et al., 2009). B. cinerea promotes the conversion of I3M
into 4-methoxy-13M glucosinolate (4MO-I13M) in Arabidopsis (J. Xu et al., 2016). JA
treatment increases the level of some indole glucosinolates (I13M, 4-hydroxy-13M) in
Brassica rapa L., B. napus L. and B. juncea (L.) Czern. (Bodnaryk, 1994).

Camalexin, an indole phytoalexin, can play a protective role in B. cinerea infection, but it is
dependent on the B. cinerea genotype (Kliebenstein et al., 2005). The same applies to
glucosinolate breakdown products, some genotypes of B. cinerea are more sensitive than
others (Buxdorf et al., 2013). Also, changes in secondary metabolites in the host plant,
including camalexin and glucosinolates, vary between different B. cinerea strains
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(Kliebenstein et al., 2005). Both camalexin and glucosinolates share a precursor indole-3-
acetaldoxime (Glawischnig et al., 2004).

2.8 Protein phosphorylation: phosphatase PP2A

Protein phosphorylation is a reversible regulation system, where kinases add phosphate
groups to proteins and phosphatases remove them. Protein phosphorylation is essential in
signalling, both in perception and in transmission of signals thus regulating plant processes
at the posttranslational level. Kinases and phosphatases are highly abundant and make up
over 2% of protein encoding genes (Uhrig et al., 2013).

Mitogen-activated protein kinase (MAPK) cascades are conserved signalling pathway
components that function downstream from receptors (Widmann et al., 1999). In the
cascade, MAPK kinase kinase (MAPKKK) activates MAPK kinase (MAPKK) which in turn
activates MAPK. In plant defences MPK3 and MPK6 are important MAPKs. During B. cinerea
infection they are required for regulating camalexin synthesis (Ren et al., 2008) and
regulating ethylene production by stabilizing ACS2 and ACS6 (Han et al., 2010). In addition,
MPK3 and MPK6 through regulation of TF ERF6 are involved in indole glucosinolate
synthesis by promoting I3M synthesis and its conversion into 4MO-13M during B. cinerea
infection (Xu et al., 2016). Kinases and phosphatases interact with each other regulating
defence activation. For example, MAP KINASE PHOSPHATASE1 (MKP1) and MKP2 interact
with MPK3 and MPK6 regulating their activation (Bartels et al., 2009; Lumbreras et al.,
2010).

Phosphatases are divided into four groups: the phosphoprotein phosphatases (PPP), the
phosphotyrosine phosphatases (PTP), the protein phosphatases dependent on Mg?* or Mn?*
(PPM), and finally the aspartate dependent protein phosphatases (Uhrig et al., 2013).
Protein phosphatase 2A (PP2A) is a subfamily of the PPP family and is built from three
subunits. Subunit A is the structural subunit, B the regulatory subunit and C the catalytic
subunit. Arabidopsis has three different A subunits, 17 B subunits and five C subunits
enabling a wide range of variability (Booker & DelLong, 2017).

Plant defences require resources, which affects growth and development. Appropriate
balancing of defence and growth ensure survival. Unnecessarily raised defences, although
protecting the plant from one or several stressors, can lead to survival costs. For example,
pp2a-b’y mutants senescence and yellow faster than their wild type counterparts (Trotta et
al., 2011). Another connection of PP2A-B’y to defence regulation is that the lack of PP2A-B’y
leads to resistance to Myzus persicae Sulzer and B. cinerea (Rasool et al., 2014; Trotta et al.,
2011). Certainly, phosphatases are required to regulate activity of proteins, but compared to
kinases we still need to learn much more about their specific functions in plants.
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3 AIMS AND HYPOTHESES

This thesis covers many layers of plant defences and circles around defence hormones, B.
cinerea infection, and ROS. The focus is to reveal the similarities and differences between
the stresses, and especially the interactions between hormone signalling pathways and the
different layers of plant defences Examining interactions of defence hormones by using
double and higher order mutants helps us better understand how plants determine the
correct response to a stress and the nuanced effects signalling pathways have on each
other. Transcription factors are key players in fine tuning defence reactions while protein
phosphatases play an important role in posttranslational tuning of plant metabolism and
signalling. Better understanding the specific roles of TFs and protein phosphatases in
defence regulation as well as in secondary metabolism can reveal new insights and novel
possibilities for crop improvements. Plant defences form a highly interconnected web of
actors and connections between them, for which we are still missing many key players and
interactions. The aims are to further:

e elucidate hormonal interactions between JA, SA and ethylene and their roles early
on in B. cinerea infection and oxidative stress.

e increase our understanding of WRKY transcription factor family and their specificity.

e examine the specific regulatory roles and interactionsof PP2A-B’y in plant defences.
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4 MATERIALS AND METHODS

Materials and methods used in the publications I-IV are listed in this chapter. The method of
performing a B. cinerea infection is described here in more detail than in the publication to
pass on some of the silent knowledge that was not feasible or relevant to include in the
publications.

4.1 Materials
4.1.1 Plant materials

Mainly one species of plant was used in the four publications: Arabidopsis thaliana. The
model plant was used in all four publications. The different lines of Arabidopsis that were
used are listed in Table 1. Nicotiana benthamiana Domin was used in publication Il and Ill in
BiFC assays.

Table 1. Arabidopsis material and the publication or manuscript they were used in.

Genotype AGI Annotation/Description Publication
Columbia (Col-0) Wild type 1,0, 0, 1V
axrl-3 At1g05180 |auxin resistant 1 |

coil-16 At2g39940 |coronatine insensitive 1

ein2-1 At5g03280 | ethylene insensitive 2

nprl-1 At1g64280 | nonexpresser of pr genes 1 ,

sid2-1 At1g74710 | salicylic acid induction deficient 2 Al

sr1-4D At2g22300 |signal responsive 1

coil-16 npril-1

co0il-16 sid2-1

ein2-1 sid2-1

coil-16 ein2-1 sid2-1

|
|
|
|
|
coil-16 ein2-1 |
|
|
|
|
|

co0il-16 npri-1 sid2-1

B' regulatory subunit of protein phosphatase 2A

pp2a-b'Y At4g15415 | (AtB'gamma) I, 1
B' regulatory subunit of protein phosphatase 2A

pp2a-b'T At3g21650 | (AtB'zeta) Il

pp2a-b"v{ Il

pp2a-b'Y sid2-1 Il

pp2a-b"Y P35S:PP2A-
B'Y I, 1l

pp2a-b'Y orel Il

pp2a-b'Y sag12 I

pp2a-b'Y npri-1 Il

cpkl At5g04870 | calcium dependent protein kinase 1 Il
sag12 At5g45890 |senescence-associated gene 12 1]
orel At5g39610 1]
wrky75-25 At5g13080 \Y
wrky75-1 At5g13080 v
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wrky25 At2g30250 Y,
wrky33 At2g38470 v
wrky25 wrky33 v
estradiol inducible

WRKY75* \Y)
estradiol inducible

WRKY75*% \%
PR1:GUS At2g14610 | PATHOGENESIS-RELATED GENE 1 |
TIFY10A:GUS At1g19180 |[JASMONATE-ZIM-DOMAIN PROTEIN 1 |
ICS1-GUS Atlg74710 |ISOCHORISMATE SYNTHASE 1 |
RAP2.6-GUS At1g43160 |RELATED TO AP26 |
WRKY75:GUS At5g13080 |
ABCG40:GUS At1g15520 | ATP-BINDING CASSETTE G40 |
PME17:GUS At2g45220 | PECTIN METHYLESTERASE 17 |
PDF1.1:GUS At1g75830 | PLANT DEFENSIN 1.1 |
At4g16260:GUS At4g16260 |

* NASC line N2102362, # NASC line N2102363
4.1.2 B. cinerea

For infection assays the model fungal pathogen B. cinerea was used. The strain of B. cinerea
used in all assays was B05.10. The strain was originally isolated from grapes (Shao et al.,
2016).

4.2 Methods

Table 2. Methods and the publication or manuscript they were used in.

Method Publication

Os treatment 1, IV

SA treatment |

JA treatment |
Wounding |
Botrytis cinerea infection 11,0, IV
Estradiol treatment \Y,

GUS-staining [
Stomatal conductance measurement [

Promoter-GUS line construction [
Visualization of sub-cellular WRKY localization with YFP \Y
RT-qPCR L,V
RNA-seq sample preparation I, IV
Protein interactions, Yeast Two Hybrid Screening, BiFC I, 1
In-Gel Kinase Assay Il
Immunoblotting Il
Microarray analysis Il
Metabolite analysis 11, 1
Proteomic analysis 11}
SELEX [\
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Analysis of RNA-seq data 1L,V
Statistical analysis, R, linear mixed effect model 1,0,

Table 3. Genes used in qPCR and the paper they appear in.

Gene AGI Annotation Publication

ABCG40 At1g15520 ATP-BINDING CASSETTE G40 [

ARGOS At3g59900 AUXIN-REGULATED GENE INVOLVED IN |

ORGAN SIZE
At4g16260 | At4g16260
FMO1 At1g19250 FLAVIN-DEPENDENT MONOOXYGENASE 1
ICS1 Atlg74710 ISOCHORISMATE SYNTHASE 1
JAZ1 At1g19180 JASMONATE-ZIM-DOMAIN PROTEIN 1
PDF1.1 Atl1g75830 PLANT DEFENSIN 1.1

PDF1.2 At5g44420 PLANT DEFENSIN 1.2

PME17 At2g45220 PECTIN METHYLESTERASE 17

PR-1 At2g14610 PATHOGENESIS-RELATED GENE 1

<

RAP2.6 At1g43160 RELATED TO AP2 6

WRKY38 At5g22570 ARABIDOPSIS THALIANA WRKY DNA-
BINDING PROTEIN 38

WRKY75 At5g13080 ARABIDOPSIS THALIANA WRKY DNA- I, IV
BINDING PROTEIN 75

PR2 At3g57260 PATHOGENESIS-RELATED PROTEIN 2 Il

PR5 At1g75040 PATHOGENESIS-RELATED PROTEIN 5 Il

NUDX6 At2g04450 NUCLEOSIDE DIPHOSPHATE LINKED TO Il
SOME MOIETY X6

CRK45 At4g11890 CYSTEINE-RICH RECEPTOR-LIKE PROTEIN Il
KINASE

CYP71A13 | At2g30770 CYTOCHROME P450 \%

PAD3 At3g26830 PHYTOALEXIN DEFICIENT 3 \Y

4.2.1 Detailed description of B. cinerea infection protocol

B. cinerea infections and propagation is often done with small differences (for example
Ferrari et al., 2003, Zhang et al., 2017). Thus, the detailed description of how preparation
and infection was done for the papers included in this thesis is included below.

4.2.1.1 Growing B. cinerea

In all publications and manuscripts of this thesis B. cinerea was grown on homemade potato
dextrose agar. The base for 1000ml of media was made with 300 g of grated potato (with
peels), 50 g of grated tomato (with peels), 25 g of grated carrot (peeled). The ingredients
were slowly boiled in 750ml of MQ water for 20min. After the broth had cooked, it was
filtered to remove largest solids. For rich growth media 10 g of dextrose, and 1.5 g of yeast
extract was added into the broth. For poor media dextrose and yeast were not added. The
volume was adjusted to 1000ml with MQ water. The broth was then divided into four 500ml
bottles (to prevent boiling over during autoclaving) with 3,75g of agar for each bottle. The

30



potato dextrose agar was then autoclaved and poured onto plates while hot. For
maintaining the culture and future propagation purposes of the B. cinerea culture normal
round petri dishes were used. For best chance of sporulation larger plates are
recommended. After cooling, the plates were ready for use. For storage, plates were sealed
individually.

When inoculating new plates, a small piece of agar from a healthy growing B. cinerea plate
(otherwise un-used) was transferred to a fresh plate. The inoculum used were small,
approximately 2mm x 2mm, and contained hyphae and the media it is growing on. In other
words, a small cube was cut from an old plate and the whole cube was transferred to a new
plate. Instruments used in the process were sterilized at every step as the growth media is
very well suited for many micro-organisms. The inoculated plates were sealed and kept in
the dark at room temperature. For longer storage plates with B. cinerea were stored in a
cold room or refrigerator.

4.2.1.2 Collecting spores and preparing infection solution

For experiments, spores of B. cinerea were collected into % strength commercial potato
dextrose broth (PDB) in 2ml Eppendorf tubes or other easily closed vial. Spores were
harvested with sterilized forceps from a plate with mature spores. Sporulating areas were
identified by their dark fluffy mouldy appearance. When the area is perturbed while
harvesting, a puff of released spores can be observed. Depending on the scale of the
experiment a slight excess of sporulating mass was harvested. For a drop infection assay of
ten Arabidopsis genotypes a few picks with forceps was typically enough. When performing
several infection assays within a close time period, the same plate of B. cinerea was used.

After the spores were harvested the tubes containing PDB, the hyphae and spores were
vigorously shaken for 5min. The liquid was then strained through wet Miracloth to remove
hyphae and other debris (pieces of the growing media). The purified liquid contains the B.
cinerea spores. The concentration of the spore solution was determined by making dilutions
(for example 1:10 and 1:100) and counting the spores on a counting chamber under a
microscope. The spore solution was always mixed before pipetting while making the
dilutions and before pipetting the liquid onto the counting chamber. From the counting
chamber one whole medium square (identified by three edge lines) was counted with the
assistance of a clicker counter. The medium square comprising of sixteen small squares
which was counted one by one until the whole medium sized square had been counted. The
correct concentration for the infection media was calculated from the spore count, dilution
amount and the dimensions of the counting chamber. The infection solution was then
mixed according to the spore count into % strength PDB.

4.2.1.3 Prepping plants for infection

Ideally plants used for infection experiments were grown on the infection trays. If this was
not feasible plants were moved onto the infection trays couple of days prior the infection.
Plants were handled with caution to avoid damaging leaves. Arabidopsis plants were not
flowering, and all genotypes were of similar growth phase. While growing the plants they
were sufficiently watered and stressed as little as possible. Plants used for infections were
observed to be healthy.
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4.2.1.4 Infecting plants

Infections were performed in a laminar hood to contain the B. cinerea. Plants were handled
carefully during transferring to the hood and while infecting. During both drop and spray
infections the inoculum was shaken often to ensure that the spores remained dispersed
evenly in the liquid and that each plant was treated as similarly as possible. For drop
infections a 5ul drop was pipetted onto 2-3 leaves per plant depending on the size of the
Arabidopsis rosettes. In spray infection the inoculum covered the leaves but did not start to
form large droplets or run-off. After applying the inoculum, plants were sealed in mini
greenhouses with the lids sprayed with water to ensure high humidity and the sides were
taped shut. Plants were infected in the afternoon in all experiments performed for the
included papers and manuscripts. This yielded reliable and repeatable infections.
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5 RESULTS AND DISCUSSION

Plant signalling and defences are both complex and extremely intertwined. The results are
categorized into three main topics which group together findings from papers I, 11, lll, IV
relating to those topics. First section discusses hormone interactions. The second topic
relates to WRKYs and how they are connected to both the first section discussing hormones
and to the last section, which focuses on post-translational matters including secondary
metabolites (camalexin and glucosinolates) and protein phosphorylation.

5.1 Hormone interactions: SA, JA and ethylene

Hormones are essential in regulation of all types of biological processes in plants from seed
germination to senescence and everything between. Dissecting how hormones are
connected with different layers of plant defences and examining the intricacies of hormone
signalling pathway interactions increases our understanding of plant defences. To expand on
the vast amount of already available scientific literature, a wild-type and mutants deficient
in hormone signalling pathways were subjected to several treatments (key focus on B.
cinerea and ROS) and methods of analysis. JA has a key role in regulating defences against
necrotrophic pathogens. This importance has been demonstrated with the coil JA signalling
mutant, which is very sensitive to the fungal pathogen B. cinerea (demonstrated in multiple
publications, including Thomma et al., 1998, Fig. 1 in 1). When examining mutants deficient
in signalling pathways, the sensitivity of the coil mutant to B. cinerea was evident not only
as a single mutant (Fig. 1 in 1), but also in double mutants when paired with impaired SA or
ethylene signalling or biosynthesis (coil sid2, coil npr1, coil ein2) (Fig. 1 in I). Also, the triple
mutant coil ein2 sid2 (JA, ethylene and SA deficient) showed enhanced disease sensitivity
(Fig. 1in 1). However, one of the key findings in this thesis was that the B. cinerea sensitive
phenotype of coil was restored to the wild type level of Col-0, when the mutations npri
sid2 were introduced into coil (Figure 5) (Fig. 1 in I). In the triple mutant coil npr1 sid2 both
SA signalling (npr1) and biosynthesis (sid2, also known as ICS1) are blocked on top of JA
signalling. Thus, the triple mutant should lack typical responses tied to the two key defence
hormones. One possible reason for the surprising B. cinerea resistance of coil npr1 sid2
could be nonconventional JA signalling where the function of COI1 is somehow
circumvented. In ETI both JA and SA can accumulate (Liu et al., 2016), yet in the triple
mutant SA biosynthesis is disrupted. Interestingly, NPR3 and NPR4(which in the absence or
at low SA levels block SA signalling) degrade JAZ1, which then leads to JA signalling
independent of COI1 (Liu et al., 2016). Therefore, in coil npr1 sid2 there could be an
expanded role for NPR3 or NPR4 mediated defences.

Another explanation for the B. cinerea resistance of the coil npr1 sid2 mutant could be that
while JA and SA are blocked, the JA precursor OPDA is enabled to take over some of the JA
functions (Stintzi et al., 2001). As OPDA can induce genes from several defence related TF
families including ERFs, WRKYs, ZATs, and MYBs, it offers one plausible explanation for the
resistance (Taki et al., 2005). Curiously, the triple mutant was still sensitive to ozone
suggesting specificity to resistance to B. cinerea but not ROS (Fig. 2 in I). One possible
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explanation for this specificity and sensitivity to ozone could be the positive loop of WRKY75
and ROS. Even though WRKY75 transcript levels were lower in the triple mutant than in WT

(Fig. 6 in 1), these levels might be sufficient for WRKY75 to promote ROS production and cell

death.

The B. cinerea resistance of the triple mutant coil npr1 sid2 could be partially ethylene
mediated. Or even with several plausible explanations related to hormones and interesting
focuses for future research, the explanation for the B. cinerea resistance of the triple
mutant can be some other mechanism altogether. Perhaps the lack of both JA and SA
removes a repressor and thus allows a TF or a signalling component to function in their
absence possibly in an unexpected way. For example, the overexpression of ERF1 (ERFs are
part of ethylene signalling) can up-regulate pathogenesis-related (PR) genes (typically linked
to SA regulated defences) in coil and ein2 mutants (Berrocal-Lobo et al., 2002; Lorenzo et
al., 2003).
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Figure 5. A. Size of lesions on Arabidopsis leaves caused by B. cinerea (drop-infection). Three
week old wild type (Col-0) and signalling mutants were drop-infected and the lesion size was
measured after 48hours (data: four independent biological repeats, n= 85 per genotype.
Analysis: mixed linear model, Tukey test, P < 0.05). B. After the discovery of the resistant
phenotype of coil nprl sid2 additional phenotyping was done to examine the effect of coil
nprl on the resistance. Figure is based on Fig. 1 panels Band Cin I.

Defence hormones often have antagonistic relationships if they are involved in defences
against different stresses. The antagonistic relationship between SA and JA is complex and
well documented (reviewed in Caarls et al., 2015; Stroud et al., 2022). Even though SA and
JA interactions are relatively well known, an interesting connection between ethylene and
SA could be seen when looking at the expression levels of ICS1 (essential in SA biosynthesis
via the ICS pathway) in coil, ein2 and coil ein2 (Fig. 5 and Fig. 6 in I). ICS1 was expressed
higher in those mutants than in wild type under both ozone and B. cinerea treatments (Fig.
5 and Fig. 6 in 1) indicating that not only JA but also ethylene might have inhibitory effect on
SA. PR-1and WRKY38 had increased expression levels in ein2 and as they are connected to
SA signalling it seems to indicate that ethylene inhibits SA dependent gene expression (Fig. 5
and Fig. 6 in |, Overmyer et al., 2018). Inhibition of defence mechanisms is equally important
as raising them. The negative regulatory effect of both PP2a-B’y (discussed in section 5.3)
and ethylene on SA seem to play their part in the abundant arsenal of mechanisms of
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keeping SA under control when SA mediated defences are not required (inhibitory
mechanisms affecting SA reviewed by Stroud et al., 2022).

Specificity of stress responses is essential for plant survival. Revealing these specificities is
thus of not only scientific interest but can benefit plant breeding. When comparing B.
cinerea and ozone sensitivity or resistance, most genotypes (wild type and mutants, Fig. 2 in
I) showed trends where sensitivity/resistance to one was coupled with matching
sensitivity/resistance to the other (Fig. 2 in I). An exception to this was axr1, which was
reported to be O3 sensitive (Blomster et al 2011) but when subjected to B. cinerea exhibited
a resistant phenotype (Fig. 2 in 1). Previously axr1 has been described to be both auxin and
JA insensitive (Tiryaki & Staswick, 2002) making the B. cinerea resistance pecualiar. It might
be that when it comes to B. cinerea infection there are other pathways that are linked to the
auxin insensitivity that activate defences through other means than those triggered by Os.
Another possible explanation for the B. cinerea resistance and ozone sensitivity of axr1 is
that the JA insensitivity is not complete. Our gPCR data supports this possibility as RAP2.6
and PDF1.2 were closer to wild type expression levels in axrl compared to coil (Fig. 5 and
Fig. 6 in1). Yet another explanation could lie in expression of genes related to cell death
(Kaurilind & Brosché, 2017), which could provide protection from B. cinerea but not from
the ozone treatment.

Examining the spatial resolution of defence signalling histologically can reveal details of the
signalling activation at the treatment site and if the signal is spreading and becoming
systemic. To investigate the localization of defence signalling, plants with promoter:reporter
constructs were subjected to various treatments (Figure 6) (Fig. 7 in 1). Promoters for marker
genes for different hormonal pathways and defence processes were used to drive
expression of reporter genes. The reporter -uidA produces B-glucuronidase (GUS), which
hydrolyzes 5-bromo-4-chloro-3-indolyl glucuronide (X-Gluc) into a blue end product. The
resulting blue colour (referred to later as GUS-staining) indicates where the
promoter:reporter system was expressed. GUS-staining patterns of JA marker genes under
SA treatment further emphasize the known connection between JA and SA (Fig. 7 in I). Even
with evidence of activation of hormone signalling pathways by all treatments (Fig. 7 in 1), no
increase was detected in actual SA, JA or ACC levels in plants 24 hours after a spray infection
with B. cinerea (Il (in Supplemental Fig. S6)).
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Figure 6. Combined grid of signalling localization visualized by GUS staining. Based on the
results shown in Supplementary Figure S5 and Fig. 7 in I. The marker genes were: JAZ1 and
RAP2.6 (RELATED TO AP 2.6) for JA, ICS1 for SA. At4g16260 (a putative beta-1,3-
endoglucanase), PDF1.1, PME17 (PECTIN METHYLESTERASE 17) and WRKY75 were chosen
as they all have an increased transcript levels in infections. ABCG40 was considered a
marker for ABA signalling but might be a camalexin transporter (see section 5.3).

SR1 (also known as CALMODULIN-BINDING TRANSCRIPTION ACTIVATOR 3 (CAMTA3)) is an
example of a defence regulator that acts at in several different signalling pathways. Among
its many roles, SR1 is involved in inhibiting SA production (Kim et al., 2019) and wounding
responses (Benn et al., 2016). Wounding responses can link SR1 to JA signalling as wounding
activates the MYC branch of JA signalling (Lorenzo et al., 2004). In addition, SR1 plays an
important role as transcriptional regulator of PLANT DEFENSINs (PDFs)(Jacob et al., 2018)
and as a cell death regulator (). Examining gene expression, SR1 does not seem to control
marker genes for SA, JA or ethylene (Fig. 5 and Fig. 6 in ). Thus in this thesis, the focus is
mostly on the function of SR1 as a potential cell death regulator, using the dominant
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negative allele sr1-4D (Nie et al., 2012). In this allele the function of SR1 is blocked.
Observing sr1-4D in relation to B. cinerea infection and ozone treatment, we witnessed
impaired PDF1.1 and PDF1.2 transcript levels (Fig. 5 and Fig. 6 in 1). Examining the
phenotype effect when crossed to lesion mimic acd5 and constitutive defence mutant
mpk4, we observed rescue of acd5 and mpk4 phenotypes (Fig. 8 in 1). This indicates that SR1
is involved in cell death regulation as well as in the regulation of early pathogen-induced
genes already reported by others (Jacob et al., 2018). Correct timing of cell death, i.e.,
preventing it when it is not beneficial and promoting it when appropriate, can be argued to
play a significant role in defences against B. cinerea infection.

Overall, we can see evidence of hormonal interactions including JA and SA (e.g., the
resistant coil nprl sid2 phenotype to B. cinerea) and the inhibitory effect of ethylene on SA
regulated genes. Yet there are still gaps in our understanding of hormonal intercations (for
example relating to the coil npr1 sid2 triple mutant) and how defence responses are
regulated. The answer to those questions might not be related to hormonal signalling
pathways at all. One third of flg22 and 70% of ozone regulated genes are independent of SA,
JA, and ethylene signalling (Hillmer et al., 2017; Xu et al., 2015a). This does not necessarily
mean that there is no interplay with other hormone signalling pathways from the three
discussed in this thesis, but it does raise a question if signalling components other than
hormones play a larger role than is often considered.

With the evidence from both literature and from the papers (I-IV) included in this thesis it is
clear that there are complex hormonal interactions as well as defence regulators that do not
interact with defence hormone signalling pathways. Considering the new evidence gathered
from triple (I) and quadruple mutants, including that JA is required in regulation of SA
signalling and that several signalling pathways are needed in defences to P. syringae
(Hillmer et al., 2017; Mine et al., 2018), we should consider examining higher order mutants
more often. Higher order mutants can reveal new interactions and perspectives that would
have been missed otherwise. In addition, in large gene families where there is redundancy
among genes, several genes have to be knocked out to fully examine their functions. Pairing
such gene combinations with the main signal regulator mutant of the pathway they function
in could uncover new regulators and interactions. For example, pairing wrky50, wrky51, and
wrky75 (see 5.2) with SA mutants like npr1 or sid2 could reveal novel insights into which
other pathways are involved in defences that are usually controlled by SA.

Even though hormones play an essential role in defence orchestration, a large portion of
genes up-regulated in stress conditions are not hormone regulated. One key focus for future
research would be to find those key regulators of hormone independent defence responses.
In addition to increasing our knowledge on how defences are regulated, it could reveal new
insights into how stress specificity works. One way to approach this could be to focus on the
localization of defences by using single cell methods and spatial transcriptomics. Acquiring
data with less noise from unaffected tissues could help unmask new interactions and key
regulators.

5.2 WRKYs
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Transcription factors play an important role in regulating defence responses as they either
promote or repress the expression of their target genes. WRKY75 was one of the TFs that
surfaced not only in study IV dedicated to WRKYs but in relation to all topics of this thesis. In
fact, the W-box (the binding site of WRKYs) is the most enriched TF target motif of ozone
(Blomster et al., 2011; Xu et al., 2015a; Xu, et al., 2015b) and B. cinerea regulated genes ( Liu
et al., 2015). Induction of the promoter WRKY75:GUS line was evident after SA treatment
(Fig. 7 in 1) along with B. cinerea and ozone treatments. This connection between WRKY75
and SA was evident also when looking at SA, WRKY75 and PP2A-B’y (Figure 7) (ll, llI, , for
further elaboration see section 5.3).

WRKYs are a significant TF family in defences with functionalities that often overlap (Ulker &
Somssich, 2004). Further determining their specificity and pinpointing distinct roles is thus
of importance to increase our understanding of how plants regulate their defences. One
method to determine the DNA binding specificity for TF’s is high-throughput systemic
evolution of ligands by exponential enrichment (HT-SELEX). The TF is produced as a
recombinant protein with a tag and is incubated with a random pool of DNA
oligonucleotides, washed to remove unspecific binding, and finally after several cycles the
TF bound oligonucleotides are sequenced. This reveals binding specificities of the examined
TF which can help uncover the unique roles of individual TFs of a group of very similar TFs.
Examining the binding specificity of different WRKYs (WRKY25/33/51/50/75) with HT-SELEX
showed that WRKY25 and WRKY33 prefer the regular W-box (TTGAC[C/T]) (Figure 2 in IV).
WRKY75 in turn prefers to bind to CGTTGACTTTT (IV). WRKY50 and WRKY51 share a very
similar primary binding site to that of WRKY75. Furthermore, WRKY50/51 have another
additional binding site (Figure 2 in IV), which has been connected to the regulation of PR-1a
in Nicotiana tabacum (Van Verk et al., 2008). Also, when looking at the targets of WRKY75
two PATHOGENESIS RELATED GENEs were found: PR-1 and PR-2 (IV, Encinas-Villarejo et al.,
2009). This raises the question if WRKY50/51 share some of the functions of WRKY75.

Finding target genes for TFs is essential when determining the role a TF has. In an effort to
find targets for WRKY75 two estradiol inducible WRKY75 lines and wild type (Col-0) plants
were treated with estradiol. The estradiol inducible WRKY75 lines showed that 112 genes
were expressed higher in the inducible lines compared to wild type (included in
Supplemental table 4 in IV). Among those genes were genes coding for JAZ proteins (1V) that
negatively regulate JA signalling suggesting that WRKY75 is involved in the antagonistic
relationship between JA and SA. The GO (gene ontology) categories that could be found
from the 112 genes were ‘Cell redox homeostasis’, ‘Response to JA stimulus’, “Transcription
regulator activity’ and ‘Defence response’. All these categories can be tied to defence
activities. Enrichment of W-box elements found in genes responsive to treatment was
similar in both ozone and B. cinerea treatments suggesting that WRKY75 is not specifically
linked to either of the stresses but involved in both. Enrichment of other binding sites
suggested that MYB, NAC, TGA, AREB, and ERF play regulatory roles alongside the WRKYs
(included in Supplemental table 2 in V). These TF families are indeed involved in defences
and for example TGAs are connected to SA regulated defences (see sections 2.4. and 2.5).
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Continuing to seek the specificities of WRKYs and to examine the similarity and differences
of ROS and B. cinerea several approaches were used. Comparison of RNA-seq data of wild
type plants in 2h ozone treatment (IV, Xu et al., 2015a) and 14h B. cinerea infection (Liu et
al., 2015) revealed very similar gene expression. This can be expected as ROS is heavily
involved in signalling and responses to B. cinerea. There were 8278 genes regulated in a
similar manner and only 262 genes having opposite regulation between the ozone and B.
cinerea treatments (Figure 4 in 1V). The GO categories that stand out for B. cinerea were
Translation and DNA replication, and for ozone the categories were Cell death and Response
to H,0,. Comparison of wrky mutants (wrky33, wrky25 wrky33, wrky75) revealed only a few
differences between the two treatments. The GO categories included regulation of auxin
signalling, DNA replication, and plastid and cytosolic ribosomes (Figure 5 in V). Looking
closer at the differentially expressed genes might reveal potential new candidates for future
studies and interesting views of how the two stresses differentiate. Yet the specificity of
WRKYs probably lies elsewhere. To elaborate, instead of considering transcriptional
regulation as one step mechanism of simply promoting or repressing their target genes,
there are likely many factors that can affect TF function or activity including the
combination of tissue and stress, protein-protein interactions and posttranslational
modifications (such as phosphorylation) (IV).

A significant difficulty we faced when trying to dissect WRKY specificity was that the main
wrky75 mutants were not complete knockouts in our conditions. The wrky75-25 mutant has
been reported to be a knockout by several publications (Encinas-Villarejo et al., 2009; Guo
et al., 2017; Rishmawi et al., 2014; Chen et al., 2021) yet in our conditions this was not the
case. As this mutant has a transposon insertion in the three prime untranslated region (3'-
UTR) it might not be a complete knockout, or it requires specific conditions that we were
unable to replicate. Thus, to proceed examining the functionality of WRKY75 we would need
a wrky75 knockout mutant that would behave as a true knockout in our growth conditions.
In addition, as WRKYs seem to have lot of redundancy and as WRKY75 shares a DNA binding
site with WRKY50 and WRKY51 a triple mutant wrky75/50/51 could offer interesting insights
into their specific roles in defences.

5.3 PP2A, glucosinolates and camalexin

Reversible protein phosphorylation is yet another important regulator of plant defences. In
protein phosphorylation both kinases and phosphatases are needed. Phosphatases
counterbalance phosphorylation by kinases and their interplay adjust defence responses.
Protein phosphatases form a large group and yet not much is known about their
specificities. Better understanding of how dephosphorylation affects defences as well as
phytoalexin metabolism gives us new insights on how stress specific defences are built.

Phytoalexins are significant defensive compounds. Indole glucosinolates and camalexin are
among the most important phytoalexins in Arabidopsis (He et al., 2019). In Il (see Figure 5 in
II) camalexin was found to accumulate in the tip halves of pp2a-b’y mutant leaves. In Il (see
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Figure 2 in Ill) B. cinerea infection raised the amount of indole glucosinolate 4MO-I13M in all
genotypes, particularly in pp2a-b’y (Figure 7). Furthermore, the ratio of 4MO-I13M compared
to all indole GSLs was higher in the pp2a-b’y than in the wild type (Figure 2 in 1ll). In addition
to camalexin also SA was found to be accumulating in the tip halves of the pp2a-b’y mutant
(Figure 5 in 1l). Camalexin accumulation was reliant on SA and when pp2a-b’y was crossed to
sid2 the increased accumulation of camalexin was no longer evident. Also, the protein levels
of indole glucosinolate methyl transferase form 4 (IGMT4) were higher in the mutant
compared to the wild type or complementation line. It is worthy to note that although there
were no observable PP2A-B’y-IGMT2/IGMTS3 interactions, there could still be interactions
under other conditions (Figure 1 in 1l1).

As stated, phytoalexins are secondary metabolites essential in plant defences. When looking
at the localization of marker genes with the promoter GUS lines we noticed that
ABCG40:GUS (which we selected to represent ABA signalling based on the literature
available at the time) had a strong local staining during most treatments and timepoints
including B. cinerea infection (Figure 5) (Fig. 7 in I). ABC (ATP-binding cassette) genes are a
large gene family characterized by their localization on the cell membrane and functions as
transporters (either in or out of the cell) and are divided further into eight subgroups.
ABCG40 is part of the G subgroup, characterized by reversed orientation of NBD-TMD
(nucleotide-binding domain—transmembrane domain). Furthermore, ABCG40 is one of the
PLEIOTROPIC DRUG RESISTANCE (PDR) genes, more specifically PDR12 (Verrier et al., 2008).
Originally, ABCG40 was described as an ABA transporter (Kang et al., 2010) and thus we
considered it as a marker to indicate local ABA signalling. Later, in 2019 ABCG40 (also known
as PDR12), was reported to be a camalexin transporter alongside PEN3 (He et al., 2019).
Considering the importance of camalexin in defences, our results with ABCG40:GUS showing
strong GUS stain at the site of B. cinerea infection, are more consistent with ABCG40 having
a role as a camalexin transporter than as an ABA transporter.

The pp2a-b’y has been reported to be more resistant to M. persicae and to B. cinerea than
wild type plants (Rasool et al., 2014; Trotta et al., 2011). This could be explained by some of
the defences being constantly activated. In fact, the level of PATHOGENESIS RELATED GENE
2 (PR2) was elevated in pp2a-b’y (Table 1 in 1ll) compared to the wild type where PR2 was
hardly expressed in non-stress conditions. PR1 was found to be accumulating in the apical
halves of seven-week-old pp2a-b’y mutants (Figure 4 in ll, here see Figure 7). As mentioned
before, both PR1 and PR2 were found to be regulated by WRKY75 (IV). This indicates that
both PP2A- B’y and WRKY75 act in SA and defence regulation. Without stress factors
present PP2a-B'y is required to reduce accumulation of SA related transcripts (Figure 5 in II).
In addition to the connection to SA, the pp2a-b’y mutant has an early senescence
phenotype. RNA-seq showed usual senescence related gene expression demonstrating the
importance of PP2A-B’y in regulating the timing of cell death and senescence. As ethylene is
involved in the timing of senescence (Kim et al., 2015) it could be interesting to investigate
connections between ethylene and PP2A-B’y more closely in the future.
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Figure 7. Interaction of SA, JA, WRKY75 and PP2A-B’y based on the findings in papers |, I, Il
and IV. Pointed arrows indicate increase or positive association such as positive regulation
of gene expression. Blunt arrows indicate repression or in the case of B. cinerea resistance
to the pathogen.

Phosphorylation requires both phosphatases and kinases. Interactions between them is thus
of particular interest. PP2A-B'’y interacts with CALCIUM-DEPENDENT PROTEIN KINASE 1 (CPK1)
supressing its activation state (II). CPK1 plays a protective role against fungal pathogens
(including B. cinerea) (Coca & San Segundo, 2010). As PP2A-B'’y interacts with CPK1 this
interaction was further examined in B. cinerea infection. CPK1 abundance increased in both
wild type and mutant plants treated with the pathogen but in particular in the pp2a-b’y
mutant indicating that CPK1 abundance is controlled by PP2A-B’y during B. cinerea infection
(Figure 3 in Il). A notable curiosity was that the amount of CPK1 increased in both the B.
cinerea treatment and in mock treatment. The increase of CPK1 protein abundance by the
control media of potato dextrose broth (Figure 3 in Il) could be due to DAMPs such as
extracellular DNA (eDNA) still present in the control media as eDNA can cause CPK1
expression to increase (Rassizadeh et al., 2021). Interestingly the application of eDNA can
lead to induced resistance to B. cinerea and can induce ROS production as well (Rassizadeh
et al., 2021). Oligogalacturonides (OGs), products of pectin degradation, are another DAMP
that can increase resistance towards B. cinerea even when JA, SA and ethylene are knocked
out (Ferrari et al., 2007). OGs, eDNA and other DAMPs could very well be the signalling
components that set apart the defence reactions to B. cinerea and ozone.

Although pp2a-b’y has a defensive advantage against B. cinerea it comes at a cost (). The
leaves of the pp2a-b’y mutant start to senescence earlier (Figure 4 in Il) than leaves of the
wild type indicating that there is a fitness cost. Overall, constitutive defences tend to come
with a price. These costs can vary from a smaller seed yield, reduced growth, to difficulties
dealing with the next stressor (Vos et al., 2013). In nature several stresses often occur at the
same time which in turn results very differently when compared to the defences raised by
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one stressor (Rasmussen et al., 2013; Zandalinas et al., 2018). Yet with functional defence
pathways and crosstalk between them the fitness cost is minimized when faced with several
stressors (Vos et al., 2015). On transcriptional level there is evidence of a large core group of
repressed genes that are very similar across different pathogen stresses (Zhang et al., 2020).
Still, the effect of several concurrent or consecutive stresses raises yet another level of
complexity to understanding plant defences and the signalling networks driving them.

Finding the optimal level of improved defences without causing a significant fitness cost is
one of the aims of crop improvement. Yet the existing yield gap of actual yields versus
potential yields might offer an interesting view into balancing the fitness cost. The existing
yield gaps vary, but the average yields can be as low as 20% of the potential yield (Lobell et
al., 2009). This suggests that there is room for sacrificing some of the potential yield capacity
of a crop variety into increased defences. In other words, breeding for hardier crops in the
expense of the maximum yield would produce crops less reliant on intensive agricultural
maintenance. At the same time, it is important to consider how readily results from the lab
can be replicated in the field or across species. Even hormones play slightly different roles
between Arabidopsis and rice (Oryza sativa L.)(De Vleesschauwer et al., 2014) and many
genes that improve growth in Arabidopsis do not cause significant growth improvements in
maize (Zea mays L.) (Inzé & Nelissen, 2022). Still, with keeping these limitations in mind,
building an understanding of plant processes with model species such as Arabidopsis can
help in providing candidate genes, protein interactions and pathways alongside new
viewpoints for crop improvements.
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6 CONCLUSIONS AND FUTURE PERSPECTIVES

Considering that plants cannot generally move after germination, it makes sense that they
have elaborate systems to balance growth, reproduction, and defence. Interacting signalling
pathways enable plants to correctly respond to their environment where stresses can occur
simultaneously or in rapid succession of each other. Uncovering and understanding these
pathways and their interactions could help us in plant breeding and adapting agricultural
practises during climate change.

Hormonal interactions were of particular interest in this thesis as well as seeking differences
between the defence regulation of B. cinerea and ozone regulated stress. Most results
confirm already known patterns of hormonal interactions and similarities between the two
stresses. Yet some surprising details emerged. The single coil mutant and double mutants
coil ein2, coil sid2 where all sensitive to B. cinerea. The triple mutant coil npr1 sid2 was
expected to be B. cinerea sensitive due to non-functional JA and SA signalling but instead
was resistant. This unexpected tolerance could be further studied with for example RNAseq.
A possible candidate for future studies comparing B. cinerea and ozone emerged in the form
of axr1, which was ozone sensitive but B. cinerea resistant. Even with plausible explanations,
such as incomplete JA insensitivity, defences released by compromised auxin signalling or
differences in cell death regulation, the differential responses of this mutant might provide
an interesting topic to look further into. Repression of SA signalling is essential to balance
the function of this hormone. Here both ethylene and PP2A-B’y were found to have an
inhibitory effect on SA. WRKY75 emerged as the connecting node between different layers
of defences. PP2A-B’y inhibits SA, which up-regulates WRKY75 expression and results in up-
regulation of PR genes that are relevant in B. cinerea defences.

It is noteworthy that all results that are observed in the lab should be considered as
tentative. Not all findings can be replicated under field conditions or across several species.
Also, if we only look at one time point and neither consider tissue specificities or the
severity of the stress, we might make assumptions that are far from universal. The
knowledge around individual genes, transcription factors, signalling components, and
metabolites keeps growing but it remains a challenge to map all the knowledge into a
comprehensive network. We need to look both closer and to take a step back. In order, to
take a closer look, single cell methods should be used to pinpoint where, when and what is
happening. This high-resolution data should patch some of the holes we have in our bigger
picture. Connecting all the little bits of information that have been gathered could in turn
reveal new patterns and raise our understanding of plant processes. The progress in data
and computer sciences could offer interesting solutions in mapping and analysing data with
the help of Al. Both ways of proceeding, looking closer and stepping back, could help us
immensely in adapting agriculture to climate change. In our rapidly changing climatic and
environmental conditions it is important to move into an innovative and especially
collaborative era of science.
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