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SUMMARY

Plants are concurrently challenged by various invaders that can severely affect their development
and productivity. Salicylic acid (SA), jasmonic acid (JA) and ethylene (ET)-dependent defense
pathways are generally regarded as the major defense-related phytohormones. However,
accumulating evidence suggests that abscisic acid (ABA) also functions as a modulator of plant
innate immunity. Moreover, it is well established that pathogen attack modifies hormone-
homeostasis in the host leading to activation or suppression of immune responses. However, the
spatio-temporal cellular activities of SA, JA, ET and ABA in defense have so far not been fully

understood.

To enable quantitative measurement of SA, JA, ET and ABA signaling outputs at the single-cell
level, a set of multi-modular hormone-signaling reporters termed “COLORFUL-SA, -JA, -JA/ET and
-ABA, respectively, were developed. These COLORFUL-reporters, together with a software-
supported high-throughput imaging protocol for output quantification, were used to resolve the
spatio-temporal dynamics of respective hormonal signaling activities in Arabidopsis leaves.
Functional characterization was performed using exogenous hormone treatments and mutant
analyses which confirmed specificity, sensitivity and rapid responsiveness of these COLORFUL-
biosensors. Distinct cell and tissue type-specific signaling patterns, which are consistent with
previously described spatial roles of these hormones in Arabidopsis were observed. Moreover, the
COLORFUL-reporter lines were utilized to resolve the kinetics of hormone signaling and hormone
crosstalk in Arabidopsis at interaction sites with the biotrophic oomycete Hyaloperonospora
arabidopsidis Noco2 and Emwal strains, which represent virulent and avirulent isolates,
respectively. Thus, this study pioneered the spatial dissection of plant immune responses at the
initial site of invasion and allowed mapping of the respective hormone signaling activities at an

unprecedented single-cell resolution.

In the conducted comparative plant-microbe interaction studies, the virulent and avirulent oomycete
isolates exhibited remarkably different invasion dynamics, which correlated with spatiotemporally
distinct hormone signatures. At cellular resolution, these hormone-specific reporter signatures
demarcate pathogen entry and progression and highlight initiation, transduction and local
containment of immune signals. The avirulent isolate Emwal significantly triggered SA responses
in the cells that are in direct contact with the invaded cells (adjacent cells), suggesting that these
may contribute to effector-triggered immunity (ETI) mediated by the Col-0 RPP4 resistance gene.
Moreover, during incompatible interactions with Emwal, a drastic suppression of JA and JA/ET

signaling was observed in the adjacent cells, whereas a pronounced activation of the JA/ET



signaling pathway was observed in the adjacent cells during compatible interactions with Noco2.
Thus, in compatible interactions, JA/ET-dependent signaling may play a role in antagonizing the
SA response-associated with ETI in the adjacent cells. Furthermore, ABA signaling was activated
in invaded cells during both compatible and incompatible interactions and showed a similar

activation pattern to the SA responses triggered in Noco2-haustoriated cells.

In order to test whether other unrelated biotrophic pathogens activate a similar pattern of ABA and
SA responses, the ascomycete fungal pathogen Golovinomyces orontii was used. Interestingly, a
cross-kingdom-conserved induction of a cellularly confined activation of ABA- but not of SA-
signaling was observed at Arabidopsis interaction sites. Mutant analyses supported the hypothesis
that ABA functions as an important and common susceptibility factor for both biotrophic pathogens.
To further corroborate this hypothesis, the ABA biosynthesis mutants abal-101 and aba2-1 were
challenged with Noco2 and Golovinomyces orontii which showed significantly lower spore counts
relative to the wildtype Col-0. To further investigate the cell-specific contribution of ABA
signalosome components to susceptibility, the sporulation of Noco2 and Golovinomyces orontii was
tested on different ABA signaling mutants. The enhanced disease resistance of the double loss-of-
function mutants of the positive ABA regulators SnRK2D and SnRK2| suggested a functional role
of these kinases on ABA-dependent susceptibility. Individual and double mutants of ShnRK2D and
SnRK2Il were crossed with COLORFUL-ABA to test the correlation of the enhanced disease
resistance in the snrk2d snrk2i double mutant to ABA signaling activities. The significant reduction
in ABA signaling activity in these lines provided additional proof that ShnRK2D and SnRK2I| are

redundantly involved in upregulation of the ABA signaling cascade by virulent biotrophic pathogens.

In addition, two recent studies were performed in our lab to characterize the sporulation of the
aforementioned pathogens on different Arabidopsis Type 2C protein phosphatase (PP2C) loss-of-
function mutants. PP2Cs are negative regulators of the ABA signaling cascade. The PP2CA
knockout mutant pp2ca-1 showed enhanced disease resistance to Noco2 and Golovinomyces
orontii in contrast to the ahg3-1 missense mutant of the same gene and wildtype Col-0 (LUbbers
2018; Schliekmann 2017). These two mutants were crossed with the COLORFUL-SA and
COLORFUL-ABA to evaluate their contribution to the regulation of SA and ABA signaling cascades.
Notably, pp2ca-1 exhibits significantly induced ABA and SA signaling activities during interaction
with H. arabidopsidis Noco2 relative to Arabidopsis wildtype and ahg3-1. These results may be
explained by a physical interaction between PP2CA and SA as recently reported by Manohar et al.
(2017) for the PP2C proteins PP2C-D4/PP2C6, ABI1 and ABI2. In the future, the COLORFUL
reporter system developed and established in this study will allow further disentanglement of the
complexities of basal and R-gene mediated resistance during different plant-microbe interactions

in more detail and at cellular resolution.
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1. INTRODUCTION

1. INTRODUCTION

1.1. Plant development-adaptation balance is a globally important issue

for food security

During their life cycle, plants are concurrently challenged by various abiotic and biotic
stresses that can severely affect their development and productivity. To counter this,
plants have evolved mechanisms to maintain the balance between developmental
processes and adaptation to diverse abiotic and biotic stresses. Plants in nature have
to compete with a plethora of microorganisms such as bacteria, fungi, and oomycetes,
as well as viruses, nematodes, insects, and even other parasitic plants. Nevertheless,
only a minority of these species interacting with plants are considered parasitic. The
impact of plant diseases on food security has become an issue of global importance,

which has sparked an increased effort to improve approaches for crop protection.

1.2. Plants activate immune responses for adaptation to biotic stress

Myriads of potential invaders are frequently trying to colonize plants. However, plants
have evolved highly sophisticated sequential, antagonistic, and synergistic immune
responses to resist a broad range of potentially harmful invaders (Pieterse et al. 2012).
Basic and applied plant research has put a focus on exploring the two-tier plant innate
immune system that allows plants to efficiently identify invaders and to trigger specific
signaling cascades that help to prevent host colonization (Hacquard et al. 2017).
Plants do not have particular cells that detect and neutralize pathogens. Therefore,
each attacked plant cell must have the capacity to activate defense responses at the

expense of normal cellular processes, e.g., growth and development.

Upon pathogen recognition, local defense activities are immediately stimulated by the
perception of invader signatures (Adie et al. 2007). Plants possess the ability to

recognize a wide range of non-self-pathogen/microbe-associated molecular patterns
1
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(P/IMAMPs) such as flagellin, chitin, glycoproteins, and lipopolysaccharides
(Hogenhout & Bos 2011) by cognate membrane-localized pattern recognition
receptors (PRRs) (Jones & Dangl 2006; Pieterse et al. 2012). Similar to P/MAMPs,
PRRs are also involved in recognition of invasion-associated self-signals, termed
damage-associated molecular patterns (DAMPS), which are released from plant cell
walls during infection (Wu & Baldwin 2010).

FLAGELLINSENSING2 (AtFLS2), a well-known PRR, is a member of the receptor-like
kinase (RLK) family and can bind the peptide flg22 of bacterial flagellin (Zipfel 2014).
Another thoroughly characterized PRR is the EF-TU RECEPTOR (AtEFR), which
perceives a peptide derived from the bacterial translation elongation factor-Tu (EF-Tu)
(Schoonbeek et al. 2015). PRRs act as radars to recognize PAMPs, and induce a basal
resistance response, so-called PAMP-triggered immunity (PTI), which is the first layer
of defense (Boller & He 2009).

The PTI activates sufficient defense responses to resist nonpathogenic microbes, and
is responsible for basal resistance levels against adapted pathogens (Henry et al.
2013). Consequently, PRR-deficient mutants show altered disease phenotypes
compared with the wildtype plants during infection. For example, leaves of fls2 plants
display enhanced susceptibility to virulent bacterial strains of Pseudomonas syringae
(Zipfel et al. 2004), since the FLS2 protein controls stomatal closure which is essential
to limit bacterial entry through foliar guard cells (Melotto et al. 2006). Moreover, efr
mutants show enhanced susceptibility to Agrobacterium tumefaciens (Zipfel et al.
2006). The lysin motif (LysM)-containing chitin elicitor receptor kinase 1 (CERK1), the
lysin motif receptor kinase 5 (LYK5), and LYK4 are essential for the perception of the
fungal cell wall MAMP chitin in Arabidopsis. CERK1 and LYKS interact together during
chitin perception, cerkl as well as lyk4 lyk5-2 double mutant exhibit a complete loss of
chitin response and exhibit higher susceptibility to different pathogens (Coa et al. 2014;
Erwig et al. 2017; Gimenez-lbanez et al. 2009; Miya et al. 2007; Wan et al. 2008;
Zhang & Zhou 2010;). These examples show the importance and the contribution of

basal defense responses in plant disease resistance.

Consequently, adapted pathogens develop repertoires of virulence mechanisms to

either cope with or suppress PTI. To do so, pathogens secrete effector molecules into
2
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the plant cells to dampen the basal defense responses (Cui et al. 2015; Dou & Zhou
2012) leading to effector-triggered susceptibility (ETS) (Nishimura & Dangl 2010).
These effector molecules may be small secreted proteins, small RNAs (SRNA) or

secondary metabolites (Rodriguez-Moreno et al. 2018).

In a co-evolutionary arms race, plants develop a second type of pathogen recognition
in addition to PTI, which directly or indirectly targets these effectors. Plant cells recruit
nucleotide-binding/leucine-rich-repeat (NLR) receptors to recognize effector molecules
(Cui et al. 2015), resulting in effector-triggered immunity (ETI) or Resistance (R)-gene
mediated resistance, which is based on cytoplasmic resistance proteins (R proteins)
(Katagiri & Tsuda 2010; Kim et al. 2002). NLRs are multi-domain proteins with a
conserved modular structure consisting of a variable N terminal domain, a central
nucleotide-binding (NB) domain, and a C-terminal leucine-rich repeat (LRR) domain
(Cesari 2018). Moreover, NLRs fall broadly into two major subgroups that have distinct
N-terminal domains. NLRs with a Toll-Interleukinl Receptor (TIR) domain or coiled-

coil (CC) domain are referred to as TNLs or CNLs, respectively (Bonardi et al. 2012).

PTI and ETI are always associated with the activation of a diverse array of immune
responses, such as the production of reactive oxygen species (ROS), cellular Ca?*
influx spikes, activation of mitogen-activated protein kinases (MAPKSs), hormone
signaling, and transcriptional reprogramming (Tsuda & Somssich 2015). The activation
of these responses contributes to locally and systemically triggered immunity (Katagiri
& Tsuda 2010). PTl is associated with relatively low amplitudes of immune responses,
whereas ETI provokes vigorous immune responses typically associated with
hypersensitive response-related cell death (HR) (Hatsugai et al. 2017). All plant cells
possess the capacity to activate HR machinery in order to initiate programmed cell
death at biotrophic interaction sites (Feechan et al. 2015) to restrict the proliferation of
biotrophic pathogens. HR is also associated with different plant growth and
developmental processes (Huysmans et al. 2017), as well as with responses to
environmental cues such as mechanical damage or abiotic stress (Love et al. 2008).
Cell death requires the initiation of specific genes to activate the cell death machinery.
Therefore, it is not surprising that invading pathogens develop tactics to hijack cell
death regulators (Dickman & Fluhr 2013).
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1.3. Pathogens utilize different strategies to invade the host plant

Based on their nature and size, pathogens have different methods for invading plants.
Plant viruses infiltrate into host cells via wounds or by utilizing insect vectors (Park et
al. 2018). Bacteria gain entry to the apoplast from the leaf’'s surface via natural
openings such as hydathodes and stomata, or wounds (Huang 1986). Some larger
sized fungi and oomycetes have the capacity to form invasion structures, the so-called
appressoria, which they utilize to adhere tightly to the plant’s surface and exert physical
forces to penetrate the cell wall and secrete effectors from the penetration pores. Once
these pathogens gain entry to the host cell, they develop a root-like feeding structure,

the so-called haustorium, to improve nutrient uptake from host cells.

1.4. Pathogen lifestyles are associated with the viability of host tissues

Depending on the strategies used to acquire nutrients from their hosts, plant pathogens
have different lifestyles categorized into two main types, i.e., necrotrophic and
biotrophic pathogens (Glazebrook 2005). Necrotrophic pathogens feed on the contents
of dead host cells and destroy the host by utilizing phytotoxins and cell wall-degrading
enzymes (Wen 2013). One example of this is the necrotrophic fungus Botrytis cinerea,
which can severely colonize and destroy a huge number of dicotyledonous plant
species and a few monocotyledonous plants. Its targets include various plants
cultivated for human consumption, for example, protein, fiber and oil producing crops
as well as horticultural crops such as chickpeas, lettuce, broccoli, beans, grapes,
strawberries, and raspberries (Fournier & Giraud 2008; Valette-Collet et al. 2003;
Williamson et al. 2007;).

In contrast to necrotrophs, biotrophic pathogens colonize host cells and acquire
nutrients from intact host tissues; thus, they need to keep their hosts alive (Xin et al.
2016). The haustorium enables nutrient uptake across the extracellular matrix between
the haustorial membrane and the host cell plasma membrane (PM) (Fawke et al. 2015;
Presti & Kahmann 2017). For instance, the oomycete species Hyalopernospora
arabidopsidis has long been recognized for inducing downy mildew on a wide range of
Brassicaceae species, such as garlic mustard, horseradish, cruciferous vegetables,

Shepherd's purse, Cheiranthus spp., Cucurbits, treacle mustard, sweet alyssum and
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radish (Choi et al. 2018; Mehta et al. 2018; Mohammed et al. 2019). Another well-
known filamentous pathogen with worldwide distribution is the biotrophic ascomycete
fungus Golovinomyces orontii which causes powdery mildew symptoms on a broad
range of economically important plants, such as sugar beet, bell pepper, watermelon,
melon, cucumber, giant pumpkin, tomato, potato, tobacco, pea, and eggplant (Braun
et al. 2019; Micali et al. 2011, Vagi et al. 2007).

In addition, some pathogens have developed a specific combination of both lifestyles
and are therefore called hemibiotrophs (Pieterse et al. 2012). They initially act as
biotrophs, and later switch to a necrotrophic phase. Here, the prototypical bacterial
plant pathogen P. syringae is widely distributed and serves as a model organism.
Isolates of this species show a high degree of host-plant specificity (Morris et al. 2008)
and are able to infect more than 200 plant species including economically important
plants, such as bean, tomato, soybean, broccoli, cucumber, and tobacco (Zembek et
al. 2018; Xin et al. 2018).

1.5. Model pathosystems unravel the complexity of the plant immune

system

Numerous pathogens of different lifestyles cause devastating economic losses.
Accordingly, many model plant-pathosystems have been investigated to elucidate the
fundamental aspects of plant-pathogen interactions to help improve the strategies for
plant security. For instance, the H. arabidopsidis-Arabidopsis pathosystem has been
very helpful in uncovering the association between biotrophic oomycetes and their host
plants, emphasizing the natural coevolution that has taken place between host and
pathogen (Holub 2008). The species H. arabidopsidis contains virulent and avirulent
isolates for the same Arabidopsis genotype allowing comparative study of compatible
and incompatible interactions within the same plant-pathosystem (Coates & Beynon
2010). Virulent H. arabidopsidis isolates germinate on the host leaf surface, invade cell
boundaries separating neighbouring epidermal pavement cells, propagate and
establish haustoria in epidermal pavement as well as underneath mesophyll cells
(Coates & Beynon 2010).
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PRR-mediated perception of oomycete PAMPs activates PTI (Fabro et al. 2011).
Effector-mediated suppression of PTI during compatible interactions facilitates further
pathogen proliferation, colonization of the whole leaf, and completion of the pathogen
life cycle (Figure la, upper panel) (Caillaud et al. 2013; Deb et al. 2018). In marked
contrast, avirulent H. arabidopsidis isolates produce effectors which stimulate ETI
associated with a locally contained HR restricting pathogen growth to the initially
attacked cells (Figure 1a, lower panel) (Van der Biezen et al. 2002; Wang et al. 2011).

Another well-known model pathogen is the powdery mildew fungus G. orontii. The
biotroph G. orontii epiphytically colonizes the leaf surface, via germinating spores that
form an appressorium to facilitate cell wall penetration, followed by development of a
haustorium for effector secretion and nutrient uptake. G. orontii also suppresses PTI
via the secretion of effectors to facilitate further pathogen proliferation, colonization of
only the host epidermal cell layer, and completion of the pathogen life cycle (Figure
1b) (Kuhn et al. 2016).
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Figure 1: Virulent biotrophic pathogens disable the immune responses to endophytically or epiphytically
colonize Arabidopsis leaves. (a) The virulent and avirulent isolates of the oomycete H. arabidopsidis grow
endophytically, infiltrate the host leaf surface, invade cell boundaries separating neighbouring pavement cells,
propagate and establish haustoria for effector secretion and nutrients uptake from the pavement and the underneath
mesophyll cells. Arabidopsis recognizes their PAMPs and activates PTI. (a, upper panel) In the compatible
interactions, the virulent isolate suppresses PTI via the secretion of effectors, thus facilitating further pathogen
proliferation, colonization of the whole leaf, and completion of the pathogen life cycle. (a, lower panel) In the
incompatible interaction, plant recognition of the effectors secreted by the avirulent isolate stimulates ETI to eventually
activate the hypersensitive response-like cell death machinery to restrict pathogen growth to the initially attacked cells.
(b) The powdery mildew fungus G. orontii grows epiphytically. To colonize the leaf surface, the invading spores form
an appressorium to facilitate pavement cell wall penetration and develop haustorium. G. orontii suppresses the
induced PTI via the secretion of effector molecules, thus allowing further pathogen proliferation, colonization of only

the host epidermal cell layer, and completion of the pathogen life cycle.
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1.6. Hormone signaling orchestrates the plant immune responses

In order to defeat intruders, plants use hormone biosynthesis, signaling, and crosstalk
to modulate and fine-tune the battery of plant defense responses to efficiently fight
back the pathogen and to simultaneously minimize potential growth and development
penalties. Hormones are natural compounds that regulate plant growth and
development, as well as plant responses to various biotic and abiotic stresses
(Manohar et al. 2017; Robert-Seilaniantz et al. 2011). The phytohormones discovered
so far are: salicylic acid (SA), jasmonic acid (JA), ethylene (ET), abscisic acid (ABA),
cytokinins (CKs), auxins, gibberellins (GAs), brassinosteroids (BRs), and
strigolactones (SL) (Asami & Nakagawa 2018; Pieterse et al. 2009). Signaling
pathways mediated by plant hormones interact antagonistically or synergistically. With
respect to plant pathogen interactions, this crosstalk adds another layer of regulation
and complexity in order to allow adequate defense responses to different pathogens
(Jaillais & Chory 2010; Mundy et al. 2006; Pieterse et al. 2012).

Microbes interfere with plant hormone biosynthesis and signaling to enhance virulence
underpinning the importance of hormone signaling and crosstalk in orchestrating the
expression of pathogenesis-related genes (Liet al. 2019a). Particularly, crosstalk
between SA, JA and ET-dependent defense pathways, have been proposed to be the
central regulatory hormone backbone of plant immunity (Shigenaga & Argueso 2016).
Additionally, there are accumulating pieces of evidence which suggest that ABA, GAs,
auxins, CKs, and BRs are mediators of different immune responses in planta (Denancé
et al. 2013; Lievens et al. 2017; Naseem et al. 2014). In this investigation, the main
focus will be on mapping signaling patterns of SA, JA, and ET, as well as ABA during
plant-microbe interactions. Therefore, the next section will address biosynthesis,

signaling, crosstalk, and the roles of ABA, SA, JA, and ET in defense responses.
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1.6.1. Abscisic acid is a decisive factor in plant development and adaptation to
stress

ABA is a fundamental regulator in numerous aspects of plant growth and
developmental processes such as seed germination, maturation, dormancy, seedling
establishment, cell growth, and stomatal closure. Moreover, ABA modulates the
adaptation to various abiotic stresses such as drought, high temperature, and high
salinity (Lee and Luan, 2012; Raghavendra et al. 2010). For instance, in water stress
conditions, ABA accumulates in order to promote stomatal movement to protect the
vegetative tissues from dehydration or excessive hydration (Umezawa et al. 2010).
Therefore, because of the vital roles of ABA in plant adaptation to stress and the
potential economic importance of this hormone, it has been intensively studied to

understand its biosynthesis, perception, and signal transduction (Xiong & Zhu 2003).

1.6.1.1. Abscisic acid biosynthesis takes place in two cellular compartments

ABA biosynthesis is initiated in plastids by the conversion of zeaxanthin to violaxanthin
in a process catalyzed by ZEAXANTHIN EPOXIDASE (ZEP) which is also known as
LOW EXPRESSION OF OSMOTIC STRESS-RESPONSIVE GENES 6 (LOS6) and
ABA1 (Finkelstein 2013; Finkelstein & Rock 2002; Xiong et al. 2002). Next, ABA4
catalyzes the reaction of violaxanthin to 9-cis-neoxanthin that will be turned into
xanthoxin in a process catalyzed by 9-cis-EPOXYCAROTENOID DIOXYGENASE
(NCED). Xanthoxin translocates to the cytosol (Nambara & Marion-Poll 2005), where
it will be modified into abscisic acid aldehyde by the short-chain alcohol
dehydrogenase/reductase (ABA2/SDR) (Gonzélez-Guzman et al. 2002). Eventually,
the abscisic aldehyde will be oxidized to ABA by the ABSCISIC ALDEHYDE OXIDASE
(AAO)/ABA3 (Dong et al. 2015; Mehrotra et al. 2014; Sah et al. 2016) (Figure 2a).
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1.6.1.2. Abscisic acid accumulation stimulates the expression of ABA-
responsive genes in cytosol and nucleus

The major breakthrough in dissecting ABA signaling was achieved by the discovery of
the ABA receptors PYRABACTIN RESISTANCE 1 (PYR1l) (Parket al. 2009),
PYRABACTIN LIKE (PYL) and REGULATORY COMPONENT OF ABA RECEPTOR
(RCAR) (Ma et al. 2009), as well as the exploration of the interaction between the ABA
receptors and different members of the clade A TYPE 2C PROTEIN PHOSPHATASES
(PP2Cs) (Nishimura et al. 2010; Santiago et al. 2009). Moreover, SNF1-RELATED
PROTEIN KINASEs 2 (SnRK2s) act as positive regulators of the ABA signaling
cascade (Fujii et al. 2011; Fujita et al. 2009; Maszkowska et al. 2019; Umezawa et al.
2010). These kinases phosphorylate and activate the downstream targets of ABA
signaling, such as ion channels that mediate stomatal closure and transcription factors
for the synthesis of proteins and molecules required for adaptation to various

environmental cues (Hauser et al. 2011).

At basal ABA levels, PP2Cs bind and deactivate SnRK2s (Raghavendra et al. 2010)
by de-phosphorylation. SnRK2s auto-phosphorylation is required for the activation of
the expression of ABA-responsive genes (Yang et al. 2017; Kulik et al. 2011).
Therefore, PP2Cs are negative regulators of ABA signaling (Figure 2b). Upon ABA
accumulation under stress conditions, the intracellular PYR/PYL/RCAR receptors will
perceive ABA, forming an ABA-receptor complex (Gonzalez-Guzman et al. 2012;
Zhang et al. 2015). The ABA-receptor complex binds and inactivates PP2Cs resulting
in the activation of SnRK2s, which phosphorylate the ABA transcription factors in both
the nucleus and cytosol (Xie et al. 2018) (Figure 2c).

10
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Figure 2: Abscisic acid biosynthesis and signaling cascade in Arabidopsis. (a) ABA biosynthesis is initiated in
plastids by the conversion of zeaxanthin to violaxanthin in a process catalyzed by zeaxanthin epoxidase (ZEP/ABAL).
Next, ABA4 catalyzes the violaxanthin conversion to 9-cis-neoxanthin that will be turned into xanthoxin by 9-cis-
EPOXYCAROTENOID DIOXYGENASE (NCED). Xanthoxin translocates to the cytosol, where it will be modified
into abscisic acid aldehyde by the short-chain alcohol dehydrogenase/reductase (SDR/ABA2). Eventually, the
abscisic aldehyde will be oxidized to ABA by the abscisic aldehyde oxidase (AAO/ABA3). (b,c) ABA signaling
cascade, (b) At basal ABA levels, members of TYPE 2C PROTEIN PHOSPHATASE (PP2Cs) bind and deactivate
SNF1-RELATED PROTEIN KINASE 2 (SnRK2s). SnRK2s auto-phosphorylation is required to activate the
expression of ABA-responsive genes. (c) Upon ABA accumulation under stress conditions, the intracellular ABA
receptors, PYRABACTIN RESISTANCE 1 (PYR1), PYRABACTIN LIKE (PYL) and REGULATORY COMPONENT
OF ABA RECEPTOR (RCAR) perceive ABA, forming ABA-receptor complex. The ABA-receptor complex binds and
inactivates PP2Cs resulting in the activation of ShRK2s, which phosphorylate the ABA transcription factors in both
the nucleus and cytosol. Figure is adapted from Fujii et al. (2011), Umezawa et al. (2010), Maszkowska et al. (2019),
Xie et al. (2018), and Zhang et al. (2015).

1.6.1.3. Abscisic acid modulates plant immunity in response to different
pathogens

In addition to its well-known roles in development and abiotic stress, there is a growing
body of evidence suggesting that ABA also plays a multifaceted function in defense
responses after infection with pathogens (Ton et al. 2009). ABA simulates either
resistance or susceptibility to distinct pathogens depending on the pathogen lifestyle
(Manohar et al. 2017). ABA is proved to compromise defense responses to several
pathogens, such as B. cinerea (Sivakumaran et al. 2016), Ralstonia solanacearum
(Zhou et al. 2008), Plectosphaerella cucumerina (Sanchez-Vallet et al. 2012), and
Magnaporthe oryzae (Ulferts et al. 2015). Moreover, some pathogens can hijack the
ABA signaling pathway via the secretion of specific effectors to promote susceptibility,
such as P. syringae (De Torres-Zabala et al. 2009; De Torres-Zabala et al. 2007;
Lievens et al. 2017; Mohr & Cahill 2003). Spoel & Dong (2008) revealed that ABA
triggers pathogen invasion through the suppression of callose and lignin depositions
that are fundamental for the physical strengthening of the cell wall in order to hinder
pathogen invasion. In contrast, ABA has been shown to mediate resistance against
the necrotrophic fungus Alternaria brassicicola in Arabidopsis (Garcia-Andrade et al.

2011) and the brown spot fungal pathogen in rice (De Vleesschauwer et al. 2010).
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Moreover, ABA-dependent antiviral responses such as callose deposition at
plasmodesmata and RNA silencing are triggered in plants challenged with viruses
(Alazem & Lin 2017).

1.6.2. Pathogen-dependent activation of SA biosynthesis and signaling
cascades promotes resistance against biotrophic and hemibiotrophic
pathogens

SA grabbed the attention of a large number of researchers because of its critical
functions in the plant cell. SA mediates local and systemic defense responses towards
biotrophic and hemibiotrophic pathogens, contributes to abiotic stress adaptation, and
plays an important role in numerous developmental processes in the plant (Manohar
et al. 2017; Rivas-San Vicente & Plasencia 2011). Moreover, SA interferes directly and
indirectly with several physiological processes mediated by other hormones via the

antagonistic and synergistic crosstalk (Vlot et al. 2009).

1.6.2.1.ICS1is a major player of pathogen-induced SA production

SAis produced via a series of enzymatic reactions in Arabidopsis by two distinct metabolic
pathways, the PHENYLALANINE AMMONIA LYASE (PAL) pathway, and the
isochorismate (IC) pathway. Both pathways are initiated in chloroplast from the precursor
chorismite (Figure 3a). In the PAL pathway, about 10 % of pathogen-induced SA is
produced from chorismate by the PAL enzyme (Rekhter et al. 2019). In the cytoplasm,
the PAL pathway converts the chorismate-derived L-phenylalanine into cinnamic acid,
which is transformed into SA in a process catalyzed by BENZOIC ACID-2-
HYDROXYLASE (BA2H). In the IC pathway, ISOCHORISMATE SYNTHASEL1 (ICS1),
which is encoded by SA INDUCTION-DEFICIENT 2/ENHANCED DISEASE
SUSCEPTIBILITY16 (SID2/EDS16) (Gina et al. 2011) is responsible for the production
of 90 % of pathogen-induced SA (Garcion et al. 2008). The chloroplast envelope
localized multidrug and toxin extrusion (MATE) family transporter protein EDSS is
required for transportation of isochorismate from the chloroplast into the cytosol
(Rekhter et al. 2019; Serrano et al. 2013). However, the conversion of isochorismate
to SA in SA-producing bacteria is catalyzed by ISOCHORISMATE PYRUVATE LYASE

13
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(IPL) (Strawn et al. 2007; Verberne et al. 2000; Wildermuth et al. 2001). From genomic
analyses, no IPL homolog has been recognized in Arabidopsis (Klessig et al. 2018).
Moreover, icsl, eds5, and the GH3 acyl adenylase-avrPphB SUSCEPTIBLE3 (PBS3)
deficient mutant bs3 showed reduced SA production in pathogen challenged plants
(Jagadeeswaran et al. 2007; Lee et al. 2007; Nobuta et al. 2007; Rekhter et al. 2019).
Additionally, Rekhter et al. (2019) performed CLSM experiments to recognize the
subcellular localization of ICS1 and PBS3, and they elucidated a spatial separation of
the plastid localized isochorismate and the cytosol localized PBS3 proteins. Therefore,
they concluded that the plastid localized EDS5 exports the isochorismate into the
cytosol to be transformed into SA in a process catalyzed by PBS3 (Figure
2a). Similarly, Torrens-Spence et al. (2019) highlighted the importance of PBS3 in SA
biosynthesis in plants. However, they showed that PBS3 catalyzes the conversion of
isochorismate into isochorismoyl-glutamate. Next, the enhanced Psedeumonas
susceptabilityl (EPS1)/Isochorismoyl-glutamate A pyruvoyl-glutamate lyase (IPGL), a
BAHD acyltransferase-family protein converts isochorismoyl-glutamate into SA.
Consequently, these two recently published investigations closed a significant

knowledge gap in plant SA biosynthesis.

1.6.2.2. NPR1 orchestrates a nucleocytoplasmic regulation of SA signaling

High throughput screens have been carried out to identify SA receptors and regulators
of signal transduction (Manohar et al. 2017). As a result, a large number of SA binding
proteins (SABPs) were identified, which display a wide range of affinities for SA
(Klessig et al. 2016). Wu et al. (2012) proposed that NON-EXPRESSER OF
PR1 (NPR1), functions as a nucleocytoplasmic master transcriptional co-regulator of
SA-dependent genes. Fu et al. (2012) and Wu et al. (2012) reported that the two
paralogs of NPR1, NPR3 and NPR4 have very similar domain structures as NPR1,
and they considered NPR3 and NPR4 as SA receptors. NPR3 and NPR4 function as
E3 ligase adaptors and control the SA cascade via SA-dependent ubiquitination of
NPR1 and they show differential binding affinities for SA and also for NPR1 (Becker et
al. 2019; Ding et al. 2018; Mou et al. 2003).

At lower SA levels (Figure 3b), the oligomeric NPR1 senses fluctuations in the cellular

redox status triggered by changes in SA content, and a physical interaction between
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NPR4 and NPR1 occurs, which leads to the degradation of NPR1 (Wu et al. 2012).
However, under conditions of high SA concentration (Figure 3c), the intermolecular
disulfide bonds in NPR1 are reduced, shifting the status of NPR1 from the oligomeric
to the monomeric form in a process catalyzed in the cytosol by thioredoxins (TRX- h5/-
h3) (Caarls et al. 2015). Subsequently monomeric NPR1 translocates into the nucleus
to activate the expression of SA responsive genes. Interestingly, NPR1 physically
interacts with different affinities, and recruits several members of the TGA family of
basic leucine zipper protein (bZIP) transcription factors, which includes 10 members,
TGAL1-TGA10 with an overrepresentation of the TGA2, TGA5, and TGAG in promoting
the pathogen-mediated expression of the SA responsive PATHOGENESIS-RELATED
GENEL1 (PR1) via the association with its as-1-like promoter element (Becker et al.
2019; Dinget al.2018). Moreover, NPR3 interacts with NPR1 promoting its
degradation (Fu et al. 2012), a process which is proposed to be involved in mediating
programmed cell death in which NPR1 acts as a negative regulator (Caarls et
al. 2015).
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Figure 3: Salicylic acid biosynthesis and signaling cascade in Arabidopsis. (a) SAis produced in plants by two

distinct pathways, the phenylalanine pathway (blue lines), and the isochorismate pathway (black lines). Both
pathways are initiated in chloroplast from the precursor chorismate. Subsequently, the enzyme PHENYLALANINE
AMMONIA LYASE (PAL) catalyzes the conversion of the chorismate-derived L-phenylalanine into cinnamic acid in
the cytoplasm, which eventually is transformed into SA in a process catalyzed by BENZOIC ACID-2-
HYDROXYLASE (BA2H) to produce about 10 % of pathogen induced SA. ICS catalyzes the conversion of
chorismate to isochorismate. Next, the ENHANCED DISEASE SUSCEPTIBILITY5 (EDSS5) protein exports
isochorismate from the chloroplast to the cytosol to produce 90 % of the pathogen-induced SA in a process mediated
by the avrPphB SUSCEPTIBLE3 (PBS3) and the ENHANCED PSEUDOMONAS SUSCEPTIBILITY1 (EPS1).

(b,c) SA signaling cascade is regulated in an SA concentration-dependent manner. (b) At basal SA levels, the SA
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nucleocytoplasmic master transcriptional regulator NON-EXPRESSER OF PR1 (NPR1) is in the oligomeric form,
and NPR4 physically interacts with NPR1 promoting its proteasomal degradation. (c) At higher SA levels, the NPR1
monomerization takes place. Subsequently, the monomeric NPR1 translocates into the nucleus to physically
interacts and recruits the TGA transcription factors, which associate with the as-1-like element in the promoter of the
SA responsive genes such as PATHOGENESIS-RELATED GENEL (PR1) promoting its expression. Moreover,
NPR3 interacts with NPR1 promoting its degradation. Figure is adapted from Backer et al. (2019), Caarls et al. (2015),
Rekhter et al. (2019), and Torrens-Spence et al. (2019).

1.6.2.3. Upregulation of salicylic acid accumulation and signaling promotes
plant resistance during different biotrophic interactions

The upregulation of SA biosynthesis, perception, and signaling is pivotal for the
adequate activation of both PTI and ETI, particularly the ETI-triggered cell death
(Katagiri & Tsuda 2010; Zhang et al. 2018). In non-infected plants, SA levels are kept
at low concentrations, whereas SA concentration is significantly elevated after
interaction of a host plant with biotrophic invaders, pointing to a crucial role of SA in
resistance to such pathogens (Broekgaarden et al. 2015). Hence, SA biosynthetic and
signaling mutants, as well as transgenic Arabidopsis expressing the bacterial salicylate
hydroxylase gene (nahG) exhibit compromised plant resistance, whereas exogenous
application of SA restored the resistance to plant pathogens in these lines (Ding et al.
2018; Li et al. 2019b). For instance, icsl sid2 double mutant, which are known to have
a compromised SA production, show significantly diminished plant resistance (Garcion
et al. 2008; Lu et al. 2016; Wildermuth et al. 2001). In addition, the nprl mutant also
displays a compromised resistance as well as declined transcript levels of PR genes
(Cao et al. 1994; Glazebrook et al. 1996), the previously mentioned phenotypes are
complemented in the AtNPR1-transformed nprl mutants (Cao et al. 1997).
AINPR1 overexpressing plants display enhanced resistance to a wide range of plant
pathogens (Backer et al. 2019). Furthermore, Zhang et al. (2006) investigated the
negative impact of NPR1 paralogs NPR3 and NPR4 on SA-dependent PR1 gene
expression as well as pathogen resistance. Hence, they mediate NPR1 proteasome
degradation and they physically interact with the TGAZ2 transcription factor.
Subsequently, they complemented the elevated PR1 expression and disease
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resistance in the npr3 npr4 double mutant upon Agrobacterium mediated

transformation of NPR3 or NPR4 into npr3 npr4 double mutant.

1.6.3. Jasmonate biosynthesis and signaling promote resistance against
necrotrophs

Six decades ago, the lipid-derived jasmonates (JAs) had been discovered and
classified as essential hormones governing many developmental and defense
processes in planta (Ruan et al. 2019). JAs play essential roles in plant resistance
against necrotrophic pathogens and herbivorous insects (Han 2016). In addition, JAs
have multiple other functions in plants, such as in flower and seed development, as
well as in trichome formation (Campos et al. 2014; Kazan 2015). Furthermore, they
play a role during plant exposure to diverse abiotic stresses (Yuan & Zhang 2015). The
most abundant biologically active form of JAs is the isoleucine conjugate JA (JA-lle)
(Fonseca et al. 2009). JA production, allocation, metabolism, perception, signaling,
and crosstalk with other hormones have been intensely studied in different
plants (Han 2016).

1.6.3.1. Jasmonate biosynthesis occurs sequentially in multi-cellular
compartments

JAs are generated by the lipoxygenase (LOX) pathway (Wasternack & Strnad 2018).
In chloroplasts, the highly unstable galactolipids are transformed into a-linolenic acid
(a-LeA) by the Al-type plastid lipases (PHOSPHOLIPASE Al; PLAL1 and PLASTID
LIPASE; PLIP) (Figure 4a). Next, cis-(+)-12-oxophytodienoic acid (cis-(+)-OPDA) is
produced in a process catalyzed by a 13-LOX, ALLENE OXIDE SYNTHASE (AQOS),
and ALLENE OXIDE CYCLASE (AOC). Subsequently, the intermediate OPDA is
translocated into peroxisomes where it undergoes reduction and oxidation processes
catalyzed by OPDA REDUCTASES3 (OPR3) and acyl-coenzyme A oxidasel (ACX1),
respectively to form (+)-7-iso-JA. JA is then transported by JASMONIC ACID
TRANSPORTER?2 (JAT2) (Wang et al. 2019) into the cytosol to be conjugated with
amino acids, a step which is catalyzed by JA-AMINO ACID SYNTHETASE (JAR1), or
it is exported to the nucleus or the apoplast by JAT1 (Wang et al. 2019; Ruan et al.
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2019). JAT1, which is encoded by AtJAT1/AtABCG16, exhibits a dual localization in
the plasma membrane and the nuclear envelope, thus, it mediates both cellular efflux
of JA as well as the nuclear influx of JA-lle for JA signal transduction (Li et al. 2017;
Wasternack & Song 2016; Wasternack & Strnad 2018).

1.6.3.2. Jasmonate signaling is activated via two different JA-dependent
transcriptional networks

With respect to JA Signaling, the discovery of JASMONATE ZIM DOMAIN (JAZ)
proteins as negative regulators of JA signaling in 2007 was a breakthrough
(Wasternack 2007; Wasternack & Hause 2013). Moreover, the F-box protein
CORONATINE INSENSITIVEL (COI1) has been identified by Xie et al. (1998) as a
receptor component of JA signaling (Srivastava et al. 2018). Three different groups
have independently revealed that in the presence of JA-lle, JAZ repressor protein is a
target of the SCF®"! complex, which functions as an E3 ubiquitin ligase (Chini et
al. 2007; Thines et al. 2007; Yan et al. 2007). In the absence of JA, the repressor
protein JAZ interacts with the co-repressor TOPLESS (TPL) or with RPD3-type
HISTONE DEACETYLASEG6 (HDAG) via an adapter protein called Novel Interactor of
JAZ (NINJA), leading to the suppression of the transcription factors MYC2 or
ETHYLENE-INSENSITIVE 3 (EIN3) and ETHYLENE-INSENSITIVE 3-LIKE 1 (EIL1),
respectively (Song et al. 2014) (Figure 4b).

On the other hand, the accumulation of JA-lle (Figure 4c) mediates the binding of JAZ
to COI1 (Katsir et al. 2008), targeting JAZ for degradation by the 26S proteasome
leading to the activation of downstream transcription factors to enhance the expression
of JA responsive genes (Caarls et al. 2015). Two different branches of transcriptional
networks have been identified as targets for the JA signaling pathway: the MYC branch
which is known to be upregulated by JA, leading to the expression of JA marker
gene VEGETATIVE STORAGE PROTEIN 2 (VSP2) (Figure 4c, upper panel) (Vos et
al. 2013) and ET-RESPONSIVE FACTOR (ERF) branch, which is co-regulated not
only by JA, but also by ET and controlled by the transcription factors EIN3/ EIL1, ERFs
and OCTADECANOID-RESPONSIVE ARABIDOPSIS 59 (ORA59) leading finally to
the expression of JA/ET marker gene PLANT DEFENSIN1.2 (PDF1.2) (Figure 4c,
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lower panel) (Caarls et al. 2015; Pieterse et al. 2012; Wasternack & Hause 2013;
Zhu et al. 2011).
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Figure 4: Jasmonic acid biosynthesis and signaling cascade in Arabidopsis. (a) Jasmonates are generated

by the lipoxygenase (LOX) pathway in different cellular compartments. In chloroplasts, the Al-type plastid lipases
(PHOSPHOLIPASE A1; PLA1 and PLASTID LIPASE; PLIP) catalyze the conversion of galactolipids into a-linolenic
acid (a-LeA), that subsequently is transformed into cis-12-oxophytodienoic acid (cis-OPDA) by a 13- lipoxygenase
(LOX), ALLENE OXIDE SYNTHASE (AOS), and ALLENE OXIDE CYCLASE (AOC). Subsequently, the cis-OPDA
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is translocates into the peroxisomes where it undergoes redox interactions catalyzed by OPDA REDUCTASE3
(OPR3) and acyl-coenzyme A oxidasel (ACX1) to form (+)-7-iso-JA. Further, (+)-7-iso-JA is transported by
JASMONIC ACID TRANSPORTER?2 (JAT2) into the cytosol to be conjugated with amino acids by JA-AMINO ACID
SYNTHETASE (JARL1), or it is exported to the nucleus or the apoplast by JAT1 that mediates both cellular efflux of
JA as well as the nuclear influx of JA-lle for the activation of the JA responsive genes expression. (b,c) JA signaling
cascade is regulated dependently on the JA concentration. (b) In the absence of JA, the repressor protein JAZ
interacts with the co-repressor TPL or with HDAG via an adapter protein NINJA leading to the suppression of the
transcription factors MYC2 or EIN3 and EIL1. (c) In high JA concentrations, it mediates the JAZ interaction with COI1
targeting JAZ for degradation by the 26S proteasome leading to the activation of JA transcription factors to enhance
the expression of JA responsive genes in two different transcriptional networks: the MYC2 transcription factor that
upregulates the expression of VEGETATIVE STORAGE PROTEIN 2 (VSP2) (upper panel). The second branch of
JA signal transduction is the ERF branch which is co-regulated by ET, and transcriptionally upregulated by EIN3/EIL1,
ET RESPONSE FACTOR (ERFs) and OCTADECANOID-RESPONSIVE ARABIDOPSIS 59 (ORA59) leading
finally to the expression of JAJET marker gene PLANT DEFENSIN1.2 (PDF1.2) (lower panel). Figure is adapted
from Zhu et al. (2011), Caarls et al. (2015), Caarls et al. (2017), Li et al. (2017), Wasternack & Strnad (2018), and Li
etal. (2019a).

1.6.3.3. Jasmonic acid shows a dual contribution to defense responses against
several necrotrophs

Many studies have shown a dual contribution of JA in resistance to several necrotrophs
as well as to herbivorous insects and nematodes. For instance, the JA biosynthetic
FATTY ACID DESATURASE genes (FADs) loss of function triple mutant fad3 fad7
fad8, as well as the JA signaling mutant coil showed enhanced susceptibility to the
fungal necrotroph A. brassicicola (McConn & Browse 1996; Stintzi et al. 2001,
Thatcher et al. 2009). Similarly, increased pathogenic growth was also observed with
the JA biosynthetic mutants aos, jarl, and DEFENSIN1 mutant defl (Abugamar et
al. 2008; Kachroo & Kachroo 2009). On the contrary, other JA biosynthetic and
signaling mutants such as opr3 and myc2/jinl exhibited higher resistance compared
to wildtype plants against Fusarium graminearum (Bhattarai et al. 2008) and to both B.
cinerea and P. cucumerina (Kachroo & Kachroo 2009), respectively. This enhanced
resistance might possibly result from the ET triggered resistance to necrotrophs
because of MYC-repressed EIN3 (Song et al. 2014). It has been shown that JA
biosynthesis is triggered not only locally at the sites of damage, but also systemically
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to activate the expression of defense-related genes and the production of toxic

secondary metabolites to defend against invaders (Yan & Xie 2015).

1.6.4. Ethylene modulates high complexity in planta aspects

The two-carbon gaseous molecule, ET is a potent regulator for plant growth and
development, as well as for adaptation to various biotic and abiotic stresses (Wang et
al. 2002). Similar to the aforementioned phytohormones, numerous studies have been

conducted to elucidate ET biosynthesis, perception and signaling (Gallie 2015).

1.6.4.1. Members of multigene families regulate ethylene biosynthesis

The major breakthroughs during the analyses of ET biosynthesis were the discovery
of the methyl group donor S-adenosylmethionine (S-AdoMet) and the ET precursor 1-
aminocyclopropane-1-carboxylic acid (ACC) (Yang & Hoffman 1984). The first step in
ET biosynthesis is the conversion of methionine to S-AdoMet in a process catalyzed
by S-AdoMet synthase. Subsequently, ACC synthase (ACS) mediates the conversion
of S-AdoMet to ACC, which is oxidized by ACC oxidase (ACO) to produce ET (Figure
5a). Both ACS and ACO are members of multigene families that are regulated by
different stimuli (Ravanbakhsh et al. 2018).

1.6.4.2. Both ethylene and jasmonic acid up-regulate the expression of PDF1-2

The Arabidopsis genome encodes five structurally and functionally different receptors
localized to the endoplasmic reticulum that are responsible for ET perception. Without
binding of the ligand ET, they function as suppressors of ET signaling (Gallie 2015).
Several ET receptor mutants exhibit constitutive ET responses (Hall & Bleecker 2003).
The two-component histidine kinase-like ET receptors have been classified into two
subfamilies: subfamily | includes ethylene receptor 1 (ETR1) and ethylene response
sensor 1 (ERS1), while subfamily Il includes ETR2, ERS2, and ethylene insensitive 4
(EIN4) (Urao et al. 2001; Hall et al. 2012). At low ET concentrations (Figure 5b), these
receptors negatively regulate the ET signaling cascade by the activation of
CONSTITUTIVE TRIPLE RESPONSEL1 (CTR1). CTR1 has a negative impact on ET

signal transduction via suppression of the positive regulator of ethylene signaling EIN2
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(Alonso et al. 1999). Suppression of EIN2 activity initiates EIN3 ubiquitination
mediated by the F-box proteins EBF1/2 and allows degradation of EIN3 and its
homolog ethylene-insensitive 3-like 1 (EIL1) by the 26Sproteasome (Ravanbakhsh et
al. 2018). Thus, ET perception by its receptors results in suppression of the kinase
activity of CTR1 and activation of the ET transcriptional cascade via the stabilization of
EIN3 and EIL1 by blocking EBF1/2-mediated EIN3 degradation (An et al. 2010).
EIN3/EIL1 mediates the upregulation of ERFs, ORA59 and eventually the expression
of PDF1.2 (Figure 5¢c and Figure 4c, lower panel) (Groen et al. 2013).
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Figure 5: Ethylene biosynthesis and signaling cascade in Arabidopsis. (a) Ethylene biosynthesis, the first step

in ET biosynthesis, is the conversion of the methionine to the methyl group donor S-adenosylmethionine (S-AdoMet)
in a process catalyzed by S-AdoMet synthase. Subsequently, 1-aminocyclopropane-1-carboxylic acid (ACC)
synthase (ACS) mediates the conversion of S-AdoMet to ACC, which is oxidized by ACC oxidase (ACO) to produce
ET. (b,c) ET signaling cascade, (b) The endoplasmic reticulum - localized ET receptors are responsible for ET

perception. Atlow ET concentrations, theses receptors negatively regulate the ET signaling cascade by the activation
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of CONSTITUTIVE TRIPLE RESPONSE1 (CTR1). CTR1 has a negative impact on ET signal transduction via
suppression of the positive regulator of ethylene signaling ET insensitive 2 (EIN2). The suppression of EIN2 activity
initiates EIN3 ubiquitination mediated by the F-box proteins EBF1/2 and allows degradation of EIN3 and its homolog
ethylene-insensitive 3-like 1 (EIL1) by the 26Sproteasome. (c) At high ET concentration, ET perception by its
receptors results in suppression of the kinase activity of CTR1, leading to the activation of the ET transcriptional
cascade via the stabilization of EIN3 and EIL1 that mediate the upregulation of PDF1.2. This figure is adapted from
An et al. (2010), Gallie (2015), Groen et al. (2013), and Ravanbakhsh et al. (2018).

1.6.4.3. Ethylene promotes resistance against necrotrophs and susceptibility
against biotrophs

ET plays an important role in defense responses against different necrotrophs, acting
synergistically with JA. The upregulation of ET downstream transcription factors
ERF1 and ORA5S9 contributes to the resistance against necrotrophic pathogens
(Robert-Seilaniantz et al. 2011). Therefore, the overexpression of ERF1 promotes
resistance against the necrotrophic pathogen B. cinerea and susceptibility to the
hemibiotrophic pathogen P. syringae (Berrocal-Lobo & Molina 2004). Additionally,
treatment of Arabidopsis with flg22 enhances ET biosynthesis as well as the EIN3
accumulation (Asai et al. 2002; Nuhse et al. 2000), thus the flg22-induced MPK3/
MPK6 might have a major contribution to ACC synthase activation and EIN3
stabilization (Chen et al. 2009). Although ein2 displayed impaired FLS2-mediated
responses (Boutrot et al. 2010), ein3-1 eill-1 double mutant and ein2-1 showed
enhanced resistance to P. syringae (Chen et al. 2009), revealing a prospective role for

ET in mediating susceptibility to biotrophic and hemibiotrophic pathogens.
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1.7. Hormone crosstalk in plant immunity equips plants with a powerful
adaptive capacity.

While deciphering the underlying hormone perception and signal transduction
mechanisms in the past decades, various molecular, biochemical, and genomic
analyses have provided pieces of evidence that plant hormones interact
antagonistically or synergistically to regulate phytohormone biosynthesis, transport,
perception, gene expression and post-transcriptional modifications (Pieterse et al.
2009). These interactions between plant hormones have been displaced by the
concept of hormonal crosstalk. During plant-pathogen interactions, hormone crosstalk
equips plants with a powerful adaptive capacity to utilize their resources in a cost-
efficient manner in order to finely regulate various energy-consuming processes (De

Bruyne et al. 2014; De Vleesschauwer et al. 2014).

1.7.1. JA-ET synergistic crosstalk

Various investigations showed contributory roles for JA and ET in resistance against
necrotrophic pathogens (Broekaert et al. 2006; Solano & Gimenez-lbanez 2013),
indicated by the upregulation of biosynthetic and signaling cascades of both hormones
during infection with necrotrophic pathogens (Pieterse et al. 2012). JA and ET
cooperatively stimulate PDF1.2 expression in A. thaliana after inoculation with the
necrotrophic pathogen A. brassicicola and B. cinerea, as well as with the
hemibiotrophic bacterium Erwinia carotovora (Penninckx et al. 1996; Norman-
Setterblad et al. 2000; Berrocal-Lobo & Molina 2004; Van der Does et al. 2013).
Furthermore, both hormones induce ethylene-inducible GCC-box containing genes,
such as PR1b and the stress-responsive antifungal protein OSMOTIN in tobacco,
when exogenously applied to plant tissue (Kunkel & Brooks 2002; Xu et al. 1994).
Hence, the GCC box in the promoter of PDF1.2 is targeted by ERF proteins, such as
ERF1 and ORA59, which confers JA responsiveness and synergy between JA and ET
(Figure 5c¢) (Brown et al. 2003; Pré et al. 2008).
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1.7.2. JA-JA/ET antagonistic crosstalk

Although ET and JA synergistically regulate the ERF branch (Figure 5c), there is
growing evidence that JA and JA/ET signaling pathways antagonize each other in the
regulation of the MYC branch of the JA signaling cascade (Lorenzo et al. 2004;
Lorenzo & Solano 2005). Hence, the JA-master regulator MYC2 negatively regulates
PDF1-2 expression via the repression of the JA/ET transcription factors ERF1 and
ORA59 (Dombrecht et al. 2007; Zander et al. 2010; Verhage et al. 2011). In addition,
Zhu et al. (2011) showed that at intermediate JA concentrations, JAZ proteins interact
and partially suppresses the transcriptional activity of ET transcription factors EIN3 and
EIL1 by induction of the transcriptional co-repressor HDA6. However, elevated ET
stabilizes EIN3 and EIL1, providing a second level of transcriptional regulation through
JA.

1.7.3. SA-JA/ET antagonistic crosstalk

The enhanced SA-mediated resistance to biotrophs, indicated by the compromised
resistance in SA deficient and signaling mutants (Adam et al. 2018) is often associated
with a reduced JA/ET-mediated resistance to necrotrophs. This is reflected by the
upregulation of biosynthetic and signaling cascades of JA and ET during infection with
necrotrophic pathogens (Liet al. 2019b; Robert-Seilaniantz et al. 2011; Van der
Does et al. 2013). For instance, Spoel et al. (2007) demonstrated an antagonistic
effect of SA on JA/ET signaling pathway in Arabidopsis, as plants challenged with the
hemibiotrophic pathogen P. syringae exhibited hypersusceptibility to the necrotroph A.
brassicicola due to the repressive effect of elevated SA on JA/ET signaling cascades.
Additionally, the expression of the JA biosynthetic genes LOX2, AOS, AOC2, and
OPR3 is downregulated by SA treatment (Leon-Reyes et al. 2010; Thaler et al. 2012).
Leon-Reyes et al. (2009) and Broekgaarden et al. (2015) concluded that the SA
transcriptional co-activator NPR1 acts as a substantial modulator for SA and JA/ET
signaling crosstalk. Additionally, Chen et al. (2009), Lorenzo & Solano (2005),
and Thaler et al. (2012) documented a direct interaction of the JA/ET transcription
factor EIN3 and EIL1 with the promoter of ICS2 to suppress SA biosynthesis, reflecting

a reciprocal SA-JA/ET antagonism.
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Mur et al. (2006) demonstrated that expression of both SA- and JA/ET- responsive
defense genes PR1 and PDF1.2 was synergistically and antagonistically affected
during SA and JA cotreatment in a concentration-dependent manner. Treatment of
Arabidopsis plants with 10 uM JA resulted in upregulated PDF1.2 expression, which is
elevated after cotreatment with 10 pM JA and SA up to 250 uM, while higher SA
concentrations showed declined PDF1.2 transcript levels. Similarly, the 10 uM SA
induced expression of PR1 showed further elevation after cotreatment with 10 uM SA
and increasing concentrations of JA up to 125 uM, while treatment above 125 uM up
to 500 uM JA showed a declined PR1 expression. Thus, SA and JA/ET crosstalk was
synergistically affected during SA/JA cotreatment at low concentrations, but

antagonistically at higher hormone concentrations.

Despite the reports on SA-JA/ET antagonisms (Robert-Seilaniantz et al. 2011,
Derksen et al. 2013; Caarls et al. 2015), only a few studies indicated that JA/ET might
be an essential regulator of SA signaling. For example, RamsSak et al. 2018 inferred
that the SA-dependent upregulation of NPR1 and PR1 expression is blocked in ein3-
1, reflecting the positive impact of JA/ET on the SA network (Frye et al. 2001,
Mikkelsen et al. 2003).

1.7.4. ABA-SA crosstalk

Several studies outlined antagonistic crosstalk between ABA and SA during different
biotic and abiotic stress responses (De Torres-Zabala et al. 2009; Denancé et
al. 2013; Fan et al. 2009; Manohar et al. 2017; Nahar et al. 2012; Tan et al. 2019;
Yasuda et al. 2008). In the latter study, an elevated expression level of PR1 was
observed in the ABA biosynthetic mutant aba2-1 after p. syringae infections, while the
transcript level is compromised in the 35S-ABA2 overexpression line and ABA-treated
wildtype Arabidopsis plants. This displays comparable effects for the intrinsic ABA
production and extrinsic ABA on antagonizing SA signaling. Subsequently, they
revealed that the endogenous and exogenous ABA-dependent antagonistic effect on
SA signaling and callose deposition are the main reasons for the susceptibility of the
35S-ABA2 and ABA-treated wildtype and ABA-treated aba2-1top. syringae.
Furthermore, Nahar et al. (2012) demonstrated that the rice SA-mediated defense

against nematodes collapsed after exogenous application of ABA and showed that
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these defense responses are modulated by ABA-mediated down-regulation of SA

signaling pathways.

Manohar et al. (2017) used different high throughput assays to highlight the molecular
mechanisms underlying SA-ABA antagonism. The authors demonstrated that most of
the PP2Cs, being negative regulators of the ABA signaling pathway, are salicylic acid
binding proteins (SABPs). Furthermore, they showed that the exogenous application
of SA negatively regulates the ABA-enhanced degradation of PP2Cs by competing for
its binding with the ABA receptors PYR/PYL/RCAR. Consequently, this also inhibits
the expression of ABA-responsive genes. Moreover, using the SA-biosynthesis
mutant sid2-1, they provided further evidence for this antagonism as they observed a
stronger negative ABA impact on the germination of SA-deficient mutant seeds in
comparison to the wildtype. Furthermore, Meguro & Sato (2014) tested the impact of
ABA treatment alone and in combination with SA on the growth and development of
rice. The authors observed that ABA inhibits shoot growth as well as the expression of
cell cycle-related genes. On the other hand, SA in SA-ABA cotreated seedlings
antagonizes the ABA-inhibitory effect on the shoot apical meristem, as well as leading
to elevated expression levels of OskKRP genes, which provides additional proof for the

reciprocal SA-ABA antagonistic crosstalk.

However, not all data support the hypothesis on antagonistic crosstalk between ABA
and SA. Some studies reported on the synergistic interactions between SA and ABA
signaling cascades (Alazem et al. 2019). For instance, SA and ABA signaling
pathways positively interact through Ca?*-dependent protein kinases in modulating
stomatal closure (Prodhan et al. 2018). Moreover, both SA and ABA pathways
synergistically recruit RNA silencing pathways to promote viral resistance (Alazem &
Lin 2015; Alazem & Lin 2017; Alazem et al. 2018; Alamillo et al. 2006).

1.7.5. ABA-JA/ET crosstalk

Many studies addressed the antagonistic interaction between ABA and JA/ET
signaling pathways (Anderson et al. 2004; Kazan & Manners 2013; Nahar et al. 2012).
For example, exogenous ABA application down-regulates the expression of the JA
transcription factors ERF1, ORA59, within approximately 30 minutes after treatment
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(Winter et al. 2007). ERF1 and ORA59 activate the expression of the JA/ET responsive
gene PDF1-2, and this provides an explanation for the declined expression levels of
the pathogen-induced PDF1.2 upon exogenous application of ABA. However, the
transcript level was highly upregulated in the ABA-biosynthetic mutants; abal-1, abal-
2, abal-5 and aba2-1 (Anderson et al. 2004). Moreover, Nahar et al. (2012) observed
a down-regulatory effect of ABA on the expression of the positive regulator of ET
signaling OsEIN2a as well as the JA biosynthetic gene OsAOS2.

1.8. Hormone sensing

1.8.1. Limitations of classical hormone detection and quantification assays

Although significant advances have been made in understanding the biosynthesis,
signaling, and perception of phytohormones, the understanding of their cell- and
tissue-specific production, transport, and crosstalk are still lagging behind. In this
regard, diverse assays have been used to qualitatively and quantitatively address the
changes in plant hormones. Classical biochemical quantification, marker gene
expression measurements, immunochemical assays such as enzyme-linked
immunosorbent assays (ELISA) as well as mutant analysis have been used for
hormone detection and quantification (Davis et al. 1985; Murmu et al. 2014; Wang et
al. 2011; Wirthmueller et al. 2018). Although such methods have a high sensitivity for
detecting hormones, their ability to resolve spatial activities and cell-type-specificity are
still relatively low (Mdller et al. 2002; Weiler et al. 1982).

1.8.2. Assays using biologically active fluorescently labeled hormones

To gain novel insights into hormone abundance and activity in intact living cells or intact
tissues, new technigues have been developed. Irani et al. (2012), Hong Gao et
al. (2013), Shani et al. (2013), Sokotowska et al. (2014) and Hayashi et al. (2014)
developed biologically active, fluorescently labeled BRs, JA, GA, and auxin,
respectively. These newly developed tools promoted the understanding of the cellular
perception and transportation of the hormones as mentioned above, however, they can

only be used in the exogenous hormone application experiments (Waadt et al. 2015).
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1.8.3. FRET based reporters

So far, for plant hormones, only the ABACUS and ABAleon Fdrster resonance energy
transfer (FRET)-based reporters have been engineered in Arabidopsis plants to
investigate the spatial dynamics of ABA accumulation rather than ABA signaling
(Jones et al. 2014; Waadt et al. 2014). In these studies, the authors generated a
fluorescent protein FRET-pair utilizing improved versions of cyan fluorescent protein
(CFP) as an excited donor and the yellow fluorescent protein (YFP) as an acceptor
connected to a hormone sensory module harboring a PYR1/PYL1 receptor of ABA
fused via a linker to ABI1 (Jones et al. 2014; Waadt et al. 2014; Waadt et al. 2015).
The direct binding of ABA to the sensory module thereby alters the distance and
orientation of the FRET-pair leading to an energy transfer from the donor to the
acceptor (Heim & Tsien 1996; Pollok & Heim 1999). Subsequent measurements of
YFP/CFP emission ratios enable the quantification of the bound hormone amount
(Waadt et al. 2015). The two orientally flipped ABACUS, and ABAleon reporters
exhibited different affinities to ABA perception and inconsistent energy transfer.
ABACUS versions displayed a low ABA affinity and high energy transfer to the YFP
acceptor, whereas ABAleon showed a high ABA affinity with a low energy transfer
(Jones et al. 2014; Waadt et al. 2014; Waadt et al. 2015). Although the development
of these reporters presented obvious advances, they still need to be further improved
because they displayed an insensitive and limited utility to map the basal levels of
endogenous ABA (Waadt et al. 2015; Hayes 2018; Wu et al. 2018).

1.8.4. Degrons based reporters

A degron is a portion of a protein which regulates its degradation (Trauth et al. 2019).
Degrons have been used for the development of two reporters allowing the tracking of
auxins and JA. Brunoud et al. (2012) developed the auxin reporter DII-VENUS to
guantify auxins in plant cells. This reporter is based on the DIl interaction domain of
AUX/IAA proteins, which are degraded upon auxin binding. Therefore, the output
fluorescence negatively correlates with auxin concentrations. Larrieu et al. (2015)
developed a JA reporter system using the advantage of the JAZ-degradation
dependency upon the activation of JA signaling on a specific Jas motif in JAZ proteins
responsible for their interaction with COI1. They fused the Jas motif of AtJAZ9 with the
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VENUS fluorescent protein to express it under the control of the constitutive promoter
Cauliflower Mosaic Virus 35S RNA (CaMV35S). In comparison to a mutated version
(mJas9-VENUS), they could correlate the magnitude of JA signaling activity to the
reduction in VENUS intensity in Jas9-VENUS.

1.8.5. Hormone-inducible promoter-based reporters

Next, hormone-responsive gene reporters within the field of hormone sensing have
been developed to visualize the hormone-dependent expression of marker genes. The
most prominent examples for such systems have been generated to map the plant
hormones auxin, CK, ABA, JA, SA, and ET. The newly developed hormone sensors

for the six hormones mentioned above were grouped into the following:

1.8.5.1. Native promoter-based reporters

The native promoters of hormone responsive genes have been fused to different
reporter genes such as luciferase-coding sequence (LUC), b-glucuronidase (GUS) ,
Green fluorescent protein (GFP) and YFP to address the changes in biosynthesis,
signaling and allocation activities of the plant hormones CKs (D'Agostino et al. 2000),
ABA (Christmann et al. 2005; Himmelbach et al. 2002; Ishitani et al. 1997; S6derman
et al. 1999;), SA (Betsuyaku et al. 2018), JA (Mousavi et al. 2013; Betsuyaku et
al. 2018) and JA/ET (Manners et al. 1998). For instance, D'Agostino et al. (2000)
addressed the positive correlation of the Arabidopsis response regulators (ARRS)
expression with CK. Next, they used the promotor of ARR5, which showed the maximal
expression in comparison to other ARRs in response to CK to develop the pARRS5-

GUS reporter system.

Christmann et al. (2005), Himmelbach et al. (2002), Ishitani et al. (1997), and
Soderman et al. (1999) fused the promoters of the ABA responsive genes;
HOMEOBOX PROTEIN 6 (AtHB6), RESPONSIVE TO DESICCATION 29A/B
(AtRD29A/B), and ARABIDOPSIS RAB GTPASE HOMOLOG B18 (AtRAB18) to drive
the expression of LUC, GUS and GFP reporters in order to monitor the changes in
ABA signaling during different abiotic stresses, and the ABA signaling during crosstalks
between abiotic and biotic stresses. Ishitani et al. (1997) assessed pAtRD29A-LUC
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reporter activity in various mutants using luminescence imaging, and consequently,
they identified a large number of osmotic and cold stress-responsive gene mutants
after treatment with different abiotic stresses, and ABA. Moreover, Himmelbach et al.
(2002) and Soderman et al. (1999) fused the promoter of AtHB6 gene with the LUC
and GUS reporters. The pAtHB6-GUS reporter exhibited a cell division and/or
differentiation area confined signal in different developing plant organs, therefore,
Soderman et al. (1999) concluded that AtHB6 has a cell division and/or differentiation
function. In addition, the pAtHB6-LUC reporter showed a PP2C (ABI1)-dependent
activity, thus Himmelbach et al. (2002) revealed that AtHB6 functions as an ABI1 down-
stream negative regulator of ABA signaling. Finally, Christmann et al. (2005) observed
low ABA reporter activities in the columella cells and quiescent center of the root as
well as in the vascular tissues and stomata of cotyledons in untreated plants, while
exogenous ABA treatment enhanced a uniform pattern of reporter expression in

different Arabidopsis tissues.

Concerning SA, JA and JA/ET, Murray et al. (2002) developed SA reporter using the
promoter of PR1 fused to LUC to address the epistasis analyses of the recessive
mutant cirl, which display constitutively expressed SA, JA, ET, and ROS intermediate-
dependent genes, utilizing nprl, nahG, jarl, and ein2 mutants. Consequently, they
concluded that NPR1-dependent and -independent SA signaling plays a central role in
defense responses against P. syringae and Noco2, while the cirl-mediated resistance
against the necrotrophic pathogen, but not the biotrophic pathogen, necessitates the
activation of JA and ET signaling. Manners et al. (1998) and Mousavi et al. (2013)
assessed the expression of the GUS reporter under the promoters of JA and JA/ET
marker genes VSP2, and PDF1.2, respectively in order to investigate the correlation
of JA and JA/ET signaling with wounding, biochemical and biotic stresses after
challenging with A. brassicicola and B. cinerea. In addition, Poncini et al. (2017) used
the biosynthesis and signaling marker gene promoters of ICS1, AOS, ACS6, HEL/PR4
to develop reporter lines for SA (pICS1-YFP-NLS), JA (pAOS-YFP-NLS), ET (pACS6-
YFP-NLS), and JA/ET (pHEL/PR4-YFP-NLS). Next, they investigated the tissue
specific contribution of SA, JA, and JA/ET production in Arabidopsis roots in response
to the MAMP molecules chitin and flg22, the DAMP molecule AtPepl and the infection
with F. oxysporum. Subsequent microscopic analysis exhibited a strong DAMP-
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mediated activation of SA and JA production in comparison to the tested MAMPSs,
underpinning the strong perception of AtPepl. In addition, the pathogen invasion

showed local activations of JA, ET and JA/ET marker genes expression.

Recently, Betsuyaku et al. (2018) created a sensor system using the promotor of the
SA marker gene PRL1 driving the expression of the YFP fused to a nuclear localization
signal (NLS). Furthermore, they established another reporter for JA using the same
cassette replacing the native promoter of PR1 with the native promoter of the JA
downstream component VSP1. Subsequent analyses using the pPR1-YFP-NLS and
pVSP2-YFP-NLS reporters exhibited a distinct spatial activation of SA-JA signaling in
P. syringae challenged Arabidopsis plants. Hence, the SA signaling is enhanced in the
adjacent cells surrounding infection sites, while JA signaling is induced in the domain
surrounding the SA-active domain. Furthermore, in a recent study, Marhavy et al.
(2019) employed a set of aforementioned reporter lines developed by Mousavi et
al. (2013) and Poncini et al. (2017) to investigate the transcriptional activation pattern
of SA, JA, ET, and JA/ET in response to single-cell wounding by laser ablation in
comparison to nematode attack. Authors of the later studies observed a similar pattern
of elevated ET but not SA or JA marker genes associated with Ca2* channel and NAPH

oxidase activation.

1.8.5.2. Synthetic promoter-based reporters

Synthetic promoters are fused DNA repeats of a hormone responsive element used to
gain a regulatory capacity to respond to changes in corresponding hormone
accumulation. Ulmasov et al. (1997) have established an auxin reporter system using
the synthetic promoter DR5, which carries several repeats of the auxin-responsive
element (AuxRE: TGTCTC). Subsequently, Liao et al. (2015) developed a new version
with higher sensitivity using the DR5v2 synthetic promoter, which is a DR5 promoter
fused to a novel perception site for Auxin response factors (ARFs). Miller & Sheen
(2008) developed a CK reporter based onthe TWO COMPONENT SIGNALING
SENSOR (TCS) synthetic promoter fused to GFP. However, this construct exhibited a
weak and rapid silencing of GFP expression in some developmental contexts.
Therefore, Zircher et al. (2013) established a new TCS (TCSn), which showed higher

sensitivity to CK. Transgenic Arabidopsis TCSn-GFP plants manifested strong and
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robust GFP expression patterns compatible to known cytokinin roles, and high stability
of GFP expression over generations. This allowed crossing of reporter plants with
different CK signaling and biosynthesis mutants.

Additionally, the expression of ABA downstream components is known to be mediated
by cis-regulatory elements known as ABA-responsive elements (ABREs) with the
sequence motif ACGTGTC in the promoter of ABA-inducible genes (Choi et al. 2000;
Mundy et al. 1990). Based on this knowledge, Wu et al. (2018) created a synthetic
promoter of six ABRE repeats driving the expression of endoplasmic reticulum
localized GFP to create an ABA-reporter to map the cellular distribution of ABA.
However, they observed that this reporter is not suitable to monitor ABA in all cell types
as they observed an ABA-independent activation of the reporter in distinct cell types

even under nonstress conditions.

1.9. Tools for normalization of reporter activity

The visualization of hormonal response and hormonal crosstalk allows real-time
monitoring of plant defense mechanisms and developmental processes. In this
respect, Federici et al. (2012) reported that there are two essential elements; a
fluorescent protein constitutively expressed which serves as a reference for additional
fluorescent markers, and plasma membrane markers to help to identify the cell
boundaries. These additional modules have been predicted to improve the
performance of emerging biosensor technology. Ghareeb et al. (2016), generated a
set of binary vectors, so-called COLORFUL-Circuits allowing for a straightforward
multigene assembly. Using these constructs, the simultaneous expression of different
fluorescent proteins (FP) under inducible and constitutive promotors is facilitated
providing the scientific community with an unlimited number of robust utilities for

different aspects of plant cell biology.

1.10. Objectives

The ultimate outcome of plant-pathogen interactions is predetermined at the initial site
of attack, where the pathogen invades a single or few cell(s) of the host. Accordingly,

monitoring hormone signaling cascades at early time points—directly after pathogen
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infestation in these cells—is crucial. However, the spatio-temporal cellular activities of
ABA, SA, JA, and JA/ET in plant defense at a single-cell resolution have so far not
been adequately addressed. Therefore, we aimed in the current study to map the
spatio-temporal dynamics of plant hormones ABA, SA, JA, and JA/ET during
compatible and incompatible biotrophic interactions with Arabidopsis thaliana using a
set of hormone reporter lines for ABA, SA, JA and, JA/ET recently developed at our
lab by Hassan Ghareeb (personal communication), termed COLORFUL-biosensors.
These reporter lines were established based on a multigene assembly vector platform
termed "COLORFUL-Circuit" (Ghareeb et al. 2016). For the aforementioned purpose,

we planned to:

e Validate the functionality of these newly developed COLORFUL-biosensors via

investigating:

- The responsiveness of COLORFUL-reporter activity to the exogenous
application of the corresponding hormone in a dose- and incubation time-
dependent manner.

- The cell- and tissue-specific differential distribution of the tested hormones.

e Develop high-throughput imaging automated software to expedite comparative
large-scale data analyses in order to verify the cell-specific contribution of the
hormones mentioned above in plant innate immunity.

e Address the hormone crosstalk after the exogenous application of ABA, SA, MeJA,
and ET precursor ACC individually and in combinations.

¢ Quantify and visualize the invasion dynamics of virulent and avirulent pathogens
used in this project.

e Address the hormone signaling signature and crosstalk during compatible and
incompatible interactions.

e Unravel the role of ABA as well as the ABA signalosome components involved in

mediating the ABA signaling pattern.
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2. MATERIALS AND METHODS

2.1. Materials

2.1.1. Arabidopsis plant materials

In this study, we used the COLORFUL-reporter lines; COLORFUL-ABA, -SA, -JA, and
-JA/ET that were developed using Agrobacterium-mediated transformation of A.
thaliana (Col-0) (Table 1).

Table 1: COLORFUL-biosensors employed in this study.

Biosensor Transformed in Reporter activity is Selection marker
COLORFUL-ABA Col-0 PP2CA expression dependent BASTA
COLORFUL-SA Col-0 PR1 expression dependent BASTA
COLORFUL-JA Col-0 VSP2 expression dependent BASTA
COLORFUL-JA/ET Col-0 PDF1-2a expression dependent BASTA

In addition, different mutants in Arabidopsis Col-0 ecotype used in this investigation

are listed below in table (2).
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Table 2: Arabidopsis transgenic lines and suppliers.

Mutant Gene Accession no. Ecotype Reference
abal-101/ser3 ABA1 AT5G67030 Col-0 Barrero et al. 2005
Gonzalez-
aba2-1 ABA2 AT1G52340 Col-0
Guzman et al. 2002
ahg3-1 AHG3 AT3G11410 Col-0 Yoshida et al. 2006
pp2ca-1 )
(SALK_028132) PP2CA AT3G11410 Col-0 Kuhn et al. 2006
snrk2d/srk2.2 i
SNRK2D/SK2.2 AT3G50500 Col-0 Nakashima et al.
GABI-Kat 807G04 2009
snrk2e/srk2.6 i
SNRK2E/SRK2.6 Col-0 Nakashima et al.
SALK_008068 ATAG33950 2009
snrk2i/srk2.3 .
SNRK2I/SRK2.3 AT5G66880 Col-0 Nakashima et al.
SALK_096546 2009
AT3G50500 Nakashima et al.
snrk2d snrk2e SNRK2D SNRK2E ATAG33950 Col-0 2009
. AT3G50500 Nakashima et al.
snrk2d snrk2i SNRK2D SNRK2I| AT5G66880 Col-0 2009
. AT4G33950 Nakashima et al.
snrk2e snrk2i SNRK2E SNRK2I AT5G66880 Col-0 2009
AT3G50500 .
snrkad snrk2e snrk2i o R or O 2E ATAG33950 Colo ~ hakashimaetal
AT5G66880
edrl EDR1 AT1G08720 Col-0 Frye & Innes 1998
edsl EDS1 AT3G48090.2 Col-0 Parker et al. 1996
Van Wees &
nahG NahG AT5G33340 Col-0 Glazebrook 2003
sncl SNC1 AT4G16890 Col-0 Li et al. 2001
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2.1.2. Crosses of COLORFUL-biosensor lines with different mutants

The seeds of COLORFUL-ABA line #1 and COLORFUL-SA line #1 in Col-0
background (T3 generations) and abal-101, snrk2d, snrk2i, snrk2d snrk2i, ahg3-1,
and pp2ca-1 were sown onto 8.0 cm? pots and vernalized in the dark at 4.0 °C for three
days. Grown seedlings were moved to a long-day condition climate chamber for six
weeks or until the beginning of the inflorescence. The COLORFUL-ABA line #1 was
crossed with abal-101, snrk2d, snrk2i, snrk2d snrk2i double mutant, ahg3-1, and
pp2ca-1, while COLORFUL-SA line #1 was crossed with ahg3-1 and pp2ca-1. After
crossing, the plants were cultivated for a subsequent four weeks until the siliques were
developed and matured. Consequent analyses were carried out until the selection of
homozygous lines in at least F3 generations. Genomic DNA analyses were performed
to confirm the homozygosity of the mutant background. For the COLORFUL-system,
BASTA-resistance selection was performed first, followed by CLSM (Leica, Germany)
screening for the reference and membrane marker signals in comparison to the

wildtype signals.

2.1.3. Chemicals

Chemicals used in this study are listed below in table (3).

Table 3: List of chemicals and suppliers.

Chemical Manufacturer

Murashige & Skoog Medium Duchefa Biochemie, Netherlands
MES Roth, Germany

Plant Agar Duchefa Biochemie, Netherlands
Potassium chloride (KCI) Merck, Germany

2-cis, 4-trans-Abscisic acid 98% Aldrich, Germany

Sodium salicylate Sigma-Aldrich, Germany

1-Aminocycloprotane-1-carboxylic acid (ACC) Sigma-Aldrich, Germany
Methyl Jasmonate 95% Aldrich, Germany

Calcium Chloride (CaClz) Merck, Germany
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Chemical Manufacturer
Fluorescent Brightener 28 Sigma-Aldrich, Germany
QIAzol Lysis Reagent Qiagen, Germany
UltraPure™ Agarose Biozym, Germany
RiboLock RNase Inhibitor Thermo Fisher Scientific, Germany
HDGreen Plus DNA Stain Intas, Germany

Ethanol Merck, Germany
Methanol Roth, Germany
Chloroform Sigma-Aldrich, Germany
Phenol Merck, Germany
Isoamyl alcohol Roth, Germany
Isopropanol Roth, Germany

2.1.4. Buffers and solutions

General solutions and buffers in our lab are listed in table (4) and were used for

Agarose gel electrophoresis.

Table 4: List of general solutions and buffers

Buffer Contents

Agarose gel Agarose 0.4 -2 % (w/v)
TAE buffer 1x

TAE buffer [50x] Tris 20M
Glacial acetic acid 57.1 ml/I
EDTA (pH 8.0) 50 mM

Loading Dye [6X] Orange G 0.25 % (wiv)
Xylencyanol FF 0.25 % (w/v)
Glycerol 30 % (v/iv)
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2.1.5. Oligonucleotides

The forward (F) and reverse (R) oligonucleotides (Table 5) were designed using

Geneious® v. 8.1.8 (https://www.geneious.com; Kearse et al. 2012) and ordered from

Thermo Fisher Scientific, Germany. The oligonucleotides stock solution concentration

was adjusted to 100 uM with ddH20 and stored at -20 °C.

Table 5: List of oligonucleotides and their use.

Name Sequence (5’2 3’)

Used for

0HG239 TTCTTCCCTCGAAAGCTCAA

0HG240 AAGGCCCACCAGAGTGTATG

0HG146 CTTGTTCTCTTTGCTGCTTTC

oHG147 CATGTTTGGCTCCTTCAAG

0HG148 CGCAAAATATGGATACGGAAC

0HG149 GACATTCTTCCACAACTTCC

oHG170 ATTTTGCCGATTCGGAAC

oMS001 TGAATGATGATGAATGAGACAGC

oMS002 TGGTTTAGGTGATTTTGACGC

oMS003 CATATCTTTAGACGAGGGGCC

oMS004 GTGAGTGGTCCAATGGATTTG

oMS005 GGTTTTGAGTGTTCTGCTTTTG

oMS006 ACATCTGCAATCTGGTAACCG

oMS007 ATAATAACGCTGCGGACATCTACATTTT

oMS008 GTTTGAGTCTGAGGCATAAC

oMS009 TCTCGAGTACCACAGTAACC

oMS010 GAATTGCAGTCTCCTCAGTGT

gRT-PCR for PR1 (F)

gRT-PCR for PR1 (R)

gRT-PCR for PDF1-2 (F)

gRT-PCR for PDF1-2 (R)

gRT-PCR for VSP2 (F)

gRT-PCR for VSP2 (R)

Confirmation of SALK T-DNA insertions

Confirmation of GABI-Kat 807G04 T-DNA
insertion in SNRK2D (F)

Confirmation of GABI-Kat 807G04 T-DNA
insertion in SNRK2D (R)

Confirmation of SALK_008068 T-DNA
insertion in SNRK2E (F)

Confirmation of SALK_008068 T-DNA
insertion in SNRK2E (R)

Confirmation of SALK_096546 T-DNA
insertion in SNRK2I (F)

Confirmation of SALK 096546 T-DNA
insertion in SNRK2I (R)

Confirmation of GABI-Kat T-DNA
insertions

abal-101 genotype confirmation (R)
abal-101 genotype confirmation (F)

qRT-PCR for PP2CA (F)
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Name Sequence (5’2 3’) Used for

oMS011 TCGATCCGGCTTGTGATCTA gRT-PCR for PP2CA (R)
oMS012 ATCATGAGAATGGTGCGACT gRT-PCR for ARD29A/ LTI78 (F)
oMS013 TAATTTCCTCCGATGCTGGA gRT-PCR for ARD29A (R)
oMS014 TGCAGAGGAAGGAAAAGGTG gRT-PCR for ARD29B/ LTI65 (F)
oMS015 CTCCCTTACCTCCGCCACT gRT-PCR for ARD29B (R)
o0MS016 CCAGTACGATTCTCTCCGTCA gRT-PCR for HB6 (F)

oMS017 GCCGCGTTGTTCTCTTCTT gRT-PCR for HB6 (R)

oMS018 GGACTGAAGGCTTTGGAACT gRT-PCR for RAB18 (F)
oMS019 CTTCCTCCTCCCTCCTTGTCC gRT-PCR for RAB18 (R)
oMS020 TTTTTTTITTTTTTITTITTITTV oligo_dT for cDNA synthesis

2.1.6. Nucleic acid modifying enzymes

DNA polymerases and nucleic acid modifying enzymes are listed in table (6). All

enzymes were used as recommended by the manufacturer.

Table 6: Nucleic acid modifying enzymes used in this study

Enzyme Used in Method Manufacturer
Treatment of RNA before Thermo Fisher Scientific,
DNAse | )
cDNA synthesis Germany
RevertAid Reverse Transcriptase cDNA synthesis from RNA Thermo Fisher Scientific,
Germany
RNase A Treatment of DNA Thermo Fisher Scientific,
Germany
SsoFast™ EvaGreen® supermix gRT-PCR Bio-Rad
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2.1.7. Pathogens

The pathogens used in this study are listed in table (7).

2. MATERIALS AND METHODS

Table 7: Biotrophic pathogens investigated in this study

Pathogen Kingdom Lifestyle Virulence

H. arabidopsidis_Noco2 Oomycetes biotrophic Virulent on Col-0

H. arabidopsidis_Emwal  Oomycetes biotrophic Avirulent on Col-0

G. orontii Fungus biotrophic Virulent on Col-0

2.1.8. Devices

Device Model Manufacturer

Centrifuge Pico 21 Thermo Fisher Scientific
(Germany)

Clean bench Hera safe Thermo Fisher Scientific
(Germany)

Climate chambers - Johnson Controls (USA)

Computer Optiplex 760 Dell (Germany)

Counting chamber Thoma Optik Labor (UK)

Digital camera Lumix FZ150 Panasonic (Germany)

Confocal laser scanning
microscope (CLSM)-SP5

CLSM-SP8

Freezer (-20 °C)
Freezer (-80 °C)

Gel documentation system

Gel electrophoresis
equipment

Gel running chamber

Leica DM6000B CS SP5

Leica DM6 CS SP8

Mediline

Hera freeze

GenoPlex

Sub cell® GT

Leica (Germany)

Leica (Germany)
Liebherr (Germany)

Thermo Fisher Scientific
(Germany)

VWR (Germany)
Bio-Rad (USA)

Bio-Rad (USA)
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Device Model Manufacturer
Ice machine - Ziegra (Germany)
Magnetic stirrer RH basic 2 IKAMAG IKA (Germany)

Microwave
PCR Cycler

pH meter
Photometer

Pipet

Printer |

gRT-PCR Cycler

Refrigerator

Rotator
Steam sterilizer

Stereomicroscope
Vortexer

Water filter system

R-26ST
MyCycler
Inolab®

Infinite M200 microplate
reader

Research
UP-D897

C100 Touch with CFX96
system

Mediline

Varioklav 75S / 135S

M165FC
VF2

Arium® 611 DI

Sharp (Japane)
Biorad (USA)

WTW (Germany)
Tecan (Switzerland)

Eppendorf (Germany)

Sony (UK)
Bio-Rad (USA)

Liebherr (Germany)
Heinemann (Germany)

Thermo Fisher Scientific
(Germany)

Leica (Germany)
IKA (Germany)

Sartorius (Germany)
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2.2. Methods

If not specified otherwise, all methods were performed at room temperature.

2.2.1. Growth conditions and cultivation of A. thaliana

2.2.1.1. Seed production

Five seeds of each A. thaliana genotype were sown onto 8 cm? pots filled with 200 ml
of steam sterilized clay granules (Seramis GmbH, Mogendorf, Germany) and 800 ml|
of a sand-soil mixture in a ratio of 1:1. Subsequently, the sand-soil mixture was watered
with 250 ml H20 supplemented with 0.1 % (v/v) Wuxal® liquid fertilizer (Manna,
Ammerbuch-Pfaffingen, Germany). The sown seeds were vernalized in the dark at 4.0
°C for three days before pots were transferred to a climate chamber (Johnson Controls,
USA) under long-day conditions (16 h light/8 h dark; with 150 ymol-m-2-s1 at 22 °C/18
°C, and 65 % relative humidity). With regular watering, seedlings were incubated
covered with a clear plastic hood for a week. The hood was removed and the growing
plants were subsequently cultivated under regular watering for six weeks or until
flowering for crossing and seed production. For seed collection, the regular watering
was ceased to allow the plants to dry out, next, the dry siliques, or shoots were tucked

into paper bags for further manual seed harvest and sterilization.

2.2.1.2. Infection experiments

For infection experiments, the seeds of investigated A. thaliana genotypes were sown
onto 8 cm? pots filled with the aforementioned soil mixture. Seeds were vernalized and
covered with a clear plastic hood for three days at 4.0 °C before cultivation under short-
day conditions (8 h light/16 h dark) with 150 pymol-m2-st at 22 °C/18 °C) for a week in
a climate chamber (Johnson Controls, USA). Next, uncovered seedlings were grown

for a varying duration of additional weeks depending on the tested pathogen type.
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2.2.1.3. Hormone treatment experiments

The seeds of the COLORFUL-biosensors and their filial generations obtained by self-
fertilization or crossing with mutant lines were sterilized in 1.5 ml Eppendorf tubes by
adding 500 pl of absolute ethanol (99%) and mixing using a rotator (20 rpm) for 20-30
seconds. Next, the absolute ethanol was discarded and 700 pl commertial ethanol (70
%) containing 0.05 % Tween 20 was added for 5 min on a rotator (20 rpm). Afterward,
the seeds were washed twice with sterilized distilled water and then suspended in
sterilized 0.1 % agarose, Germany. Next, sterilized seeds were distributed onto %2
MS/MES agar plates [2.2 g/l Murashige & Skoog Medium (MS) (Duchefa Biochemie,
Netherlands), 0.5 g/l MES (Roth, Germany), 7.0 g/l plant agar (Duchefa Biochemie,
Netherlands), pH 5.8]. The plates were then vernalized in the dark 4.0 °C for three
days before transfer to a climate chamber (Johnson Controls, USA) under long-day
conditions (16 h light/8 h dark) with 150 ymol-m-2-s1 at 22 °C/18 °C and 65 % relative
humidity.

2.2.2. Cultivation of the oomycete H. arabidopsidis

For H. arabidopsidis culture maintenance, the two-week-old susceptible A.
thaliana Col-0 and Wassilewskija-0 (Ws-0) seedlings were spray inoculated with the
virulent isolate (Noco2) and the avirulent isolate (Emwal), respectively. Then, the
infected seedlings were kept in covered trays and maintained in a growth chamber
(CLF PlantClimatics GmbH, Germany) under short-day conditions (9.0 h light/15 h
dark) with 150 ymol-m=-st at 17 °C and 92-98% relative humidity. At five to six days
post-inoculation (dpi), the asexual spores were readily collected in water and sprayed
onto fresh seedlings to produce a new generation of spores for subsequent infection

experiments.

2.2.3. Cultivation of the fungus G. orontii

For G. orontii culture maintenance and propagation, the powdery mildew fungus was
grown on A. thaliana (Col-0) seedlings. Col-0 plants that were infected for two weeks
were brush inoculated directly upon the five-week-old susceptible wildtype A. thaliana
(Col-0) and the hyper-susceptible mutant (edsl). Then, the infected plants were
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incubated uncovered in a growth chamber (CLF PlantClimatics GmbH, Germany)
under short-day conditions (9.0 h light/15 h dark) with 150 pmol-m?2-st at 17 °C and
70-75 % relative humidity. At two weeks after inoculation, Col-0 infected plants could
be used for the reinfection of fresh plants for spore production, while the eds1 infected

plants were used for the infection experiments in this study.

2.2.4. Functional characterization of COLORFUL-biosensors

After the development of the COLORFUL-reporter systems, the functionality of these
reporter systems was tested. Seeds of COLORFUL-ABA, -SA, -JA, and -JA/ET (T4
generations), as well as COLORFUL-ABA line #1 in abal-101 mutant background (F4
generations) were sterilized and distributed onto %2 MS/MES agar plates as mentioned
above. Three, eleven- and twelve-day-old seedlings were used to test the
responsiveness of different reporter activities to exogenous application of different
hormones in a time series. Also, the concentration dependency of hormone responses
was tested. The 3" leaf from hormone-treated seedlings was always used during

microscopy.

2.2.4.1. The responsiveness of the COLORFUL-biosensors to exogenous
hormone applications

Seedlings of COLORFUL-ABA, -SA, -JA and -JA/ET were grown for eleven days under
long-day conditions (mentioned above) to test the response of these biosensor
systems on exogenous application of different hormones. COLORFUL-SA, -JA and -
JA/ET have been investigated by Ghareeb et al. (unpublished) using different hormone
concentrations and incubation times. In this study, additional experiments were
performed to test the impact of various treatments of 0.5 mM sodium salicylate (SA)
(Sigma-Aldrich, Germany) dissolved in water, 50 uM methyl-jasmonate (MeJA) (95%,
Sigma-Aldrich, Germany) dissolved in 99% ethanol and 2.0 pM of the ethylene
precursor l-aminocycloprotane-1-carboxylic acid (ACC) (Sigma-Aldrich, Germany)
dissolved in water on the magnitude of activity of these reporter systems. Following
the protocol of Van der Does et al. 2013, five seedlings of eleven-day-old COLORFUL-

biosensor lines were incubated in a 24-well plate containing 2.0 ml KCI/MES buffer
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(2.0 mM KCI and 5.0 mM MES, pH 5.8) per well with the previously mentioned
treatments for 24 hours (h). The mock plants were treated by the addition of 2.0 ml
KCI/MES buffer containing the corresponding volume of solvents used for hormone

stock preparation.

2.2.4.2. Selection of COLORFUL-biosensor lines

Thirty independent transgenic COLORFUL-ABA reporter lines were tested in response
to exogenous application of 50 uM ABA in order to select two independent transgenic
lines for subsequent experiments: COLORFUL-ABA #1 and #2.

2.2.4.3. ABA treatment experiments

Eleven-day-old COLORFUL-ABA plants were incubated in 24-well plates. Five
seedlings per well were incubated in different concentrations of 2-cis, 4-trans-Abscisic
acid (ABA); 0.1 uM, 0.5 pM, 1.0 pM, 5.0 pM, 10.0 pM, 50.0 uM and 100 uM ABA in 2.0
ml KCI/MES buffer (1.0 mM KCl and 5.0 mM MES, pH 5.8) for 24 h, whereas, the mock
seedlings were treated with the addition of 2.0 ml KCI/MES buffer containing the

corresponding volume of methanol used in the hormone treatments.

2.2.4.4. Time course experiments

The responsiveness of COLORFUL-ABA to exogenous ABA over time was analysed
by the incubation of ABA biosensor seedlings in 50 uM ABA for 0, 1.0, 3.0, 6.0, 12 and
24 h in comparison to the corresponding mock treatment. Two independent lines of
COLORFUL-ABA— line #1 and line #2—, were tested in two independent repeats. The
adaxial surface of the 3" leaf from hormone-treated seedlings was always selected for
CLSM. Ten replicates from ten different independent plants were placed on a
microscopic slide (Thermo Fisher Scientific, Germany), emerged in water, and pressed

well to get rid of the air pupils over the leaves.
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2.2.4.5. Tissue-specific distribution of COLORFUL-ABA reporter activity and
dependency of reporter activity on ABA biosynthesis

In order to investigate the tissue-specificity of the COLORFUL-ABA reporter system,
the VENUS signal intensities were tested in different cells and different tissues. After
three days vernalization in the dark at 4.0 °C, sterilized COLORFUL-ABA line #1 in
Col-0 and abal-101 background seeds were grown for three days under the long-day
conditions. Afterward, the cotyledons, hypocotyl, elongation zone, and root tip were
screened in the Col-0 background in comparison to the ABA deficient mutant abal-
101 with and without 50 uM ABA treatment.

2.2.5. ABA, SA, JA, and JA/ET marker gene expression analyses in response to

hormone treatment

2.2.5.1. Sample collection

Samples of the wildtype A. thaliana (Col-0), abal-101, and snrk2d snrk2e snrk2i triple
mutants were collected in liquid nitrogen after treatment with 50 uM ABA for 24 h, in
addition to untreated samples for each genotype. Moreover, samples for COLORFUL-
ABA line #1, -SAline #1, -JA line #1, and -JA/ET line #1 were collected in liquid nitrogen
after treatment with 50 uM ABA, 0.5 mM SA, 50 uM MeJA alone, and in combination
with 2.0 uM ACC, respectively, at 0.0, 1.0, 3.0, 6.0, 12 and 24 hpt in addition to mock
samples for each reporter line. Each sample (200 mg) contained ten seedlings, which
were collected together, frozen in liquid nitrogen, and stored at -80 °C until use.

2.2.5.2. RNA extraction from plant materials

Total RNA was extracted according to Ghareeb et al. (2011). The collected samples
were ground with liquid nitrogen, and 1.0 ml QlAzol Lysis Reagent (Qiagen, Germany)
was added and the sample was mixed. The mixture was incubated for 15 min at room
temperature and then 300 pl chloroform was added followed by 10 sec vortexing. The
mixture was centrifuged at 13000 rpm and 4.0 °C for 15 min. The aqueous phase was

transferred to a clean tube, the same volume (300-500 pl) phenol-chloroform-isoamyl
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(25:24:1) was added and the mixture was centrifuged at 13000 rpm, 4.0 °C for 15 min.
The upper-phase was mixed with 600 pl isopropanol by inverting the tubes six times.
Subsequently, the mixture was centrifuged at 13000 rpm, 4.0 °C for 15 min to
precipitate the RNA. The supernatant was removed and the pellet washed with1.0 mi
80% ethanol, followed by centrifugation at 13000 rpm, 4.0 °C for 10 min. Finally, the
supernatant was discarded and the pellet air-dryed. The pellet was dissolved in 80 ul
RNase free water at 50 °C and 550 rpm for 10 min.

2.2.5.3. Determination of the RNA integrity and concentration

Following extraction, RNA concentration and purity was measured with a
spectrophotometer (TECAN Infinite M200 microplate reader). Subsequently, the RNA
was tested via 1.0 % TBE agarose gel electrophoresis by mixing 1.0 pyl of RNA sample
with 9.0 ul of 1x DNA-loading buffer. The mixture then was loaded on a 1.0 % Agarose-
TBE-gel (containing HDGreen Plus DNA Stain (Intas, Germany), fast run using 150-
200 V for 15 min to check the RNA integrity. The RNA samples were stored at -80 °C

until use.

2.2.5.4. DNase treatment of total RNA samples

To reduce the RNA samples contamination with DNA, DNA digests were performed
using Thermo Scientific RapidOut DNA Removal Kit (Thermo Fisher Scientific,
Germany), in which the DNase treatment was performed for 2.0 pg RNA concentration
as recommended by the manufacturer adding 0.5 pl RiboLock RNase Inhibitor
(Thermo Fisher Scientific, Germany) per sample. This step was followed by addition of
DNase Removal Reagent (DRR). Next, the RNA was cleaned up with RNeasy Plant
Mini Kit (Qiagen, Netherlands) and eluted with 20 pl and samples were stored at -80
°C.

2.2.5.5. Reverse transcription of the total RNA

To synthesize cDNA for qRT-PCR analyses, reverse transcription of the total DNA-free
RNA was performed with Thermo Scientific RevertAid H Minus Reverse Transcriptase

Kit (Thermo Fisher Scientific, Germany). Reaction was initiated by the preparation of

49



2. MATERIALS AND METHODS

mixture 1 (as indicated below) and the tubes were incubated in a thermocycler (Biorad)
at 70 °C for 5 min.

Component Volume for 10 pl

Total RNA 2.5 ug
100 pM Poly-dT primer (oMS020) 1.0 pl
ddH20 Up to 10 pl

Next, samples were chilled on ice for 2-3 min, and mixture 2 (as indicated below) was
added.

Component Volume for 19 pl
5X reaction buffer 4.0 ul
10mM dNTPs 2.0 ul
RiboLock RNase Inhibitor 0.5 ul
ddH20 2.5 pl

The total volume was 19 pul per sample

Tubes then were incubated at 37 °C for 5.0 min, followed by the addition of 1.0 pl M-
MuLV reverse transcriptase (200 U/pl) to each tube and incubation at 42 °C for 1h. The
reaction was stopped by subsequent incubation at 70 °C for 10 min. Next, 100 pl
ddH20 was added per 20 pl cDNA.

2.2.5.6. Quantitative Real Time Polymerase Chain Reaction (QRT-PCR)

In order to quantify the expression level of marker genes in response to hormone
treatment, quantitative real time polymerase chain reaction (QRT-PCR) was performed
according to Ghareeb et al. (2011). To do so, primers as mentioned in table (5) were

used for quantification of the transcript abundance for the marker genes PP2CA
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(oMS010 and oMS011), ARD29A (oMS012 and oMS013), ARD29B (oMS014 and
oMS015), HB6 (0MS016 and oMS017), RAB18 (oMS018 and oMS019), PR1 (oHG239
and oHG240), VSP2 (0HG148 and oHG149), and PDF1.2 (0HG146 and oHG147).
Reactions were set up as described below with the SsoFast EvaGreen supermix
(BioRad).

Component Volume per 10 pl reaction [ul]
cDNA 45 pl

2X SsoFast EvaGreen Supermix 75 pl
F-primer 15 pl

R-primer 15 pl

The total volume was 15 pl per sample

The reactions were pipetted into clear 96-well plates (BioRad). From each sample
three technical replicates were analyzed. The experiments were repeated once with
the locations of the wells containing gene of interest (GOI) and AtUBQ5 exchanged.
The plates were sealed well and the PCR was performed using the CFX384 real-time
PCR detection system (Bio-Rad). Cycling parameters were the same for all primers;
initial 95 °C for 6.0 min, followed by 40 cycles of 95 °C for 30 s, 60 °C for 1.0 min, plate
read step, then product melting curve 55-95 °C.

Step Temperature Time

Initial denaturation 95 °C 6.0 min

Denaturation 95 °C 30 sec

Annealing 60 °C 1.0 min

Extension 72 °C 15sec 45

Melting curve 55-95°C 10sec 8o x+ 0.5 °C each cycle

After gRT-PCR, the data were analyzed using the BioRad CFX Manager software (v
3.1; BioRad). The quality of the reported data was controlled via the melting curves.

Extremes and highly different melting curves reflect sampling artifacts. Therefore, such
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samples were taken out of the analyses. Next, the transcript levels were calculated
relative to the expression of the housekeeping gene AtUBQ5. The experiments were

repeated once.

2.2.6. Pathogen-associated disease phenotype of ABA biosynthetic and
signaling mutants

Two different virulent pathogens were used in this investigation to evaluate the
pathogen-associated disease phenotype of the tested ABA biosynthetic and signaling
single and double mutants: abal-101, aba2-1, snrk2d, snrk2e, snrk2i, snrk2d snrk2e,
snrk2d snrk2i, and snrk2e snrk2i. Spores of the oomycete Noco2 were collected at five
to six days after infection of A. thaliana Col-0 seedlings. Next, the sporulated shoots of
the infected Col-0 plants were harvested in 50 ml falcon tubes soon after the transfer
of the infected pots from the high humidity chamber to the relatively low humidity
laboratory. Subsequently, 20 ml of sterile distilled H20 (room temperature) was added,
followed by gentle shaking to release the spores into the water. The filtered spore
solution was counted using a hemocytometer chamber (Labor Optik, United Kingdom)
and diluted to 5 x 10* spores per ml. Next, two-week-old mutant and the susceptible
wildtype Col-0 plants (20 plants / 8.0 cm? pot), were sprayed with the spore solution.
The hyper-susceptible mutant edsl1 (enhanced disease susceptibility 1) (Parker et al.
1996), and the highly disease resistant mutant sncl (Li et al. 2001) were used as
positive and negative controls, respectively. Noco2 infected plants were kept in
covered trays and maintained in a growth chamber under short-day conditions for 5-6
days. Subsequently, plants were harvested in a weighed 50 mL falcon tube. Then 5 uL
H20 /mg plant tissue was added and subsequently the samples were vortexed for 15
sec. The spore density was determined using a hemocytometer chamber. Spore
counting was repeated four times for each replicate.

For inoculation with G. orontii spores, five-week-old plants were brush-inoculated with
the fungus. The G. orontii spores were collected at 10 days after infection for spore
counting. Five plants obtained from one pot were collected in a weighed 50 mL tube.
Then 5.0 pL H20 were added per mg plant material and subsequently the samples

were vortexed for 15 sec. Using the hemocytometer chamber, the spores were counted
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four times per replicate. The previously mentioned mutants were tested in addition to
the hypersusceptible mutant edsl (enhanced disease susceptibility 1) (Parker et al.
1996), hyperresistant mutant edrl (enhanced disease resistance 1) (Frye & Innes
1998) and the susceptible wildtype Col-0.

2.2.7. Plant-microbe interaction experiments to map pathogen-mediated

hormone signaling

2.2.7.1. H. arabidopsidis-Noco2 and -Emwal infection experiments

To address the hormone signatures during interaction with the oomycete H.
arabidopsidis, the T4 generations of COLORFUL-ABA, -SA, -JA, -JA/ET reporter lines
#1 and #2 and the F4 generations of COLORFUL-ABA line #1 in abal-
101, snrk2d, snrk2i, snrk2d snrk2i, ahg3-1 and pp2cal backgrounds, as well as
COLORFUL-SA line #1 in ahg3-1 and pp2cal background were used for oomycetes
inoculation. Seedlings were grown under short-day conditions covered with a clear
plastic hood and transplanted into individual pots (4.5 cm in diameter), three seedlings
per pot, for an additional two weeks. Subsequently, three-week-old plants, as
mentioned earlier, were sprayed with the Emwal and Noco2 spore solutions adjusted
to 5 x 10* spores per ml as mentioned above in comparison with unchallenged plants,
which were sprayed with water. Challenged and mock plants then were kept in covered
trays and maintained in a growth chamber under short-day conditions. The 5" leaf on

the rosette was consistently selected for CLSM (Leica, Germany) at 1 and 2 dpi.

2.2.7.2. G. orontii infection experiments

To map the hormone signaling during interaction with G. orontii, five-week-old plants
were used for inoculation. Seeds of T4 generations of the reporter lines COLORFUL-
SA line #1, -ABA line #1 and the F4 generations of COLORFUL-ABA line #1 in abal-
101, snrk2d, snrk2i, snrk2d snrk2i, ahg3-1 and pp2cal backgrounds were sown onto
8.0 cm? pots and incubated in the dark at 4.0 °C for three days. The seedlings were
grown for a week covered with a clear plastic hood and transplanted into individual 8.0
cm? pots, five seedlings per pot, for an additional four weeks under the short-day
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chamber conditions. Spores of heavily infected hyper-susceptible A. thaliana edsl
plants were brushed directly upon the five-week-old plants of the aforementioned
genotypes. Uninfected plants were used as control. Infected and mock plants were
randomized and incubated in uncovered trays in two separate growth chambers
adjusted to the short-day conditions (mentioned above). The 5™ rosette leaf of plants
infected with G. orontii, as well as corresponding uninfected mock plants were

consistently selected for CLSM (Leica, Germany) at 1 and 2 dpi.

2.2.7.3. Visualization of pathogens during microscopy

To allocate different spores of H. arabidopsidis and G. orontii used in this study, to help
define the real penetration sites, and help monitor the progression of these different
pathogens, a fast stain named Fluorescent Brightener 28 (FB-28) (Sigma-Aldrich,
Germany) was used. A stock solution of 10 mg/ml FB-28 was diluted to 1:1000 for a
final solution concentration of 10 pug/ml. The adaxial surface of the 5" leaf was
immerged in a drop of FB-28 for 30 sec to stain the spores. The midrib of the leaves
was excised, and the leaves were placed on microscopic slides (Thermo Fisher
Scientific, Germany) and mounted in the FB 28 solution.

2.2.7.4. Evaluation of growth dynamics of Emwal and Noco2

To address the invasion dynamics of Noco2 and Emwal during the compatible and
incompatible interactions, respectively, the number of penetrating spores relative to
the total numbers of spores per leaf was investigated for both isolates. In these
experiments, data were collected from three independent experiments. Each
experiment included ten leaves from ten discrete plants. Furthermore, to understand
the growth dynamic difference between both Emwal and Noco2, the number of
haustoria in the epidermal, as well as the mesophyll cell layers, at ten different
penetration sites for Emwal and Noco2 in the epidermis and the mesophyll at 1 and 2
dpi was scored. The data from three different experiments using COLORFUL-SA, -JA
and -JA/ET were pooled. Finally, images and movies were made to show the cell death

symptoms induced by Emwal infection but not Noco2 at 3 dpi.
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2.2.8. Confocal Laser Scanning Microscopy

Imaging in this project was done with the laser scanning confocal microscopes (LSCM),
TSC-SP5, and TSC-SP8 (Leica, Germany) in 8-bit formats. For fluorescence
guantification purposes, the HCX PL APO CS 20.0x0.70 dry objective with 1.5 zoom
factor was used, sequential and bidirectional scan with a speed of 400 Hz, a single line
averaging, and a resolution of 512 x 512 pixels. Whereas, for high-resolution images,
HC PL APO CS2 20.0x0.75 oil-immersion objective was used with 2.0 zoom factor,
and investigated sites were sequentially scanned with a speed of 200 Hz and a
resolution of 1024 x 1024 pixels. The Z-stacks were variable depending on the
thickness of the captured layer. For the hormone inoculation experiments, one image
was made only to monitor the hormone signaling in the pavement cells. Because of
the endophytic growth of H. arabidopsidis, two different images for the epidermis and
palisade mesophyll cell layers were taken separately to analyze the tissue-specific
hormone response in both cell types. As G. orontii grows epiphytically and only
invades epidermis cells, only one image was captured to visualize the epidermal cell
layer in G. orontii infection experiments. An argon laser with the excitation wavelength
at 488 nm and detection spectrum 492-510 nm, was used for analyses of membrane-
targeted GFP. Moreover, VENUS and mKATE2 were excited with 514 nm and 594 nm
HeNe lines of an argon-ion laser, and then detected at the emission spectra of 528-
555 nm and 610-640 nm, respectively. FB-28 applied for pathogen staining was
excited with a 405 nm UV diode laser and detected at the emission spectrum 420-460
nm (Table 8). Moreover, the two fluorophores, VENUS and GFP have overlapping
emission spectra. Accordingly, to avoid the bleed-through effect between them, they
were sequentially scanned. The pinhole aperture was set to 1 airy unit and emitted
light was detected with HyD when using VENUS, mKATE2, GFP and FB-28as
fluorescent markers and PMT (Bright field) detectors. Images were acquired with a 2x
line average for the VENUS, GFP and mKATE2 channels.
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Table 8: Parameters used for the detection of the different fluorophores

Fluorophore Excitation Emission

Calcofuor White (FB) 405 nm 420-460 nm
GFP 488 nm 492-510 nm
VENUS 514 nm 528-555 nm
mKate2 594 nm 610-640 nm
Chloropyll autofluorescence 740-770 nm

During CLSM, the membrane-localized GFP and FB 28 channels were used to define
single sites of H. arabidopsidis penetrations that do not overlap with other sites of
penetration. Penetrations at neighboring trichome cells or directly at the edges or
beside the cut midrib of the leaf were excluded. The reference (MKATEZ2) channel was
used to assign the first and the last focal planes of the z-stack for optimal coverage of
the nucleus-localized fluorescence signals. The VENUS signal in the treated samples
was used to set the threshold of fluorescence detection in comparison to mock. The
same imaging configurations were applied for both mock and treatment in each
independent experiment and for different time points. The maximum intensity
projections, contrast and image merging were performed using Fiji (ImageJ v1.519).
The fluorescent signal values were measured by the software as gray values in a range
between zero and 255. Saturated signals (higher than 255) will not be quantified
correctly by the software. Therefore, saturation of the fluorescent signals was avoided

for all experiments.

2.2.9. Cellular fluorescence guantification

For each independent experiment, the z-stack images were converted into maximum-
projected images, which were further used for quantification of the fluorescence signal
intensities using COLORFUL SPOTTER which was written in Java as a plugin for
ImageJ (Schindelin et al. 2012), and was designed to calculate the intensity levels of
nuclear markers throughout multiple images. This plugin is open-source and freely

available at https://github.com/mikepound/colorful.
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The processing of images was done automatically over a directory of input images,
with an additional graphical interface to define the reference and hormone reporter
channels. Hence, the signal intensities of the VENUS (reporter) and mKATE2
(reference) were separately measured in individual nuclei, and then the ratios
reporter/reference were calculated. The mock ratio was normalized to one, and the
treatment ratios were calculated relative to the mock. In the configuration of the
ratiometric quantification, and before the detection of the nuclei within each image, a
median filter was used, and the fluorescence signal of less than three pixels was
filtered out to exclude any small noise artifacts from the background without
significantly affecting the boundary positions of the nuclei. Once filtered, the plugin
extracts the nuclei locations from the reference image by default through Otsu
thresholding algorithm (Otsu 1979), which calculates an optimal threshold by
maximizing the intra-class variance of the background and foreground. Optionally,
additional input channels, if required, were added to the reference channel by
performing a pixel-wise sum operation. All foreground pixels were then determined by

automatic thresholding over this summed image.

Additionally, the ratiometric quantification generates output images of the quantified
nuclei (Figure 6), which were used for quality control. Nuclei were detected within the
threshold image using a 4-way connected component algorithm adopted from the
single-pass approach taken in (Blob Labeller, ImageJ plugin). Each nucleus was
assigned a unique index, and its area was measured. Then, the mean intensity of the
reference and hormone reporter and their ratio within the nucleus was quantified. The
results were automatically exported as an Excel-compatible file as well as images
depicting all detected nuclei and their indexes, usable for quality control analysis, and

manual sorting of single-cell readouts.

2.2.10. Image analysis

Following the automated quantification of signal intensities performed by the
COLORFUL SPOTTER, the manual stage of quantification started for image analysis.
Thus, images of the epidermal pavement and palisade mesophyll cell layers were
processed individually to remove unrelated cell types. The nuclei of the unrelated cell

types were sorted out manually using the reference and membrane marker modules.
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For example, the nuclei from trichomes were removed, these could be identified by
their relatively larger size and by looking for the trichomes on the bright-field channels.
Furthermore, the guard cell nuclei were also removed during the epidermal image

guantification to detect the hormone signatures in pavement cells.

2.2.11. Statistical analysis

All presented data were obtained from independent biological replicates (plants). For
each plant a single confocal microscopy image was captured. Cell type-specific single
cell readouts from individual images were averaged and represent a single replicate.
For results presentation, relative values to the mean of the corresponding mock of the
same cell type were calculated. Next, the data was log transformed. Normality was
tested using boxplots, whenever n was more than 6. The assumption of variance
homogeneity was tested using the Levene’s test and boxplot of the residuals. For
testing statistical significance of differences, Student’s t-test, and one-way and two-
way ANOVA followed with Tukey test for multiple comparison analysis were
independently performed for the log-transformed data using the R software. Student’s
t-test was used to test the significance difference of a treated sample to the
corresponding mock, and the ANOVA and Tukey tests were used to analyze the

significance difference within all groups.
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3. RESULTS

3.1. COLORFUL-biosensors reveal hormone signaling outputs

at single-cell resolution

The main objective of this project was to outline the spatio-temporal dynamics of the
phytohormones ABA, SA, JA, and JA/ET during plant-microbe interaction. In an
ongoing unpublished study in the plant cell biology department, Hassan Ghareeb
established a set of hormone-responsive expression-based reporter systems for ABA,
SA, JA, and JAJ/ET, so-called COLORFUL-biosensors. The functionality of
COLORFUL-SA, -JA, and -JA/ET was investigated. Here, we aimed to validate the
responsiveness of the COLORFUL-ABA reporter. Subsequently, the four reporter
systems were used to map the alteration in hormone homeostases upon different
biotrophic pathogen attacks. In order to select a highly ABA-responsive marker, in silico
gene expression analysis was performed by Hassan Ghareeb and validated in the
current study by gRT-PCR analyses.

3.1.1. PP2CA expression shows the highest correlation with the exogenous ABA
treatment and incubation time in comparison to other ABA tested marker
genes

As a means to select an ABA responsive marker gene, the expression of ABA-
HYPERSENSITIVE GERMINATION1 (AHG3)/ PROTEIN PHOSPHATASE 2CA
(PP2CA), which is known to exhibit a strong induction upon accumulation of ABA
(Kuhn et al. 2006; Nishimura et al. 2007; Yoshida et al. 2006) was investigated in
comparison to other ABA-responsive genes AtRD29A, AtRD29B, AtHBS6,
and AtRAB18. Promoters of AtRD29A/B, AtHB6, and AtRAB18 genes were utilized
previously to develop ABA-responsive expression-based reporters (Christmann et
al. 2005; Himmelbach et al. 2002; Ishitani et al. 1997; S6derman et al. 1999). In this

59



3. RESULTS

investigation, the transcript levels of the previously mentioned ABA marker genes were
tested in an ABA biosynthetic mutant (abal-101) and a triple mutant of ABA signaling
(snrk2d snrk2e snrk2i) in comparison to the wildtype after exogenous application of 50
UM ABA and mock treatments for 24 h using qRT-PCR analyses. The transcript
abundance was normalized to the transcript level of the housekeeping gene UBQ5,

and subsequently to the transcript level in untreated mock.

The comparative transcriptional analysis in the wildtype, relative to gene expression
levels in the mock samples, showed overall high variability in expression induction of
PP2CA (675-fold £ 218 s.e.m.), RD29A (328-fold £244 s.e.m.), RD29B (267-fold +136
s.e.m.), HB6 (212-fold +199 s.e.m.), and ARD18 (154-fold +115 s.e.m.) genes.
Statistical analysis showed that ABA-induced PP2CA transcript level was significantly
higher than the other tested genes (Figure 6a). Moreover, the gene expression levels
of the tested genes in abal-101 upon ABA treatment showed almost a similar pattern
but with lower magnitudes. In the triple mutant of the ABA positive regulators SnRK2D,
SnRK2E, and SnRK2I, the expression levels of the ABA-marker genes were relatively
low. Thus, HB6, RAB18, and PP2CA did not show any change, RD29A and RD29B,
though, showed a slight but significant increase in transcript levels of a 15.7-fold
(x24.45 s.e.m.) and a 21.58-fold (+31.89 s.e.m.) relative to mocks.

These results reflected that the expression of ABA downstream components PP2CA,
HB6, and RAB18 is completely dependent on ABA positive regulators SnRK2s,
whereas, RD29A and RD29B showed a partial ShnRK2s-independent activation. Next,
gRT-PCR analyses were performed to test the expression kinetics of HB6, RAB18,
and PP2CA. Data analysis revealed a significant upregulation of HB6 (Figure 6b) and
RAB18 (Figure 6c¢) genes after treatment with 50 uM ABA for 24 h.; however,
PP2CA expression level increased gradually and was significantly induced after 6 h
(Figure 6d). These transcriptional results confirmed the efficiency of in silico analyses
for the selection of the PP2CA promoter to develop the COLORFUL-ABA.
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Figure 6: qRT-PCR analyses reflect a strong PP2CA responsiveness upon exogenous ABA
treatment in an incubation time-dependent progression. (a) Quantitative real-time PCR (QRT-PCR)
analysis of RD29A, RD29B, HB6, RAB18, and PP2CA transcript levels in 12-day-old wildtype Col-0,
ABA biosynthetic mutant abal-101 and ABA signaling triple mutant snrk2d snrk2e snrk2i after treatment
with 50 uM ABA for 24 h. GOI: Gene of interest. (b-d) gRT-PCR analysis of HB6 (b), RAB18 (c),
and PP2CA (d) transcript levels in 12-day-old wildtype Col-0 after treatment with 50 uM ABA for 01, 03,
06, 12, and 24 h. The transcript abundance was normalized to the transcript level of the housekeeping
gene UBQ5, and subsequently to the transcript level in mock. Data show means + s.e.m. of three
independent biological replicates, each represents a pool of 10 plants. The experiments were repeated
once showing a similar pattern. Asterisks indicate statistical differences between the transcript levels in
ABA-treated and mock (*p < 0.05, **p < 0.01, ***p < 0.001, Student’s t-test). Different letters indicate the
significant differences between groups within the same genotype (One-way ANOVA followed by Tukey’s

multiple comparison test, p < 0.05).
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3.1.2. COLORFUL-ABA harbours three distinct fluorescent protein-based
reporter cassettes and a BASTA-resistance selection marker

Taking advantage of the recently published multigene assembly vector platform
“‘COLORFUL-Circuit” (Ghareeb et al. 2016), a multimodular system was established.
This system uses by the combination of a hormone reporter module, a reference
module, and a plasma membrane marker module, in addition to a BASTA-resistance
selection marker—on a single binary vector—for simultaneous transgene expression
(Figure 7a). The three modules employ the spectrally separable fluorescent proteins
VENUS, mKATEZ2, and GFP (Nagai et al. 2002; Shcherbo et al. 2009; Zhang et al.
1996). The hormone inducible promotor of PP2CA was fused with VENUS to construct
the ABA reporter module. Moreover, a nuclear localization signal N7 (Cutler et al. 2000)
was combined with VENUS to enrich the nuclear targeting of the PP2CA-dependently
expressed VENUS. Nuclear localization of ABA-controlled VENUS facilitates the

guantification of ABA signaling at single-cell resolution (Figure 7b, green).

To facilitate acquisition and quantification of the nuclear-localized VENUS signal, a
constitutively expressed nucleus-localized mMKATEZ2 fluorescent marker was
incorporated as a reference module. The strong and constitutively active
POLYUBIQUITIN 10 (UBQ210) promoter and the nuclear localization signal N7 (Cutler
et al. 2000) were fused to mMKATEZ2, providing the nuclear-targeted reference
module UBQ10-mKATE2-N7 which defines the nuclei in different cell types (Figure 7a-
b, magenta). In addition, the constitutive promoter Cauliflower Mosaic Virus 35S RNA
(CaMV35S) was employed to generate a membrane marker module. Thus, CaMV35S
promoter was used to drive the expression of GFP tagged with the plasma membrane
(PM) localized, low temperature-induced protein 6b (LTI6b) to generate the PM marker
module CaMV35S-GFP-LTI6b (Cutler et al. 2000), which labels the cell
boundaries (Figure 7a-b, gray). Therefore, Confocal-laser-scanning-microscopy
(CLSM) of transgenic Arabidopsis plants harboring the trimodular COLORFUL-ABA
construct should enable detection of contours, sizes, identities, and viability of
particular cells, their relative position in a tissue context, and the simultaneous

guantification of the reporter and reference signal outputs in their corresponding nuclei.
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Thirty independent BASTA-resistant transgenic COLORFUL-ABA lines were
generated in the Col-0 background and analyzed by CLSM before and after hormone
treatments. All tested transgenic lines showed ABA-inducible VENUS fluorescence
signals. For instance, at a microscopic level, the treatment of eleven-day-old plants of
the COLORFUL-ABA line #1 with 50 uM ABA for 24 h induced detectable activities of
the ABA reporter channel (Figure 7b, upper panel, green), whereas the mock leaves
did not show any eye-detectable signal in the reporter channel (Figure 7b, lower panel,
black).
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Figure 7: COLORFUL-ABA allows simultaneous transgene expression of three distinct
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fluorescent protein-based reporter cassettes. (a) Schematic representations of the COLORFUL-
ABA T-DNA construct harboring the fluorescent marker module pPP2CA-VENUS-N7 (nuclear-localized
reporter), pUBQ10-mKATE2-N7 (nuclear-localized reference), and pCaMV35S-GFP-LTI6b (plasma
membrane marker). BastaR, selectable marker; LB/RB, left/right borders of T-DNA (b) Maximum
projections of CLSM z-stack images showing the expression of the reporter (green), the reference
(magenta), the plasma membrane marker modules (gray), and the overlay of the reporter, reference,
and membrane marker modules in leaves of 12-day-old transgenic COLORFUL-ABA line #1 after

treatment with 50 uM ABA treatment for 24 h (Upper panel), and mock (Lower panel). Scale bar: 50 ym.
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3.1.3. COLORFUL-SPOTTER allows comparative large-scale quantitative data
analyses on single-cell level

To facilitate quantitative, comparative large-scale data analyses on single-cell
resolution, an ImageJ plugin called COLORFUL-SPOTTER was developed to enable
automated nuclear fluorescence detection and quantification in z-stack images (Figure
8a-b). Subsequently, CLSM z-stack images are processed by the software. After the
removal of small noise artefacts (components of 3 pixels or fewer), the COLORFUL-
SPOTTER-mediated processing identifies nuclear fluorescence signals in both
channels of CLSM z-stack images, generates a corresponding fluorescence detection
mask, assigns cell-specific index numbers (yellow overlay), and quantifies individual
fluorescence intensities in reference and reporter channels separately, as well as their

ratio within the nucleus.

A combined membrane marker and reference-supported visual inspection then allows
dissection of epidermal from mesophyll cell layers during microscopy and subsequent
guantification. Additionally, it facilitates the classification of epidermis cells into
pavement/stomatal subpopulations and manual data curation. Curation is required
when mesophyll-specific signals are erroneously detected in the epidermis layer (or
vice versa) due to leaf curvature (signals #12, #14, #15, #24, and #28 marked in blue
in Figure 8b) and when close nuclear signals are merged into a single spot (signal #18
marked in red in Figure 8b), or when merged and misassigned signals occur in

combination (signals #25 and #27 marked in green in Figure 8b).
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Figure 8: Quantifications using COLORFUL-SPOTTER reveal a distinct spatial activation of
hormone signaling. (a-b) Automated nuclear fluorescence detection and signal quantification
processing strategy of the COLORFUL-SPOTTER plugin. CLSM z-stack images corresponding to
reporter channel (0), and reference channel (1) in a leaf of 12-day-old transgenic COLORFUL-ABA line
#1 after treatment with 50 uM ABA treatment for 24 h after the removal of small noise artefacts
(components of 3 pixels or fewer) for the generation of tissue-specific maximum projections of ABA
reporter or reference fluorescence. Subsequent COLORFUL SPOTTER-mediated processing identifies
nuclear fluorescence signals in the reporter (green) and reference (magenta) channels, generates a
corresponding detection mask, assigns cell-specific index numbers (yellow overlay), and automatically
qguantifies individual fluorescence intensities, as well as their ratio within the nucleus. Curation is
represented by blue, red, and green marks. Blue X shows mesophyll-specific signals that are

erroneously detected in the epidermis layer (or vice versa) due to leaf curvature (signals #12, #14, #15,
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#24, and #28), red X shows close nuclear signals that are merged into a single spot (signal #18), and
green X shows the combination of merged and misassigned signals (signals #25 and #27). Scale bar:
50 uym.

3.1.4. COLORFUL-reporters show consistent quantitative readouts for the
reporter activity in different transgenic lines

In order to test the consistency of the reporter activities between four independent
transgenic COLORFUL-ABA lines #1, #2, #3 and #4, the signal intensities in twelve-
day-old seedlings were quantified with and without exogenous application of 50 puM
ABA for 24 h. Remarkably, the quantitative measurements using COLORFUL
SPOTTER resulted in quantitative readouts which showed no statistical difference (p
< 0.05) between the four independent transgenic lines (Figure 9a). Therefore, ABA
reporter line #1 and its filial generations obtained by self-fertilization or crossing with
hormone biosynthesis or signaling mutants were used in all subsequent experiments.
Stable expression of all reporter cassettes was observed at least until generation T4

(data not shown).

3.1.5. Nuclear targeted COLORFUL-modules exhibit cell-type specific activities

Exogenous treatment with ABA triggered VENUS expression in different leaf cell types
of twelve-day-old COLORFUL-ABA line #1 seedlings. However, qualitatively different
signal intensities were observed in the reporter channel (Figure 8a, green).
Consequently, only standardized replicate experiments can provide statistically robust
data sets for the guard, pavement, and mesophyll cell-specific response investigations.
Indeed, our quantitative analyses confirmed distinct cell-specific ABA reporter activities
(Figure 9b). In untreated leaves, epidermal guard cells displayed maximum relative
basal ABA reporter signal intensities, while the epidermal pavement and the palisade
mesophyll cells showed lower signal intensities relative to mock guard cell signals with
80 % and 90% decrease, respectively. Moreover, at 1-day post-treatment with 50 uM
ABA, a significant increase of the ABA-reporter signal was observed. Epidermal guard
cells displayed maximum ABA signal intensities with a 2.3-fold (x 0.6 s.e.m.) induction
compared with controls, while the epidermal pavement and the palisade mesophyll
cells exhibited a 1.4-fold (+ 0.5 s.e.m.) and 1l.1-fold (x 0.3 s.e.m.) induction,
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respectively (Figure 9b). Thus, the ratio of intensities between guard cells and

pavement/mesophyll cells is similar under non-induced and induced conditions.

The COLORFUL-reporter system was designed to allow ratiometric reference-reporter
analyses. However, ABA treatment exhibited a slight but significant induction effect
on UBQ10 promoter-driven mKATEZ2 reference expression in guard cells (1.28-fold +
[0.4 s.e.m.]), pavement cells (1.16-fold [+ 0.34 s.e.m.]), and mesophyll cells (1.25-fold
[+ 0.6 s.e.m.]) relative to the untreated guard cell signals (Figure 9c). As a
consequence, ratiometric fluorescence measurements using the UBQ10 promoter-
driven mKATEZ2 expression is not feasible. Thus, in this study the mKATE2 reference
fluorescence was utilized only for general nuclear detection, sorting, and as a cellular

viability marker.
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Figure 9: Quantifications using COLORFUL-SPOTTER reveal a distinct spatial activation of
hormone signaling. (a) ABA reporter activities in the leaf pavement cells of four independent 12-day-
old COLORFUL-ABA transgenic line #1 with 50 uM ABA treatment for 24 h or mock. (b) VENUS signal
intensities measurements in guard, pavement, and palisade mesophyll cells of 12-day-old transgenic
COLORFUL-ABA line #1 at 24 h post treatment with 50 uM ABA (red) or mock (white). (c) Effect of ABA
treatment on mMKATEZ2 signal activities in epidermal guard, epidermal pavement, and palisade mesophyll
cells of transgenic COLORFUL-ABA line #1. Box plots show first quartile (lower line); median (centre
line); mean (+); third quartile (upper line); whiskers extend 1.5 times the -interquartile range, and outliers
are depicted as dots, n = 7-10 leaves. The experiments in b and ¢ were repeated once with COLORFUL-
ABA reporter line #1 and another repeat was performed using the independent transgenic COLORFUL-
ABA line #2. Different repeats showed similar pattern of response. Data are relative to the mock of the
wildtype. Asterisks indicate statistical differences between signal intensities in hormone treated and

corresponding mock (*p < 0.05, **p < 0.01, ***p < 0.001, Student’s t-test). Different letters indicate the
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significant differences between groups (One-way ANOVA followed by Tukey’s multiple comparison test,
p < 0.05).

3.1.6. The COLORFUL-reporter activity correlates with hormone dose and

treatment incubation time

3.1.6.1. COLORFUL-ABA reporter reveals a rapid responsiveness, high
specificity and accuracy to minor changes in ABA levels

In response to increasing ABA concentrations, COLORFUL-ABA showed a significant
increase in ABA reporter activity in the pavement epidermal cells upon hormone
treatment with a minimum of 0.1 uM ABA, reflecting a high sensitivity for sensing minor
changes in ABA accumulation. Moreover, a remarkable gradient of the reporter signals
increase was observed correlating with ABA concentration (Figure 10a). Data analyses
showed that ABA reporter activity is less precise at low ABA concentrations (statistical
groups a, ab, bc, c). Therefore, 50 uM ABA was used as a standard concentration in
all subsequent ABA treatment experiments to analyze the kinetics of the ABA stimulus-
dependent hormone reporter in epidermal pavement cells. Data analyses exhibited a
statistically significant induction of ABA reporter activity at 3.0 h post treatment, hinting
a rapid sensing capacity, and a gradual increase of ABA-induced VENUS fluorescence
which positively correlates with the incubation time up to 24 h post treatment (Figure
10b). The gradually increasing VENUS signal intensities correlate with induction

kinetics of PP2CA expression after ABA treatment (Figure 6d).

To investigate the COLORFUL-ABA specificity to ABA, the homozygous ABA
biosynthetic mutant abal-101, which shows a drastic reduction in ABA biosynthesis
(Barrero et al. 2005), was used for crossing with the COLORFUL-ABA line #1.
COLORFUL-ABA in the abal-101 background displayed drastically diminished levels
of basic VENUS fluorescence in comparison to untreated wildtype (Figure 10c). The
treatment of abal-101 plants with 50 uM ABA for 24 h resulted in a reporter signal
similar in magnitude to the VENUS intensity in ABA treated wildtype (Figure 10c). In
order to verify the complementation of ABA reporter activity in abal-101 by ABA, the

expression of PP2CA was investigated after ABA and mock treatments for 24 h.
68



3. RESULTS

Relative to the mock of wildtype, untreated abal-101 showed a reduced transcript level
0.25-fold (x0.80 s.e.m.) which is complemented by the treatment with ABA (Figure
10d).
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Figure 10: ABA-reporter activity positively correlates with extrinsic and intrinsic ABA in a
concentration and incubation time-dependent manner. (a) ABA reporter activities in the leaf
pavement cells of transgenic line COLORFUL-ABA #1 in response to ABA concentrations. 11-day-old
seedlings were incubated in 0.0, 0.1, 0.5, 01, 05, 10, 50, and 100 uM ABA for 24 hpi. (b) ABA reporter
activities in the leaf pavement cells of 12-day-old transgenic line COLORFUL-ABA #1 in response to
incubation in 50 uM ABA for 01, 03, 06, 12, and 24 h. The experiments in a and b were repeated twice
using COLORFUL-ABA reporter line #1 and once using COLORFUL-ABA line #2. Different repeats
showed similar pattern of response. (c) ABA reporter activities in leaf pavement cells of 12-day-old
COLORFUL-ABA line #1 in the wildtype background, in comparison to reporter activities in leaf
pavement cells of 12-day-old COLORFUL-ABA line #1 in abal-101 background before and after ABA
treatment for 24 h. (a,b,c) the experiments were repeated twice with similar pattern of response. Box
plots show first quartile (lower line); median (centre line); mean (+); third quartile (upper line); whiskers
extend 1.5 times the interquartile range, and outliers are shown as dots, n = 10 leaves. (d) qRT-PCR
analysis of PP2CA transcript levels in the wildtype and abal-101 after treatment with 50 uM ABA for 24

h. The transcript abundance was normalized to the transcript level of the housekeeping gene UBQ5,
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and subsequently to the transcript level in untreated mock. Data show means + s.e.m. of three
independent repeats, each represents a pool of 10 plants. Different letters indicate significant difference
between groups (One-way ANOVA followed by Tukey’s multiple comparison test, p < 0.05). Asterisks
indicate statistical differences between the transcript levels in ABA-treated and mock (*p < 0.05, **p <
0.01, **p < 0.001, Student’s t-test).

3.1.6.2. Transcriptional analyses reflect positive correlations of SA, JA and
JA/ET reporter activities with exogenous hormone applications

For the establishment of COLORFUL-SA, -JA and -JA/ET, the promoters of the SA-
responsive PR1 gene (Cao et al. 1994; Mou et al. 2003), the JA-inducible VSP2 gene
(Anderson et al. 2004; Lorenzo et al. 2004), and the JA/ET-responsive PDF1.2a gene
(Penninckx et al. 1998), respectively were utilized to drive VENUS expression. The
dosage- and incubation time-dependency of the VENUS reporter activity in
COLORFUL-SA line #1, -JA line #1, and -JA/ET line #1 was confirmed in response to
salicylic acid (SA), methyl jasmonate (MeJA) alone and in combination with the
ethylene precursor 1-aminocyclopropane-1-carboxylic acid (ACC), respectively. SA-,
JA-, and JA/ET-reporter activities were investigated in the F3 and F4 generations of
the SA signaling mutant nprl-1 (Cao et al. 1994), the JA-insensitive coil-t mutant
(Mosblech et al. 2011), and in ethylene-insensitive ein2-1 mutants (Guzman & Ecker
1990) crossed with COLORFUL-SA line #1, -JA line #1, and -JA/ET line #1,
respectively. Compared with wildtype responses, drastically reduced levels of VENUS
fluorescence were observed before and after treatments with SA, MeJA, or MeJA +
ACC, respectively, demonstrating the functionality and specificity of the reporters for

monitoring the accumulation and signaling of the corresponding hormone.

In order to ascertain the correlation of the gradual increase in the SA-, JA-, and JA/ET-
reporter activities with transcriptional activation of marker genes, the expression levels
of PR1, VSP2, and PDF1-2a were quantified in twelve-day-old wildtype Col-0 plants
after treatments with 0.5 mM SA, 50 uM MeJA or the combination of 50 uM MeJA and
2.0uMACCat 1.0, 3.0,6.0, 12 and 24 hpt. The transcript abundances were normalized
to the transcript level of the housekeeping gene UBQS5. Expression levels were

calculated relative to transcript abundances in the corresponding mock plants.
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gRT-PCR analysis displayed pronounced upregulations of the aforementioned genes
after hormone treatment (Figure 1la-c). The expression of PR1 was slightly but
significantly increased after SA treatment for 6 h (28-fold £9 s.e.m.). At 12 h of SA
treatment, Arabidopsis plants showed a stronger upregulation of PR1 gene expression
(134-fold £58 s.e.m.), and at 24 h a pronounced increase in the PR1 transcript level
was observed (338-fold +88 s.e.m.) (Figure 11a). The gradually increasing kinetics of

PR1 expression correlates with the time of Arabidopsis incubation in SA.

Moreover, VSP2 and PDF1-2a expression levels showed similar trends of induction.
MeJA treatment for 24 h induced a 198-fold (51 s.e.m.) increase in the expression of
VSP2 relative to the untreated Col-0 (Figure 11b). In addition, incubation of Col-0
plants with MeJA + ACC for 24 h enhanced the relative transcript level of PDF1-2a by
70-fold (18 s.e.m.) (Figure 11c). The strong hormone-dependent induction of these
marker genes indicates that the corresponding promoters are useful to address

changes in hormone concentrations.
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Figure 11: Expression levels of PR1, VSP2, and PDF1-2a positively correlate with the hormone
treatment times. (a-c) qRT-PCR analysis of PR1 (a), VSP2 (b) and PDF1-2a (c) transcript levels in 12-
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day-old wildtype Col-0 after treatment for 1.0, 3.0, 6.0, 12, and 24 h with 0.5 mM SA, 50 pM MeJA and
combination of MeJA with 2.0 pM ACC. The transcript abundance was normalized to the transcript level
of the housekeeping gene UBQ5, and subsequently to the transcript level in mock. Data show means +
s.e.m. of three independent biological replicates, each represents a pool of 10 plants. The experiments
were repeated once showing a similar pattern. Asterisks indicate statistical differences between the
transcript levels in hormone-treated and the corresponding mock (*p < 0.05, **p < 0.01, **p < 0.001,
Student’s t-test). Different letters indicate the significant differences between groups (One-way ANOVA

followed by Tukey’s multiple comparison test, p < 0.05).

3.1.7. COLORFUL-biosensors explore distinct tissue-specific sighaling outputs

3.1.7.1. ABA reporter activity correlates with the well-known ABA differential
pattern in all investigated Arabidopsis tissues

Data analyses confirmed the efficiency of COLORFUL-systems to address the cell
type-specific hormone responses in Arabidopsis leaves (as mentioned above). The
capacities of the generated promoter-reporter lines to monitor long-distance hormone
signaling in different tissues of Arabidopsis were evaluated. In this concern,
guantitative data analysis of reporter activity in twelve-day-old COLORFUL-ABA line
#1, as well as qualitative CLSM imaging of three- and twelve-day-old plants, showed
a maximum ABA signaling activity in the root tip (Figure 12a, c), which is a well-
established experimental system for analysis of ABA effects (Dong et al. 2020; Rosales
et al. 2019; Waadt et al. 2014). In contrast to the root tip, a minimal ABA signal intensity
was noticed in the root elongation zone (Figure 12a-b, d). Moreover, an intermediate
ABA signal was detected in the hypocotyl (Figure 12a, e) and the leaf/cotyledon (Figure
12a, f) before and after ABA treatment. A similar ABA signaling pattern was observed
with (Figure 12a-b) and without ABA treatments (Figure 12b-i). Using the FRET-based
sensor ABAleon, Waadt et al. (2014) and Waadt et al. (2015) demonstrated a similar
pattern of tissue specific distribution of ABA in response to ABA treatment.
Furthermore, ABAleon reporter exhibited a lower sensitivity to detect the basal
distribution of ABA (Waadt et al. 2015).
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Intriguingly, higher ABA signal intensities were observed in the pavement cells (blue
arrows) in comparison to the guard cells (yellow arrows) in three-days old cotyledon
(Figure 12g), although the guard cells are known to contain high levels of ABA
(Boursiac et al. 2013; Cotelle & Leonhardt 2019; Kanno et al. 2012; Waadt et al. 2014;
Waadt et al. 2015). In contrast, the guard cells in the twelve-day-old cotyledons (Figure
12h) and true leaves (Figure 12i) showed a higher ABA signal intensity than the
pavement reporter signals indicating potential developmental stage-dependent

changes in ABA levels in different cell types.
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Figure 12: COLORFUL-ABA reporter activity displays a distinct tissue type and developmental
stage-specific pattern of ABA signaling in different Arabidopsis tissues. (a) Quantitative analysis
of ABA signaling activities in leaves, hypocotyl, elongation zone, and root tip of 12-day-old COLORFUL-
ABA line #1 without and with 50 UM ABA treatments for 24 hours. This experiment is repeated once
showing the same pattern of ABA response. Box plots show the first quartile (lower line); median (centre
line); mean (+); third quartile (upper line); whiskers extend 1.5 times the interquartile range and outliers
are shown as dots, n =6-10 samples. Data are relative to the mock. Asterisks indicate statistical
differences between signal intensities in ABA-treated and mock (*p < 0.05, **p < 0.01, ***p < 0.001,
Student’s t-test). Different letters indicate significant differences between groups (One-way ANOVA
followed by Tukey’s multiple comparison test, p < 0.05). (b) Graphical overview of the differential
distribution of VENUS signals in different Arabidopsis tissues adapted from (a) before and after ABA
treatment. The maximum ABA signal intensities exist in the root tip, the junction between hypocotyl-root,
and in the stomata cells, while the root elongation zones reflect the minimal ABA signal intensities. ABA-
intermediate signal intensities are detected in the cotyledons and hypocotyls. (c-f) Maximum projections
of CLSM z-stack images of ABA-reporter (green), reference (magenta) and the overlay of the reporter,
reference channels and PM-marker (gray) in 3-day-old COLORFUL-ABA#1 seedling in the root tip (c),
root elongation zone (d), hypocotyl (e) and cotyledon (f). (g-i) Maximum projections of CLSM z-stack
overlay for reporter module, reference module, and the overlay of the reporter, reference, and PM-
marker in the 3-day-old cotyledon (g), the cotyledon (h), and a true leaf of 12-day-old Arabidopsis
COLORFUL-ABA#1 (i). Different arrows mark different cell types of epidermal pavement cells (blue
arrows) and guard cells (yellow arrows). Scale bar: 50 um. (b) is consistent with the ABA measurements
using ABAleon sensor after ABA treatment (Waadt et al. 2014; Waadt et al. 2015.

3.1.7.2. abal-101 mutant analyses display a global reduction in ABA signaling
activities in Arabidopsis

In order to examine the reliance of the basal ABA reporter activity on ABA biosynthesis,
the VENUS signal was mapped in the wildtype COLORFUL-ABA line #1 (Col-0) in
comparison to the ABA biosynthetic mutant abal-101 with and without exogenous
ABA treatment (Figure 13a and Figure 14a-d, left panel). Notably, a pronounced
reduction in ABA signal was observed in abal-101 (Figure 13b and Figure 14a-d
middle panel), showing dependency of the ABA-reporter activity on the ABA
biosynthesis. Also, the comparison of the reporter activity before and after 50 uM ABA
application, for at least 6 hours revealed prominent complementation of the wildtype-

like signals in the entire abal-101 seedlings (Figure 13c and Figure 14a-d, right panel).
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3. RESULTS

Figure 13: The differential COLORFUL-ABA reporter activity is dependent on ABA biosynthesis.
(a-c) Maximum projection of CLSM z-stack images of ABA-reporter (green), reference (magenta), and
the overlay of ABA-reporter (green), reference (magenta), PM marker (gray) channels in 3-day-old
seedlings of (a) Untreated COLORFUL-ABA line #1 seedling in Col-0 background. (b) Untreated
COLORFUL-ABA line #1 in ABA biosynthetic mutant abal-101 background. (c) COLORFUL-ABA line
#1 in abal-101 background after treatment with 50 uM ABA for 6 h. Scale bar: 200 ym.
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Figure 14: The basal ABA signals correlate with ABA content in Arabidopsis. (a-d) The overlay of
maximally projected CLSM z-stack images of ABA-reporter (green), reference (magenta), and PM
marker (gray) channels in the cotyledon (a), hypocotyl (b), elongation zone (c), and the root tip (d) of 3-
day-old untreated COLORFUL-ABA line #1 in Col-0 background (left panel), untreated COLORFUL-
ABA line #1 in abal-101 background before (middle panel) and after incubation for 6 hours in 50 uM
ABA (right panel). Scale bar in a: 100 ym, scale bar in b-d: 50 ym.

3.1.7.3. SA, JA, and JA/ET reporters disclose reporter activities in different
Arabidopsis tissues

In order to map the SA-, JA-, and JA/ET-controlled VENUS fluorescence in different
Arabidopsis tissues, twelve-day-old seedlings of COLORFUL-SA line #1, -JA line #1,
and -JA/ET line #1 were incubated for 24 hours in 0.5 mM SA, 50 uM MeJA, and 50
UM MeJA + 0.2 UM ACC, respectively. CLSM analyses of leaves, cotyledons, and roots
of the three reporter lines were performed. In comparison to mock treatments, the
guantitative analyses showed a significant increase in the reporter activity in the
hormone-treated tissues with different induction levels. There were almost no
significant differences between the SA, JA, and JA/ET reporter activities in leaf and
cotyledon, while root tips in the three reporters showed relatively lower signal
intensities (Figure 15a-c), reflecting the possibility of using the COLORFUL-sensors to

map the tissue-specific hormone signal distribution.
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Figure 15: COLORFUL-SA, -JA, -JA/ET allow the spatial mapping of SA, JA and JA/ET signaling
in different Arabidopsis organs. (a-c) Reporter activities in the epidermal pavement cells in leaves,
cotyledons and root caps of 12-day-old transgenic lines COLORFUL-SA #1 (a), COLORFUL-JA #1 (b),

and COLORFUL-JA/ET #1 (c), after treatment with 0.5 mM SA, 50 pM MeJA and 50 pM MeJA + 0.2 uM
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ACC (red), respectively, for 24 hours in comparison to mocks (white). The experiments were repeated
once showing consistent results. Box plots show first quartile (lower line); median (centre line); mean
(+); third quartile (upper line); whiskers extend 1.5 times the interquartile range, and outliers are depicted
as dots, n = 7-10 samples. Data are relative to the mock of the wildtype. Different letters indicate the
significant differences between groups (One-way ANOVA followed by Tukey’s multiple comparison test,
p < 0.05).

3.2. COLORFUL-reporters enable the investigation of different
hormone signaling cascades crosstalk

Next, individual and combinations of ABA, SA, MeJA, and ACC treatments were used
to investigate the suitability of all four reporter systems to address the in planta ABA-
SA-JA-JA/ET crosstalk (Figure 16a-d), and to test the responsiveness of COLORFUL-
reporters to other hormones to ensure the corresponding hormone specific activation
of these reporter systems. In this regard, CLSM was performed using leaves of twelve-
day-old Arabidopsis seedlings with and without hormone treatment for 24 h. Data
analyses underpinned high ABA, SA, MeJA, and MeJA + ACC specific activation
capacity for PP2CA (Figure 16a), PR1 (Figure 16b), VSP2 (Figure 16c¢), and PDF1-
2a (Figure 16d), respectively. The results in these experiments highlighted a reciprocal
antagonistic interaction between ABA-JA/ET (Figure 16a, d). Hence, MeJA and ACC
synergistically antagonize the ABA reporter activity showing a ~ half fold decrease in
the basal ABA signal intensity (Figure 16a) in comparison to mock. Additionally, the
JA/ET reporter exhibited a significantly reduced reporter signal upon ABA treatment
(Figure 16d). Furthermore, SA and ABA combinations affected neither ABA nor SA
reporter activities in COLORFUL-ABA and COLORFUL-SA, respectively (Figure 16a-
b). Additionally, these data highlight the antagonistic effects of ACC on VSP2 promoter
activity (Figure 16c).
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Figure 16: COLORFUL-reporters exhibit ABA-SA-JA-JA/ET crosstalk. (a-d) reporter activities of
COLORFUL-ABA (a), -SA (b), -JA (c) and -JA/ET (d) in the leaf pavement cells of 12-day-old seedlings
after exogenous application of 50 uM ABA, 0.5 mM SA, 50 uM MeJA, 2.0 uM ACC individual or
combined solutions for 24 h relative to the mock treatments. The experiments were repeated once,
showing similar responses. Box plots show first quartile (lower line); median (centre line); mean (+); third
quartile (upper line); whiskers extend 1.5 times the interquartile range, and outliers are shown as dots,
n = 6-10 leaves. Data are normalized to the untreated corresponding mock. Different letters indicate
significant differences between groups (Two-way ANOVA followed by Tukey’s multiple comparison test,
p < 0.05). Asterisks indicate statistical differences between signal intensities in hormone-treated and
mock (*p < 0.05, **p < 0.01, ***p < 0.001, Student’s t-test).
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3.3.The virulent and the avirulent isolates of the oomycete H.

arabidopsidis exhibit distinct invasion dynamics

Pathogens transiently interact with plants at the original site of invasion in a cell to cell
interaction, a spore of the invader attacks a single or few cell(s) of the host. Both have
the ability to send and receive signals, which is an essential criterion for their survival.
Understanding the spatio-temporal changes in phytohormone signaling at a single cell
level directly after pathogen attack, during compatible and incompatible interactions,
could provide novel insights into the immune responses positively or negatively
mediated by plant hormones. Two different isolates of the downy mildew oomycete H.
arabidopsidis, Noco2, and Emwal were utilized in the current study to achieve this

objective.

Spores of both Noco2 and Emwal fall over the surface of Arabidopsis (Col-0) leaf or
stem, then germinate, invaginate between two epidermal cells, and establish haustoria
in epidermal and mesophyll cells (Coates & Beynon 2010). Notably, the constitutively
expressed PM marker CaMV35S-GFP-LTI6b turned out to be ideally suited to monitor
individual plant-microbe interaction sites, penetration of outer periclinal epidermal cell
walls, intercellular growth into anticlinal epidermal cell walls, and invasive
establishment of haustoria in epidermal (Figure 17a; Supplementary video 1) and
mesophyll cells (Figure 17b; Supplementary video 2). Quantitative data analysis
reported distinct isolate-specific infection kinetics and invasion success. The avirulent
Emwal exhibited higher penetration rate in comparison to Noco2 at 1 and 2 dpi (Figure
17c), while higher frequencies of haustoriated epidermal, and mesophyll cells were
reported with Noco2 at 1 dpi, and, even more pronounced, at 2 dpi (Figure 17d-e).

Immune responses are activated against both pathogens, which could be suppressed
by Noco2 but not Emwal. During both interactions, the first layer of the plant immune
system, PTI is activated (Fabro et al. 2011). In the compatible interaction, effector-
mediated suppression of PTI allows further proliferation, colonization of the entire leaf,
and completion of the pathogen life cycle (Caillaud et al. 2013; Deb et al. 2018).
Whereas, in incompatible interactions with avirulent H. arabidopsidis isolates,

recognition of effectors secreted by Emwal activates a second defense mode, ETI,
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which is typically associated with HR-like cell death and restriction of pathogen growth
to the initially invaded plant cells (Van der Biezen et al. 2002; Wang et al. 2011). Thus,
at 3 dpi, RPP4-triggered HR-like cell death responses—indicated by loss of PM and
nuclear reference marker fluorescence—characterized individual sites of interaction
between Emwal and Col-0 epidermis and mesophyll cells (Figure 17f, upper panel,
Supplementary video 3). To identify dead cells, the application of the hypertonic
solution NaCl (1.0 M) over the investigated leaf was performed to induce plasmolysis.
Intact plant cells at that position were shrunken (yellow and blue lines), whereas the
dead cells do not change in size (red dashed line) in the epidermis and mesophyll cell
layers (Figurel7f, lower panel). As expected, in Noco2 compatible interactions, the
presence of haustorial complexes correlated with cell integrity reflected by unaltered
PM and nuclear reference marker fluorescence (Figure 17g, upper panel,
Supplementary video 4). Treatment with 1.0 M NaCl caused the shrinking of all cells
at the same position, underpinning the membrane integrity of Noco2 invaded cell
(Figure 179, lower panel).
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Figure 17: Noco2 and Emwal isolates of H. arabidopsidis exhibit distinct invasion dynamics on
Arabidopsis Col-0 leaves. (a,b) Maximum projections of CLSM z-stack images showing PM marker
(gray; a, left and middle panels; b, left panel) in a leaf of a 3-week-old transgenic Arabidopsis
COLORFUL-SA line #1 at 1 dpi with Emwal spore (cyan overlay; a, left) and after staining with

Fluorescent Brightener 28 (FB28). The PM marker allows visualization of penetration between outer
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periclinal epidermal cell walls (yellow arrowhead) by Emwal, intercellular growth into anticlinal cell walls
(red arrowheads; a, middle; b, left), and extrahaustorial membrane (green arrowheads), and haustoria
formation (asterisks) in pavement cells (a), and palisade mesophyll cells (b). Bright-field images (right)
show single plane sections. Scale bar: 10 um. (c) Noco2 and Emwa1 penetration rates in leaves of 3-
week-old COLORFUL lines. Penetration was determined as growth into anticlinal cell walls between
epidermal cells (red arrowhead; a) at 1- and 2-days post inoculation (dpi). Asterisks indicate statistical
differences between penetration rates of Noco2 and Emwal (*p < 0.05, **p < 0.01, **p < 0.001,
Student’s t-test). (d,e) Frequencies of haustoria formation (%) by Noco2 and Emwal determined as the
formation of extrahaustorial membrane (green arrowheads; a,b) in epidermal (d) and mesophyll cells (e)
at 1 and 2 dpi. Measurements were obtained from three independent experiments, each containing 10
biological replicates. Data represent means * s.e.m. (f-g) Maximum projection of CLSM z-stack images
showing overlays of reference (magenta) and PM (gray) markers in leaves of 3-week-old Arabidopsis
COLORFUL-SA line #1 at 3 dpi after staining Emwal (f) and Noco2 (g) with FB28. (f) Emwal induced
cell death (discontinuous lines) associated with the disappearance of PM and reference fluorescence in
the epidermal (upper left panel) and in the mesophyll (upper right panel) cell layers. Dipping the same
leaf in 1.0 M NaCl exhibited a shrinking only in the intact cells invaded (yellow lines) and adjacent cells
(blue lines) in the epidermal cell layer (lower left panel), while the dead cells (dashed red lines) showed
no change in the cell size in the epidermal (lower left panel) and mesophyll (lower right panel) cell layers.
(g) Noco2 proliferation indicated by haustoria formation (green arrowheads) was extended in the
epidermis (upper left panel) and mesophyll (upper right panel) beyond the initial site of invasion. Noco2
biotrophy was detected via the intact membranes and the nuclear marker at the site of invasion after
dipping the same leaf in 1.0 M NaCl which showed shrinking of the membrane of the invaded cells
(vellow lines) and adjacent cells (blue lines) in the epidermis (lower left panel) and in the mesophyll cell
layer (lower right panel). Blue E, M, and SM indicate reference signals originating from epidermal,

palisade mesophyll, and spongy mesophyll cells, respectively. Scale bar: 25 pm.
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3.4. Arabidopsis-H. arabidopsidis interaction sites show
spatio-temporally distinct ABA, SA, JA, and JAJ/ET
signaling outputs

The COLORFUL reporter lines were used for comparative analyses of spatiotemporal
hormone homeostasis during compatible and incompatible interactions of Arabidopsis
with Noco2 and Emwal, respectively. To do a systematic COLORFUL reporter line
analyses using microscopic fields of view containing a single oomycete-plant
interaction site, the hormone responses associated with these sites were dissected on
a cellular resolution in epidermis and mesophyll cells depending on the presence of
and distance to oomycete infection structures. Thus, epidermal and mesophyll cells
were categorized into “invaded” (orange), immediately “adjacent” (yellow) and “distant”
domains (white) (Figure 18a-b), and conducted quantitative ABA, SA, JA, and JA/ET
reporter analyses at 1 and 2 dpi with both H. arabidopsidis isolates.
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Figure 18: Dissection of cells associated with H. arabidopsidis invasion site. (a) Schematic
representations depict the invasion dynamics of virulent (Noco2) and avirulent (Emwal) isolates of H.
arabidopsidis at 1 and 2 dpi, and the dissected cell zones at sites of invasion. (b) Representative
Maximum projections of CLSM z-stack images used for quantification of SA responses at the site of
Noco2 invasion. The Images show overlays of SA reporter (green), reference (magenta), and plasma
membrane (gray) markers in leaf epidermis (left) and palisade mesophyll (right) of 3-week-old
Arabidopsis line COLORFUL-SA#1 at 1 dpi after staining Noco2 spore with FB28 (cyan). Arrowheads
indicate Noco2 invading structures. Invaded cells (orange continuous lines), adjacent cells (yellow

continuous lines), and distant cells (not highlighted). Scale bar: 50 um.
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3.4.1. Both virulent and avirulent oomycete isolates trigger local ABA responses
in the haustoriated cells

Notably, during CLSM an activated ABA signaling response was reported at the
Arabidopsis-H. arabidopsidis compatible and incompatible interaction sites with the
virulent isolate Noco2 (Figure 19a, middle panel), and avirulent isolate Emwal (Figure
19a, right panel) in comparison to the wildtype (Figure 19a, left panel). These triggered
responses were confined to the haustoriated epidermal (Figure 19a, upper panel) and
mesophyll cells (Figure 19a, lower panel). Parallel COLORFUL-ABA reporter analyses
showed that Emwal significantly enhanced ABA activities in invaded pavement and
mesophyll cells (4.35-fold and 13.7-fold, respectively) and in the immediately adjacent
pavement and mesophyll cells (2.14-fold and 3.42-fold, respectively) at 1 dpi. In
contrast, Noco2 displayed slight but significant activation of ABA signaling in invaded
mesophyll cells (3.21-fold) (Figure 19b; Figure 23a-b). At 2 dpi, both H. arabidopsidis
isolates significantly triggered ABA signaling only in the invaded pavement and
mesophyll cells (Figure 19c; Figure 23a-b). These analyses provide a spatially
confined cell type-specific pattern of pathogen-activated ABA signaling and suggest a
potential role for ABA in modulating the basal defense responses during both
compatible and incompatible H. arabidopsidis interactions.
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Figure 19: Arabidopsis COLORFUL-ABA reporter lines enable qualitative and quantitative
monitoring for ABA signaling at Arabidopsis-H. arabidopsidis interaction sites. (a) Maximum
projections of CLSM z-stack images showing the overlay of the three COLORFUL-ABA modules

expression in leaves of 3-week-old transgenic Arabidopsis COLORFUL-ABA line #1 at 2 dpi with water
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as a mock (left panel: top; Epidermis and bottom; Mesophyll), virulent isolate of Noco2 (middle panel:
top; Epidermis and bottom; Mesophyll) and Emwal (right panel: top; Epidermis and bottom; Mesophyll).
Scale bar: 50 ym. Borders for invaded cells (orange lines), borders for the adjacent cells (yellow lines).
Blue E and M letters indicate reference signals originating from epidermal and palisade mesophyll cells,
respectively. (b, c) ABA reporter activities in pavement cells (top) and palisade mesophyll cells (bottom)
at the sites of invasion by virulent (Noco2) and avirulent (Emwal) isolates of H. arabidopsidis at 1 (b)
and 2 (c) dpi. Box plots show first quartile (lower line); median (centre line); mean (+); third quartile
(upper line); whiskers extend 1.5 times the interquartile range, and outliers are designated as dots, n =
6-9 infection sites form independent plants. Data are relative to the uninfected mock. Asterisks indicate
statistical differences between spatial domains (invaded, adjacent and distant) and uninfected mock (*p
< 0.05, **p < 0.01, ***p < 0.001, Student’s t-test) and different letters (Two-way ANOVA followed by
Tukey’'s multiple comparison test, p-adjusted < 0.05) indicate significant differences between groups.
The experiment was repeated once using the same Arabidopsis transgenic COLORFUL-ABA line #1
and twice using independent transgenic Arabidopsis COLORFUL-ABA line #2. The quantitative
analyses exhibited the same pattern of ABA response, indicating a high reproducibility within the two
lines.

3.4.2. Emwal and Noco?2 differentially regulate SA signaling in two distinct
domains

In contrast to haustoriated mesophyll cells, in which both H. arabidopsidis isolates
induced high levels of SA reporter fluorescence at 1 dpi, the invaded pavement cells
did not show altered SA reporter activity in response to invasion by either the virulent
isolate Noco2 or the avirulent isolate Emwal (Figure 20b-c; Figure 23c-d).
Interestingly, with Emwal, the highest SA reporter induction was observed in the
immediately adjacent mesophyll cells at 1 dpi (13.0-fold), and at 2 dpi (13.8-fold). A
similar activation signature was detectable in pavement cells adjacent to Emwal-
invaded epidermal cells at 1 and 2 dpi, but with lower magnitude (4.7-fold and 7.0-fold,
respectively). Together, these data suggest a major role of mesophyll and pavement
cells immediately adjacent to sites of direct plant-microbe interaction in SA-dependent
defense during the incompatible interactions with Emwal as compared to mock signals
(Figure 20a). Comparatively subtle induction of the SA reporter was also detectable in
pavement and mesophyll cells neighboring Noco2-invaded cells at 2 dpi (3.5-fold and
3.1-fold, respectively), indicative of a conserved and potentially suppressed SA-
controlled basal defense signature, which is observed in RPP4-dependent immunity

triggered by Emwal.
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Figure 20: Arabidopsis COLORFUL-SA reporter lines enable qualitative and quantitative

monitoring for SA signaling at Arabidopsis-H. arabidopsidis interaction sites. (a) Maximum
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projections of CLSM z-stack images showing the overlay of the three COLORFUL-SA modules
expression in leaves of 3-week-old transgenic Arabidopsis COLORFUL-SA line #1 at 2 dpi with water
as a mock (left panel: top; Epidermis and bottom; Mesophyll), virulent isolate of Noco2 (middle panel:
top; Epidermis and bottom; Mesophyll) and Emwal (right panel: top; Epidermis and bottom; Mesophyll).
Scale bar: 50 ym. Borders for invaded cells (orange lines), borders for the adjacent cells (yellow lines).
Blue E and M letters indicate reference signals originating from epidermal and palisade mesophyll cells,
respectively. (b, c) SA reporter activities in pavement cells (top) and palisade mesophyll cells (bottom)
at the sites of invasion by virulent (Noco2) and avirulent (Emwal) isolates of H. arabidopsidis at 1 (b)
and 2 (c) dpi. Box plots show first quartile (lower line); median (centre line); mean (+); third quartile
(upper line); whiskers extend 1.5 times the interquartile range, and outliers are designated as dots, n =
6-9 infection sites form independent plants. Data are relative to the uninfected mock. Asterisks indicate
statistical differences between spatial domains (invaded, adjacent and distant) and uninfected mock (*p
< 0.05, **p < 0.01, ***p < 0.001, Student’s t-test) and different letters (Two-way ANOVA followed by
Tukey’s multiple comparison test, p-adjusted < 0.05) indicate significant differences between groups.
The experiment was repeated once using the same Arabidopsis transgenic COLORFUL-SA line #1 and
once using independent transgenic Arabidopsis COLORFUL-SA line #2. The quantitative analyses

exhibited the same pattern of SA response, indicating a high reproducibility of the SA-reporter system.

3.4.3. Compatible and incompatible H. arabidopsidis interactions with Col-0
exhibit distinct cell type-specific JA responses

COLORFUL-JA reporter analyses showed temporary and slightly enhanced activities
in invaded and adjacent pavement cells at 1 dpi with Noco2 (1.8-fold and 2.2-fold,
respectively), whereas Emwal triggered a subtle response only in adjacent pavement
cells (1.6-fold) (Figure 21b-c; Figure 23e-f). Later, at 2 dpi, Emwal interaction sites
were characterized by suppressed overall JA signaling activity in pavement and
mesophyll cells, which is particularly prominent in adjacent mesophyll cells (0.6-fold)
(Figure 21a-c; Figure 23e-f). Together, these data provide distinct cell type-specific JA
response signatures for compatible and incompatible H. arabidopsidis interactions.
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Figure 21: Arabidopsis COLORFUL-JA reporter lines enable qualitative and quantitative
monitoring for JA signaling at Arabidopsis-H. arabidopsidis interaction sites. (a) Maximum
projections of CLSM z-stack images showing the overlay of the three COLORFUL-JA modules
expression in leaves of 3-week-old transgenic Arabidopsis COLORFUL-JA line #1 at 2 dpi with water
as a mock (left panel: top; Epidermis and bottom; Mesophyll), virulent isolate of Noco2 (middle panel:
top; Epidermis and bottom; Mesophyll), and Emwal (right panel: top; Epidermis and bottom; Mesophyll).
Scale bar: 50 ym. Borders for invaded cells (orange lines), borders for the adjacent cells (yellow lines).
Blue E and M letters indicate reference signals originating from epidermal and palisade mesophyll cells,
respectively. (b, c) JA reporter activities in pavement cells (top) and palisade mesophyll cells (bottom)
at the sites of invasion by virulent (Noco2) and avirulent (Emwal) isolates of H. arabidopsidis at 1 (b)
and 2 (c) dpi. Box plots show first quartile (lower line); median (centre line); mean (+); third quartile
(upper line); whiskers extend 1.5 times the interquartile range, and outliers are designated as dots, n =
6-9 infection sites form independent plants. Data are relative to the uninfected mock. Asterisks indicate
statistical differences between spatial domains (invaded, adjacent and distant) and uninfected mock (*p
< 0.05, **p < 0.01, ***p < 0.001, Student’s t-test) and different letters (Two-way ANOVA followed by
Tukey’'s multiple comparison test, p-adjusted < 0.05) indicate significant differences between groups.
The experiment was repeated once using the same Arabidopsis transgenic COLORFUL-JA line #1 and
once using independent transgenic Arabidopsis COLORFUL-JA line #2. The quantitative analyses
exhibited the same pattern of JA response, indicating a high reproducibility of the COLORFUL-JA
reporter system.
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3.4.4. In contrast to virulent isolate, Emwal does not trigger JA/ET signaling in
the adjacent cell zone

COLORFUL-JA/ET reporter studies revealed 2.3-fold induced activities in Nocoz2-
invaded pavement cells and remarkably high signals in immediately adjacent and
distant epidermal pavement cells at 1 dpi (6.1-fold and 6.7-fold, respectively) (Figure
22b; Figure 23g-h), suggesting JA/ET-dependent rapid and gradual long-distance
intercellular basal defense signaling in the epidermal tissue. At 2 dpi, Noco2-invaded
pavement cells showed slight but not significantly repressed JA/ET reporter activity
(0.7-fold), whilst adjacent and distant pavement cells still had elevated, but lower
VENUS fluorescence than at 1 dpi (4.7-fold and 4.9-fold, respectively) (Figure 22c;
Figure 23g-h). Similarly, long-distance signaling was also detectable in the mesophyll
tissue (3.1-fold at 1 dpi and 2.7-fold at 2 dpi, respectively), whereas highest activities
of the JA/ET reporter occurred in immediately adjacent cells (3.9-fold at 1 dpi and 3.3-
fold at 2 dpi, respectively). Emwal-inoculated plants showed similar responses in
distant tissues. However, in contrast to Noco2, Emwal did not trigger JA/ET signaling
in the adjacent cell zone (Figure 22a). At 2 dpi, Emwal-invaded epidermal pavement
and mesophyll cells, which are destined to undergo HR-like cell death within the next
24 hours (Figure 17f), displayed attenuated JA/ET reporter activity. Notably,
immediately adjacent cells exhibited the highest relative fold changes observed for the
SA reporter in this study, possibly representing a demarcation signature controlling
initiation and local containment of the cell death response in ETI.
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Figure 22: Arabidopsis COLORFUL-JA/ET reporter lines enable qualitative and quantitative

monitoring for JA/ET signaling at Arabidopsis-H. arabidopsidis interaction sites. (a) Maximum

projections of CLSM z-stack images showing the overlay of the three COLORFUL-JA/ET modules
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expression in leaves of 3-week-old transgenic Arabidopsis COLORFUL-JA/ET line #1 at 2 dpi with water
as a mock (left panel: top; Epidermis and bottom; Mesophyll), virulent isolate of Noco2 (middle panel:
top; Epidermis and bottom; Mesophyll) and Emwal (right panel: top; Epidermis and bottom; Mesophyill).
Scale bar: 50 ym. Borders for invaded cells (orange lines), borders for the adjacent cells (yellow lines).
Blue E and M letters indicate reference signals originating from epidermal and palisade mesophyll cells,
respectively. (b, ¢) JA/ET reporter activities in pavement cells (top) and palisade mesophyll cells
(bottom) at the sites of invasion by virulent (Noco2) and avirulent (Emwal) isolates of H. arabidopsidis
at 1 (b) and 2 (c) dpi. Box plots show first quartile (lower line); median (centre line); mean (+); third
quartile (upper line); whiskers extend 1.5 times the interquartile range, and outliers are designated as
dots, n = 6-9 infection sites form independent plants. Data are relative to the uninfected mock. Asterisks
indicate statistical differences between spatial domains (invaded, adjacent and distant) and uninfected
mock (*p < 0.05, **p < 0.01, ***p < 0.001, Student’s t-test) and different letters (Two-way ANOVA
followed by Tukey’'s multiple comparison test, p-adjusted < 0.05) indicate significant differences between
groups. The experiment was repeated once using the same Arabidopsis transgenic COLORFUL-JA/ET
line #1 and once using independent transgenic Arabidopsis COLORFUL-JA/ET line #2. The quantitative
analyses exhibited the same pattern of JA/ET response, indicating a robust reproducible data of different
COLORFUL-JA/ET reporter lines.

To show a summary of the quantitative measurements in the previous figures (19-22),
guantitative heat map representations were designed for ABA (Figure 23a-b), SA
(Figure 23c-d), JA (Figure 23e-f), and JA/ET (Figure 23g-h) signaling activities at sites
of A. thaliana interactions with the virulent (Figure 23a,c,e,g) and the avirulent isolates

(Figure 23b,d,f,h) of H. arabidopsidis at 1 (upper panels) and 2 dpi (lower panels).
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Hyaloperonospora arabidopsidis

COLORFUL-ABA COLORFUL-SA COLORFUL-JA COLORFUL-JAJET
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Figure 23: Spatio-temporal signatures of SA, JA, JA/ET and ABA signaling activities at sites of
Arabidopsis-H. arabidopsidis interactions. (a-h) Quantitative heat map representations of ABA
reporter activities at 1 (a) and 2 day(s) post inoculation (dpi) (b), SA reporter activities at 1 (c) and 2 dpi
(d), JA reporter activities at 1 (e) and 2 dpi (f), and JA/ET reporter activities at 1 (g) and 2 dpi (h) in
leaves of 3-week-old Arabidopsis lines COLORFUL-ABA#1, -SA #1, -JA #1, and -JA/ET #1) with virulent
(Noco2; a,c,e,g) and avirulent (Emwal; b,d,f,h) isolates of H. arabidopsidis. Data are relative to the
uninfected mock.
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3.5.G. orontii shows a conserved spatial pattern of pathogen-
activated ABA but not SA signaling at their interaction

sites with A. thaliana

In the previous analyses, local activation of ABA and SA signaling pathways were
reported at Arabidopsis-H. arabidopsidis interaction sites, particularly in the invaded
cells. In order to test for the conservation of the upregulated pattern of these two
hormones during different biotrophic interactions, the fungal ascomycete pathogen G.
orontii was employed in the current study. The powdery mildew G. orontii is quite
distant from the oomyctes as it belongs to another kingdom and it has a different
lifestyle in comparison to H. arabidopsidis. Hence the fungus grows epiphytically and
colonizes only the epidermal cell layer. Once situated on a plant surface, the spore
forms a germ tube and a primary appressorium at the tip of the germ tube to facilitate
the cell wall penetration and haustoria formation without disrupting the host cell
membrane at the primary penetration site. Next, secondary hyphae are formed and
extend to penetrate nearby cells to form secondary invasion sites onwards until the
formation of the conidiophores, which becomes macroscopically visible at 7-10 dpi
(Kuhn et al. 2016).

For systematic COLORFUL reporter line analyses using microscopic fields of view
containing a single G. orontii-Arabidopsis interaction site, the hormone responses at
these sites were dissected on a cellular resolution in the epidermal cells depending on
the presence of and distance to the invading spore. Epidermal cells at 1 dpi were
categorized into “invaded” (orange), immediately “adjacent” (yellow), and “distant” cells
(white) (Figure 24a). While at 2 dpi, cells were categorized into “1"Y invaded” (orange),
“2nd invaded” (red), immediately “adjacent” (yellow), and “distant” cells (white) (Figure
24Db), and quantitative ABA and SA reporter analyses at 1 and 2 dpi with G. orontii were

conducted.
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Golovinomyces orontii

2" haustorium

Figure 24:. Dissection of cells associated with G. orontii invasion site. (a-b) Schematic
representations depict the invasion dynamics of the epiphytically growing fungus G. orontii (a) at 1 dpi,
epidermal cells were categorized into “invaded” (orange), immediately “adjacent” (yellow), and “distant”
cells (white). (b) at 2 dpi, epidermal cells were categorized into “1% invaded” (orange), “2™ invaded”

(red), immediately “adjacent” (yellow), and “distant” cells (white).

Intriguingly, the COLORFUL-ABA reporter quantifications displayed significantly
enhanced ABA activities at 1 (Figure 25a-b) and 2 dpi (Figure 25c), which is mainly
confined to the invaded cells. COLORFUL-SA reporter analyses, though, showed
that G. orontii did not affect the SA signaling activities in different domains at 1 (Figure
25d) or 2 dpi (Figure 25e) in comparison to uninfected plants. These results
demonstrated a conserved spatial pattern of pathogen-activated ABA but not SA

signaling and suggested a potential role of ABA in modulating innate immunity.
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Figure 25: Cross kingdom-conserved induction of a cellularly confined ABA signaling sighature
at Arabidopsis biotrophic interaction sites. (a) Maximum projections of CLSM z-stack images

showing the overlay of the expression of the three COLORFUL-ABA modules in leaves of 5-week-old
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transgenic Arabidopsis COLORFUL-ABA line #1 at 1 dpi after brush-inoculation with the epiphytically
growing G. orontii fungus (lower panel) in comparison to mock (upper panel). Scale bar: 50 yum. Borders
for the invaded cells are indicated as orange lines, borders for the adjacent cells are indicated as yellow
lines. (b-c) VENUS fluorescence intensities in pavement cells at Arabidopsis-G. orontii interaction sites
at 1 (b) and 2 dpi (c). (b-c, right panels) Quantitative heat map representations of ABA reporter activities
at 1 (b, right panel) and 2 dpi (c, right panel) in leaves of 5-week-old transgenic Arabidopsis COLORFUL-
ABA line #1. (d-e) COLORFUL-SA reporter activities in pavement cells at the sites of invasion by the G.
orontii at 1 (d) and 2 dpi (e). (d-e, right panels) Quantitative heat map representations of SA reporter
activities at 1 (d, right panel) and 2 dpi (e, right panel) in leaves of 5-week-old COLORFUL-SA line #1.
Box plots show first quartile (lower line); median (centre line); mean (+); third quartile (upper line);
whiskers extend 1.5 times the interquartile range, and outliers are shown as dots, n =6-10 infection sites
from independent plants. Data are relative to the uninfected mock. Different letters indicate significant
differences between groups (Two-way ANOVA followed by Tukey’s multiple comparison test, p < 0.05).
The experiments were repeated once using the same Arabidopsis transgenic COLORFUL-ABA #1 and
COLORFUL-SA #1. The same pattern of ABA and SA response was observed.

3.6. ABA mediates susceptibility to Noco2 and G. orontii

In order to investigate the cross-kingdom role of the enhanced ABA signaling in
modulating innate immunity during Arabidopsis interactions with the virulent isolate
of H. arabidopsidis-Noco2 and the fungus G. orontii, the pathogen-associated disease
phenotype was tested for the ABA biosynthetic mutants abal-101 and aba2-1 in
comparison to the wildtype. These mutant lines display stunted growth relative to the
wildtype, but the normalization of spore counts to fresh weight allowed comparing
sporulation on wildtype and mutant plants. Both mutants were challenged
independently with Noco2 and G. orontii. Quantitative analyses of Noco2 sporulation
at 6 dpi revealed significantly lower spore counts on abal-101 but not on aba2-1 in
comparison to the A. thaliana wildtype Col-0 (Figure 26a), which could be explained
by the lower ABA content in the abal-101 than aba2-1 (Rock & Zeevaart 1991; Barrero
et al. 2005; Marin et al. 1996). Next, the constitutively expressed PM marker GFP-
LTI6b was employed to measure the invasion dynamics of Noco2 on both Col-0
and abal-101 genotypes. Thus, the invasive establishment of haustoria was scored in
epidermal and mesophyll cells at 1, 2, and 3 dpi. Notably, CLSM of the COLORFUL-
ABA line #1 in abal-101 background in comparison to the wildtype revealed similar
haustoria frequencies in both genotypes at 1 and 2 dpi. In contrast, at 3 dpi, a

significantly higher haustoria formation was observed at individual Col-0-Noco2
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interaction sites in comparison to abal-101 (Figure 26b). These findings strongly
correlate with the aforementioned altered disease phenotype. Furthermore, both ABA
biosynthetic mutants showed enhanced resistance to G. orontii (Figure 26c¢-d). The
guantitative analyses of G. orontii infected plants at 10 dpi displayed significantly lower
spore counts on both mutants in comparison to the wildtype (Figure 26¢). These results

indicate that ABA promotes virulence to different biotrophic pathogens.
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Figure 26: ABA promotes susceptibility to different biotrophic pathogens. (a) Sporulation of the
spray-inoculated oomycete H. arabidopsidis virulent isolate-Noco2 on 2-week-old ABA deficient
mutants (abal-101 and aba2-1) in comparison to the wildtype Col-0 at 6 dpi. Measurements were
repeated twice, each containing five biological replicates, exhibiting the same disease phenotype. (b)
Frequencies of haustoria formation by Noco2 determined as the formation of extrahaustorial membranes
in pavement and palisade mesophyll cell layers. Measurements were obtained from three independent
experiments, each containing ten biological replicates. Data represent means + s.e.m. (c) Sporulation
of the fungus G. orontion 2-week-old brush-inoculated abal-101, aba2-1and Col-0. (d)
Macroscopic G. orontii disease phenotypes at 10 dpi for Col-0, abal-101, and aba2-1. Scale bar: 1 cm.
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Measurements were obtained from three independent repeats, each containing seven biological
replicates. Measurements were repeated twice, each containing seven biological replicates, showing
the same disease phenotype. Box plots show first quartile (lower line); median (centre line); mean (+);
third quartile (upper line); whiskers extend 1.5 times the interquartile range, and outliers are designated
as dots, n: 5-7 biological replicates. Asterisks indicate significant differences to the wildtype (*p < 0.05,
**p < 0.01, ***p < 0.001, Student’s t-test) and different letters (One-way ANOVA followed by Tukey’s

multiple comparison test, p-adjusted < 0.05) indicate significant differences between groups.

3.7. Pathogen-induced ABA signaling is dependent on ABA

biosynthesis

To test the dependency of the locally-confined triggered ABA signaling after pathogen
invasion at early time points, further quantitative analyses were performed after
infection of the COLORFUL-ABA line #1 in abal-101 background and the wildtype Col-
0 with the virulent biotrophic pathogens Noco2 and G. orontii at 1 and 2 dpi. In the
wildtype, the COLORFUL SPOTTER quantifications showed significant increase in the
ABA signaling activity in invaded pavement and mesophyll cells with the endophytic
oomycete Noco2 as well as with the epiphytic fungus G. orontii (Figure 27a-d). At 1
dpi, Noco2 induces ABA signaling activity with 3.47-fold and 5.23-fold of changes in
the invaded pavement (Figure 27a, upper panel) and mesophyll cells (Figure 27a,
lower panel) relative to the uninfected wildtype signaling activities, respectively.
Furthermore, at 2 dpi, the magnitude changed to 4.21-fold and 13.78-fold in pavement
(Figure 27b, upper panel) and mesophyll cells (Figure 27b, lower panel), respectively.
Interestingly, VENUS signal intensities in abal-101 mutant were significantly reduced
to 0.78-fold and 0.56-fold at 1 dpi and, 0.89-fold and 1.21-fold at 2 dpi in pavement

(Figure 27a, upper panel) and mesophyll cells (Figure 27a, lower panel), respectively.

Similarly, G. orontii at 1 dpi induces 2.7-fold VENUS intensity increases in the invaded
cells, which was lower in the abal-101 line relative to the mock of wildtype (by a factor
of 0.59-fold) (Figure 27c). At 2 dpi, G. orontii triggered 3.1-fold and 2.9-fold increases
in ABA reporter activities in the primary and the secondary invaded cells of the wildtype
plants, respectively. A predominant drastic reduction was shown in different domains
around the invasion sites in the ABA biosynthetic mutant, with a factor of 0.42-fold and

0.47-fold in the invaded cells relative to the wildtype (Figure 27d).
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Figure 27: H. arabidopsidis-Noco2 and G. orontii induced COLORFUL-ABA reporter activity is
dependent on the ABA biosynthesis. (a-b) The COLORFUL-ABA reporter activities at the sites of
invasion by the Noco2 at 1 (a) and 2 (b) dpi in pavement cells (a, upper panel, b, upper panel) and
mesophyll cells (a, lower panel, b, lower panel) of the wildtype Col-0 (red) and abal-101 (gray)
backgrounds. Data are normalized to the uninfected wildtype. (c, d) The COLORFUL-ABA reporter
activities in pavement cells at the sites of invasion by the fungus G. orontii at 1 (c) and 2 (d) dpi in
pavement cells of the wildtype Col-0 (red) and abal-101 (gray) backgrounds. Data are normalized to
the uninfected wildtype. Box plots show first quartile (lower line); median (centre line); mean (+); third

quartile (upper line); whiskers extend 1.5 times the interquartile range, and outliers (dots), n = 7-10
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infection sites. Different letters (Two-way ANOVA followed by Tukey’'s multiple comparison test, p-
adjusted < 0.05) indicate significant differences. The two experiments were repeated once, showing the
same pattern of response.

To show a summary of the quantitative measurements in the previous figures,
guantitative heat map representations were designed for ABA signaling activities at
sites of Arabidopsis interactions with Noco2 and G. orontii (Figure 28). The schemes
reflect the drastic reduction in ABA signaling activities (in green) in the ABA
biosynthetic mutant abal-101 (Figure 28a-d, lower panels), in comparison to the
wildtype (Figure 28a-d, upper panels).

H. arabidopsidis_Noco?2 Golavinomyces orontii

a . b . c . d _
1 dpi 2 dpi 1.dpi 2 dpi

Col-0

abail-101

Figure 28: Quantitative heat map representations of ABA signaling activities at sites of
Arabidopsis interactions with H. arabidopsidis-Noco2 and G. orontii. (a-b) ABA reporter activities
at 1 (a) and 2 dpi (b) in leaves of 3-week-old Arabidopsis COLORFUL-ABA line #1 in the wildtype Col-
0 background (a and b, upper panel) and in the ABA biosynthetic mutant abal-101 (a and b, lower
panel). (c-d) ABA reporter activities at 1 (c) and 2 dpi (d) in leaves of 5-week-old Arabidopsis
COLORFUL-ABA line #1 in the wildtype Col-0 background (c and d, upper panel) and in the ABA
biosynthetic mutant abal-101 (c and d, lower panel).
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3.8.The ABA core regulatory components SnRK2D, SnRK2lI,
and PP2CA mediate the pathogen-induced ABA and SA

responses

One of the main objectives of the current study was to uncover the core regulatory
network in ABA that mediates pathogen-induced ABA signaling. Therefore, positive
and negative regulators of ABA signaling cascade, SNF1-related protein kinases 2
(SNRK2s), and type 2C protein phosphatase (PP2Cs), respectively, were investigated

in the following part to characterize their contributions in plant immune responses.

3.8.1. SnRK2D and SnRK2I display negative impacts on the plant immune
responses

Among the ten members of the SnRK2 family, subclass Ill (which includes three
members: SnRK2D/SnRK2.2, SRK2E/OPEN STOMATAl (OST1)/SnRK2.6, and
SnRK21/SnRK2.3) showed high phosphorylation activity upon accumulation of ABA as
well as during pathogen infections within 30 min (Umezawa et al. 2010; Yoshida et al.
2006). Therefore, mutant analyses were performed on the individual T-DNA insertion
mutants snrk2d, snrk2e, snrk2i, and the double mutants snrk2d snrk2e, snrk2d snrk2i,
snrk2e snrk2i (Nakashima et al. 2009) to identify the SnRK2s that mediate the
previously described pathogen-associated ABA signaling pattern promoting
susceptibility to different biotrophic pathogens. Fujii & Zhu (2009) and Nakashima et
al. (2009) demonstrated that the triple mutant snrk2d snrk2e snrk2i showed severely
impaired germination, growth, and reproduction. Moreover, the mutant did not grow
under normal short- or long-day chambers conditions due to severe dryness
associated with impaired ABA-signaling. Therefore, this mutant was excluded from

these analyses.

To examine the regulatory role of SnRK2s in the pathogen mediated ABA upregulation,
the sporulation of Noco2 and G. orontii was tested on the mutants as mentioned earlier
in Col-0 background, as well as on the hypersusceptible mutant eds1 (Parker et al.
1996) and the highly resistant mutant sncl (Li et al. 2001) (data are not shown). After

infection with Noco2, snrk2d snrk2i seedlings displayed a disease resistance
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phenotype at 6 dpi in comparison to the other tested mutants and the susceptible
wildtype Col-0 (Figure 29a). Moreover, a similar result was obtained with G.
orontii infection experiments at 10 dpi on the same mutants (Figure 29b-c). The
interaction of snrk2d and snrk2i individual mutants with Noco2 and G. orontii showed
a wildtype-like phenotype (Figure 29c), underpinning the redundancy of the role of
SnRK2D and SnRK2I kinases in the pathogen-induced phosphorylation of ABA

downstream components.

Next, snrk2d, snrk2i, snrk2d snrk2i mutants were crossed with the COLORFUL-ABA
line #1 to investigate the dependency of pathogen mediated ABA signaling activity on
these kinases. Surprisingly, after the selection of the homozygous lines for F3
generation, a partial silencing of the reference and membrane marker modules was
observed in F3 and F4 generations of only snrk2d snrk2i double mutant. Therefore,
the reporter signal intensities in each genotype were normalized to the corresponding
uninfected mock not to the uninfected Col-0. Quantitative data analyses at 2 dpi
showed significantly enhanced VENUS signals in the primary (4.72-fold), and
secondary (2.68-fold) G. orontii invaded domains of the wildtype. Moreover, the double
mutant snrk2d snrk2i remarkably exhibited a significant reduction in ABA signal
intensities upon G. orontii infections in comparison to the wildtype. VENUS
fluorescence intensities in primary and secondary invaded domains were 1.64-fold and
1.32-fold, respectively. Pathogen induced ABA signaling in individual mutant
genotypes snrk2d and snrk2i showed a wildtype-like pattern (Figure 29d), providing
additional proof that SnRK2D and SnRK2| are redundantly involved in pathogen

mediated upregulation of the ABA signaling cascade to promote susceptibility.

In order to outline the quantitative measurements of ABA signaling activities at sites of
Arabidopsis interactions with G. orontii (Figure 29d), quantitative heat map
representations were designed (Figure 28e). The schemes show the drastic reduction
in ABA signaling activities (in gray) in the ABA signaling double mutant snrk2d snrk2i
(Figure 29e, 4™ panel), in comparison to the wildtype Col-0 background (Figure 29e,
15t panel), the individual ABA signaling mutants snrk2d (2" panel), and snrk2i (3rd

panel).
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Figure 29: SnRK2D and SnRK2I redundantly supress the immune responses during different
biotrophic interactions. (a) Sporulation of the virulent isolate of the oomycete H. arabidopsidis-Noco2
spray-inoculated on 2-week-old ABA signaling mutants (snrk2d, snrk2e, snrk2i, snrk2d snrk2e, snrk2d
snrk2i, and snrk2e snrk2i) in comparison to the susceptible wildtype Col-0 plants at 6 dpi. n = 5 biological
replicates (b) Sporulation of the fungus G. orontiion 5-week-old brush-inoculated ABA signaling
mutants (snrk2d, snrk2e, snrk2i, snrk2d snrk2e, snrk2d snrk2i, and snrk2e snrk2i) in comparison to the
susceptible wildtype Col-0 at 10 dpi. n = 7. Measurements in (a) and (b) were repeated twice, and the
same disease phenotype pattern was observed in all repeats. (c) Macroscopic G. orontii infection
phenotypes at 10 dpi for the wildtype col-0, snrk2d, snrk2i and snrk2i. (d) The COLORFUL-ABA reporter
activities at the sites of invasion by the G. orontiiat 2 dpi in the epidermal cell layer in Col-
0, snrk2d, snrk2i, snrk2d snrk2i. (e) Quantitative heat map representations of ABA signaling activities at
sites of Arabidopsis interactions with G. orontii at 2 dpi at the epidermal cell layer in leaves of 5-week-
old Arabidopsis COLORFUL-ABA line #1 in the wildtype Col-0 background (1%t panel), in the ABA
signaling mutants snrk2d (2" panel), snrk2i (3™ panel), and snrk2d snrk2i (4" panel). Box plots show
first quartile (lower line); median (centre line); mean (+); third quartile (upper line); whiskers extend 1.5
times the interquartile range, outliers are designated as dots, n = 7-10. Data were normalized to
corresponding mock. (a-b) Different letters (One-way ANOVA followed by Tukey’s multiple comparison
test, p-adjusted < 0.05) indicate significant differences between groups. Asterisks indicate the significant
difference to the infected wildtype Col-0 (*p < 0.05, **p < 0.01, ***p < 0.001, Student’s t-test) (d) Asterisks
indicate the significant difference to the uninfected corresponding mock (*p < 0.05, **p < 0.01, ***p <
0.001, Student’s t-test) and different letters (Two-way ANOVA followed by Tukey’s multiple comparison
test, p-adjusted < 0.05) indicate significant differences between groups.(d) was repeated once showing

the same pattern of ABA responses.

3.8.2. PP2CA negatively regulates immune responses

Of the ten PP2C subclades, the members of the PP2C group A phosphatases have
been investigated intensively in Arabidopsis as negative regulators of ABA signaling,
such as ABA-INSENSITIVE1 (ABI1), ABI2 (Saez et al. 2006), the HYPERSENSITIVE
TO ABA1l (HAB1) (Saez et al. 2004), ABA-HYPERSENSITIVE GERMINATION 1
(AHG1), and 3 (AHG3)/PP2CA (Kuhn et al. 2006). T-DNA insertion lines abil-2 and
habl-2 (Nishimura et al. 2007; Yoshida et al. 2006), pp2ca-1 (Kuhn et al. 2006), as
well as the single nucleotide mutation loss-of-function mutants, ahgl-1 and ahg3-
1 (Nishimura et al. 2007; Yoshida et al. 2006) showed an increase in the expression of

ABA inducible genes and ABA hypersensitivity phenotype in germination and growth.
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In two recent studies in our lab, Schliekmann (2017) and Lubbers (2018) characterized
the disease phenotype and sporulation of Noco2 and G. orontiion different
Arabidopsis PP2C loss-of-function mutants. These analyses showed that ahgl-
1, hab1-1, abil-2, ahg3-1 do not exhibit any altered disease phenotype in comparison
to the wildtype Col-0 after Noco2 and G. orontii infections. On the contrary, pp2ca-
1 knockout mutant showed enhanced disease resistance to both pathogens (Lubbers
2018). Additionally, Manohar et al. (2017) investigated the SA-binding molecules and
demonstrated that the ABA negative regulators PP2Cs bind SA. Therefore, the two
mutants of AHG3/PP2CA, ahg3-1, and pp2ca-1 were crossed with COLORFUL-ABA
line #1 and COLORFUL-SA line #1 to map the changes in ABA and SA signaling
following pathogen attack.

3.8.2.1. pp2ca-1 exhibits significantly induced ABA signaling activities in
comparison to the wildtype

In order to investigate the changes in ABA signaling in the PP2CA deficient mutants,
which showed enhanced resistance, the F3 homozygous lines COLORFUL-ABA line
#1in pp2ca-1 and ahg3-1 backgrounds were used to map ABA signaling after infection
with Noco2 and G. orontii comparative to the wildtype, followed by quantitative
analyses of ABA signaling activities at 2 dpi. In Col-0 and ahg3-1 backgrounds, ABA
signaling activities were significantly enhanced with a 3.21-fold and 2.43-fold increase,
respectively, in Noco2 invaded epidermal domains. A similar pattern with a higher
magnitude (7.46-fold and 6.51-fold increase) was observed in the mesophyll. The
statistical analysis did not show any differences in the responses of ahg3-1 mutant and
the wildtype with respect to invaded, adjacent, and distant domains also with G. orontii
(Figure 30a-b). On the contrary, the knockout mutant pp2ca-1 revealed a significant
enhancement in ABA signal intensities not only in the invaded cells but also in the
immediately adjacent domain to Noco2 or G. ornotii haustoriated domains. These
results reflect the negative regulatory role of PP2Cs in mediating ABA signaling

following pathogen invasion.
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Figure 30: Noco2 and G. orontii trigger the enhanced ABA signaling at their interaction sites
in pp2ca-1in comparison to the wildtype. (a) The COLORFUL-ABA reporter activities at the sites of
Noco2 invasion at 2 dpi in the epidermal cell layer (upper panel) and mesophyll cell layer (lower panel)
of 3-week-old COLORFUL-ABA line #1 in Col-0, pp2ca-1, and ahg3-1 backgrounds. (b) The
COLORFUL-ABA line #1 reporter activity at the sites of G. orontii invasion at 2 dpi in the epidermal cell
layer of 5-week-old COLORFUL-ABA line #1 in Col-0, pp2ca-1, and ahg3-1 backgrounds. Box plots
show first quartile (lower line); median (centre line); mean (+); third quartile (upper line); whiskers extend
1.5 times the interquartile range, and outliers are indicated as dots, n = 7-10 infection sites. Different
letters (Two-way ANOVA followed by Tukey’s multiple comparison test, p-adjusted < 0.05) indicate
significant differences. These experiments were repeated once showing the same pattern of ABA

response.

Concisely, the quantitative heat map schemes (Figure 31la-b) reflect the strongly
triggered ABA signaling in Noco2 and G. orontii haustoriated, as well as the adjacent
cells at Noco2 interaction sites in pp2ca-1 mutant incomparison to the wildtype, and

the ahg3-1 mutant.
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Figure 31: Quantitative heat map representations of ABA signaling activities at sites of

Arabidopsis interactions with H. arabidopsidis-Noco2 and G. orontii. (a) The ABA reporter activities
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at Noco? interaction sites at 2 dpi in leaves of 3-week-old Arabidopsis COLORFUL-ABA line #1 in the
wildtype Col-0 background (left panel), the ABA signaling mutant pp2ca-1 (middel panel), and in the
ABA signaling mutant ahg3-1 (right panel). (b) The ABA reporter activities at G. orontii interaction sites
at 2 dpi in leaves of 5-week-old Arabidopsis COLORFUL-ABA line #1 in the wildtype Col-0 background
(left panel), the ABA signaling mutant pp2ca-1 (middel panel), and in the ABA signaling mutant ahg3-1
(right panel).

3.8.2.2. SA signaling is highly activated at pp2cal-H. arabidopsidis interactions
sites relative to the wildtype and the missense mutant ahg3-1

PP2CA knockout mutant pp2ca-1 showed enhanced resistance to different biotrophic
pathogens, though it showed enhanced ABA signaling, while the PP2CA single amino
acid exchange mutant ahg3-1 did not show any differences in the disease phenotype
and the ABA-signaling pattern in comparison to the wildtype. Manohar et al.
(2017) investigated the SA binding capacity of different PP2Cs rather than
AHG3/PP2CA, and they reported that PP2Cs act as SA-binding proteins (SABP).
Accordingly, pp2cal and ahg3-1 were crossed with COLORFUL-SA #1 to map the

changes in SA signaling following pathogen assays.

Notably, quantitative analyses at 2 dpi with the virulent isolate of H. arabidopsidis
Noco2 exhibited a significant activation of SA signaling in pp2cal mutant in
comparison to the wildtype and ahg3-1 mutant in the haustoriated and directly adjacent
domains in the pavement (Figure 32a,c) and mesophyll cell layer (Figure 32b,c).
Moreover, the pathogen induced-SA pattern in both Col-0 and ahg3-1 backgrounds did
not show any significant differences. These findings might explain the resistance
phenotype associated with this mutant to biotrophic pathogens by the loss-of binding
activity of PP2CA with SA, which is unchanged in the single amino acid exchange

mutant ahg3-1.
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Figure 32: SA signaling is significantly triggered at the Noco2 invaded and adjacent domains

of pp2ca-1in comparison to the Col-0 and ahg3-1. (a-b) The COLORFUL-SA reporter activities at
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the sites of Noco2 invasion at 2 dpi in the epidermal cell layer (a) and mesophyll cell layer (b) of 3-week-
old seedlings of COLORFUL-SA line #1 in Col-0, pp2ca-1, and ahg3-1 backgrounds. (e) Quantitative
heat map representations of SA signaling activities at sites of Arabidopsis interactions with Noco2 at 2
dpi in leaves of 3-week-old Arabidopsis COLORFUL-SA line #1 in the wildtype Col-0 background (left
panel), and in the ABA signaling mutants pp2cal (middle panel), and ahg3-1 (right panel). Box plots
show first quartile (lower line); median (centre line); mean (+); third quartile (upper line); whiskers extend
1.5 times the interquartile range, and outliers are designated as dots, n = 7-10 infection sites. Different
letters (Two-way ANOVA followed by Tukey’'s multiple comparison test, p-adjusted < 0.05) indicate
significant differences. This experiment was repeated once showing the same pattern of SA response.
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4. DISCUSSION

The main objective of the current study was to explore hormone-signaling cascades
on a cellular scale shortly after pathogen invasion. Understanding the spatio-temporal
signaling of ABA, SA, JA and JA/ET during compatible and incompatible biotrophic
interactions with A. thaliana could provide an insight into the mechanisms by which the
pathogen can overcome the plant immune system. To this end, recently generated
transgenic Arabidopsis transcriptional output reporter lines for the hormones ABA, SA,
JA and JA/ET were used in this study and complemented by the in-depth
characterization of the ABA reporter-reference line. The resulting COLORFUL
hormone signaling reporter line collection was subsequently employed in comparative

plant-microbe interaction analyses.

4.1. COLORFUL reporters facilitate robust live-cell readouts of

hormone signaling output

41.1. The reference and the membrane marker modules allowed live-cell
imaging and monitoring of tissue integrity

In this project, the transgenic Arabidopsis COLORFUL-ABA reporter that enabled the
mapping of ABA signaling outputs at single-cell resolution was established and
subsequent functional characterization analyses were performed. In contrast to
previously described marker gene promoter-based reporters for ABA (Christmann et
al. 2005; Himmelbach et al. 2002; Ishitani et al. 1997; S6derman et al. 1999), SA
(Betsuyaku et al. 2018), JA (Betsuyaku et al. 2018; Mousavi et al. 2013) and JA/ET
(Manners et al. 1998), the COLORFUL biosensors feature an N7 nuclear-targeted
(Cutler et al. 2000) reference (Figure 7a-b, magenta) readout that serves as a cellular
viability marker, and allows live-cell imaging as well as robust and precise

guantification of single-cell reporter activities in distinct cell types. Another key feature
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of the COLORFUL system is an LTI6b-PM localized (Cutler et al. 2000) cell membrane
marker module (Figure 6i, gray), which was used in this study to allocate the single-
cell signals and to monitor tissue integrity, pathogen invasion sites, invading structures,
and induced cell death responses. Moreover, CaMV35S driven GFP enabled the
detection of topology, size, identity, and viability of individual cells and their relative

position in a tissue context.

Although the reference module was designed and inserted into the COLORFUL
biosensors to allow ratiometric reference-reporter analyses, UBQ10 driven mKATE2
signal intensities were shown to be slightly induced upon ABA treatment (Figure 9c).
Therefore, the UBQ10-mKATE2 marker was not used as a reference in this study, but
rather employed for general nuclear detection, for sorting, and as a cellular viability
reporter. Moreover, the COLORFUL SPOTTER plugin tool provided a high-throughput
capacity for confocal image processing and robust cellular hormone response

analyses.

4.1.2. The reporter module activities are controlled by promoters of highly

responsive and well-known marker genes

4.1.2.1. ABA treatment induced a higher PP2CA transcript level in comparison to
other investigated ABA responsive genes

In contrast to previously developed ABA reporters (Christmann et al. 2005;
Himmelbach et al. 2002; Ishitani et al. 1997; S6derman et al. 1999), the promoter of
the ABA marker gene PP2CA (Kuhn et al. 2006) was utilized in the current study to
develop an ABA reporter line. A comparative expression analysis was carried out to
test the ABA-responsive expression of PP2CA, RD29A/B, HB6, and RAB18. In the
wildtype and in an ABA deficient mutant, ABA treatment enhanced a higher PP2CA
transcript level in comparison to the other tested genes (Figure 6a). Zhao et al. (2018)
and Harb et al. (2010) reported that in response to exogenous application of ABA or
mannitol to Arabidopsis plants, RAB18 exhibited a higher transcript level in comparison
to RD29A/RD29B in Col-0. Conversely, our data analyses exhibited a higher RD29A/B
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expression level in comparison to RAB18. What is more, HB6, RAB18, and PP2CA did
not show any significant differences in expression after ABA treatment in an ABA
signaling mutant as compared with untreated seedlings. This is in line with the findings
of Zhao et al. (2018), who observed that exogenous ABA treatment did not alter the

expression level of RAB18 in the ABA signaling mutant snrk2d snrk2e snrk2i.

Additionally, the expression of RD29A and RD29B was slightly yet significantly
enhanced in the wildtype as reported by Cruz et al. (2014) and Cui et al. (2014).
However, RD29A and RD29B expression was induced by exogenous ABA treatment
in the ABA signaling mutant as well. Fujii et al. (2011) investigated the contribution of
different SNnRK2 to the expression of osmotic stress-controlled genes in the triple
snrk2d snrk2e snrk2i and septuple srk2g srk2a srk2h srk2f srk2c srk2j srk2b mutants
in comparison to the wildtype Col-0. The authors of the later study showed that osmotic
stress significantly induced the expression of all tested genes including RD29A and
RD26 in the aforementioned genotypes, supporting the idea that RD29A could not be
used as a robust ABA-controlled signaling marker, since it reflected a partial ShnRK2-
independent upregulation. On the contrary, Zhao et al. (2018) demonstrated that
neither ABA nor mannitol treatments activated the expression of RD29B in ABA
receptor mutants. Moreover, Christmann et al. (2005) reported low sensitivity of a
RD29B driven LUC reporter in comparison to an HB6 driven LUC reporter for mapping
the changes in ABA signaling following exogenous ABA treatment as well as water
stress. These findings demonstrated that PP2CA exhibited a higher responsiveness
only to ABA, and was thus selected here to drive the expression of VENUS in the
COLORFUL-ABA reporter.

4.1.2.2. COLORFUL-biosensors displayed hormone dosage- and incubation
time-dependent activities on a transcriptional level

Promoters of the ABA-responsive PP2CA gene (Kuhn et al. 2006), SA-
responsive PR1 marker gene (Caoet al. 1994; Mouet al. 2003), the JA-
inducible VSP2 marker gene (Anderson et al. 2004; Lorenzo et al. 2004), and the
JA/ET-responsive PDF1.2a marker gene (Penninckx et al. 1998) were selected to
drive the expression of VENUS fused with the nuclear localization signal N7 (Cutler et
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al. 2000) in COLORFUL-ABA, -SA, -JA, and -JA/ET, respectively. Targeting the
hormone-controlled VENUS to the nucleus allows the quantification of hormone
signaling at single-cell level. The nuclear localization of a stimulus-controlled
fluorescent protein is known to improve the signal to noise ratio in quantitative analyses
(Kinkema et al. 2000; Rhee et al. 2006; Seibel et al. 2007).

4.1.2.2.1. VENUS reporter signal activation displays high sensitivity of the

employed promoters to minor changes in hormone signaling

Hormone treatment experiments exhibited that PP2CA-VENUS-N7 (ABA-reporter,
Figure 7a) showed ABA dosage- and incubation time-dependent activities. Following
the incubation of COLORFUL-ABA seedlings in different ABA concentrations, a
remarkable concentration-dependent increase in the reporter activity was observed,
which proportionally correlated with the increasing ABA dose (Figure 8a). The ABA
reporter showed a significant increase in VENUS signal intensities upon treatment with
0.5 uM ABA, reflecting the high sensitivity of the COLORFUL-ABA reporter to map the
minimal changes in ABA levels. The content of ABA in the wildtype Col-0 is mainly
dependent on the tissue type, as the ABA level was 0.003 pg\g fresh weight (FW) in
leaf tissues (Li et al. 2012) and 0.01 pg\g FW in root tissues (Geng et al. 2013), while
Forcat et al. (2008) reported that ABA is generally undetectable in unstressed

Arabidopsis leaves.

The aforementioned studies revealed up to 30-fold increases in ABA content under
biotic and abiotic stress conditions. Sauter et al. (2001) reported that unknown amounts
of the exogenously applied ABA are absorbed via Arabidopsis roots. To address this,
Wang et al. (2018) measured the leaf content of active ABA and inactive glucose-
conjugated ABA (ABA-GE) in response to the exogenous applications of ABA. Data
analyses showed a 0.058, 0.409, and 1.17 ug/g FW cellular ABA content and 2.22,
13.90, and 33.98 pg/g FW cellular ABA-GE content after 24 h treatments with 10, 50,
and 100 uM ABA, respectively. A gradual increase of ABA content was observed with
all treatments. Wang et al. (2018) concluded that ABA is absorbed by the roots and
transformed into other inactive forms through the conjugation or hydroxylation prior to

accumulation in different plant tissues. These combined findings indicate that the
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absorbed amount of ABA after treatment with 0.1 uM ABA might not be detectable
using the classical ABA detection and quantification assays. However, COLORFUL-
ABA showed a strongly enhanced reporter activity in response to such precise changes

in hormone concentration.

4.1.2.2.2. COLORFUL-ABA exhibits a high dependency of the reporter signal on
endogenous hormone levels

Analyses of ABA biosynthetic mutants before and after hormone treatments showed
the specificity of the selected promoters. The significantly lower signal intensities in
ABA-untreated seedlings of the abal-101 mutant in comparison to the wildtype
revealed the specificity of this reporter system to ABA as a stimulus (Figure 10c). The
impaired ABA biosynthesis in abal-101 is the main reason for reporter signal
downregulation, as abal showed a lower ABA biosynthetic capacity in comparison to
the wildtype (Rock & Zeevaart 1991; Barrero et al. 2005). Moreover, the
complementation of the low reporter activity in abal-101 by exogenous ABA treatment
is an additional proof for this specificity. Notably, the reduction in VENUS signals in the
ABA deficient line (Figure 10c) relative to the wildtype was reflected on the
transcriptional level, hence the PP2CA expression was lower in abal-101 relative to

wildtype (Figure 10d).

4.1.2.2.3. Hormone treatment progressively induces PP2CA, PR1, VSP2 and
PDF1-2a transcript levels

For an additional level of functional characterization, the transcriptional activations of
the aforementioned marker genes in response to hormone treatments were
investigated over a specific time period. gqRT-PCR analyses showed upregulation of
PP2CA (Figure 6d), PR1 (Figure 11a), VSP2 (Figure 11b), and PDF1-2 (Figure 11c)
after ABA, SA, MeJA, and MeJA+ACC treatments, respectively. Similarly, Chen et al.
(2017), Gruner et al. (2018), Vos et al. (2015) and Zander et al. (2014) observed
enhanced expression levels of PR1, VSP2 and PDF1-2 relative to mock plants in five-
week-old Arabidopsis plants after treatment with SA, MeJA, and ACC, respectively for

at least 24 h. Similar to our findings at early points in time after SA treatment, Gruner
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et al. (2018) observed a significantly enhanced PR1 expression. Moreover, kinetics of
PP2CA expression correlated with the timing of increasing ABA reporter activity, but
increases of promoter-reporter activity could be detected earlier (3.0 h) (Figure 10b)
than changes in PP2CA transcript levels (12 h) (Figure 6h). These findings reflect the
higher suitability and sensitivity of the COLORFUL reporter system in comparison to
previously published transcriptional reporters, thus enabling hormone response

measurements.

4.2. COLORFUL-ABA explore distinct cell-type specific

hormone sensitivities and signaling outputs

During this project, the main focus was to map changes in hormone signaling in
Arabidopsis leaf tissues. A remarkable cell-type-specific activation of hormone-
controlled VENUS fluorescence was observed in hormone-treated leaves. In case of
the ABA-reporter, the epidermal guard cells displayed the maximum ABA signal
intensity in comparison to the epidermal pavement and the palisade mesophyll cells
(Figure 9b). In Arabidopsis guard cells, vascular tissues of leaves and roots are known
to synthesize ABA (Bauer et al. 2013; Boursiac et al. 2013; Seo & Koshiba 2011;
Waadt et al. 2014). Subsequently, ABA is exported to the guard cells via ABA
transporters (Kang et al. 2010; Kuromori et al. 2011; Kanno et al. 2012; Boursiac et al.
2013). Therefore, guard cells act as reservoirs for ABA (Waadt et al. 2014; Waadt et
al. 2015). The variation of the ABA signal intensities in discrete leaf cell types before
and after ABA treatment demonstrates that each cell type has a different ABA
sensitivity. Given that mature guard cells are not connected to epidermal pavement
and palisade mesophyll cells via plasmodesmata (Wille & Lucas, 1984) are, this may
reflect low hormone uptake from the apoplastic space. Conceivably, other ABA
signaling components may also show cell-type-specific activity patterns. In the future,
COLORFUL reporters may facilitate identification of novel cell-specific master
regulators in mutant screens using automated, high-throughput, confocal imaging, and
may uncover tissue-specific activities of already established signaling hubs that have
so far been overlooked, thereby clarifying seemingly contradictory or inconsistent

findings.
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4.3. COLORFUL-biosensors map long-distance ABA signaling

in different Arabidopsis tissues

ABA transport and distribution has been intensively studied (Boursiac et al. 2013;
Jones et al. 2014; Seo & Koshiba 2011; Waadt et al. 2014; Wilkinson & Davies 2002).
ABACUS and ABAleon FRET based sensors enabled direct measurements of ABA
concentration, as well as the ABA transport in different tissues only after exogenous
ABA treatment (Jones et al. 2014; Waadt et al. 2014). However, Waadt et al. (2015),
Hayes (2018) and Wu et al. (2018) concluded that both ABACUS and ABAleon
reporters possess a limited capacity to map the extremely low basal levels of
endogenous ABA in Arabidopsis. In the current study, the measurements of VENUS
signal intensities in different Arabidopsis tissues with and without ABA treatment
reflected the high sensitivity of the COLORFUL-ABA reporter system to map basal and
ABA-induced long-distance hormone signaling (Figure 12a-b). Quantitative and
qualitative data showed the maximum ABA signal in the root tip (Figure 12-c), while
the lowest signal intensities were found in the root elongation zone (Figure 12-b, d).
Moreover, the leaves, cotyledon, and hypocotyl showed intermediate signal intensities
(Figure 12-b, e, f). A similar ABA mapping pattern was provided by Waadt et al. (2014),
which indirectly correlated ABA concentrations to the developmental and stress-
induced spatiotemporal expression pattern of ABA biosynthetic enzymes encoded by
NCED genes (Jones 2016; Tan et al. 2003; Waadt et al. 2015). Moreover, differential
ABA signaling showed a high dependency on ABA biosynthesis—hence an ABA
deficient mutant showed an undetectable reporter signal in all tested Arabidopsis
tissues—that could be complemented by exogenous ABA treatment (Figure 13 and
14).

Furthermore, a contrasting distribution of ABA signal strength was seen in different cell
types of young cotyledons in comparison to the old cotyledons and true leaves. More
specifically, pavement cells of three-day-old cotyledons displayed higher ABA signal
intensities in comparison to the signal in the guard cell (Figure 12g), while twelve-day-
old cotyledons or true leaves showed the opposite (Figure 12h-i). Several previous
studies addressed the role of ABA in early and late developmental stages of
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Arabidopsis plants and showed that ABA is involved in stomatal movement in several
plant species (Cai et al. 2017; Chen et al. 2016; Wang et al. 2013; Wolf et al. 2006).
Moreover, several studies emphasized the role of ABA in newly developing tissues not
only in stomatal development and distribution (Chater et al. 2014; Lake et al. 2002;
Tanaka et al. 2013; Xie et al. 2006), but also with regard to the expansion of pavement
and mesophyll cells, where higher ABA levels are required (Pantin et al. 2012; Parent
et al. 2009; Tardieu et al. 2011). Consequently, ABA deficient mutants exhibited
enhanced stomatal density and a stunted growth phenotype in comparison to the
wildtype Col-0 (Cai et al. 2017). Mature Arabidopsis tissues are known to export ABA
to the developing ones (Jordan et al. 1975; Zeevaart, 1977; Cornish & Zeevaart 1984).
These findings indicate the correlation of cell sensitivity to ABA accumulation,
perception, and signaling with cell development. Aliniaeifard & Van Meeteren (2013),
Pantin et al. (2013a) and Pantin et al. (2013b) revealed that guard cells in young leaf
tissues are unresponsive to ABA, whereas, Tanaka et al. (2013) proved the high
responsiveness of epidermal cells to ABA in comparison to the guard cells in newly
developing tissues. In conclusion, the difference with respect to ABA content in the
guard and pavement cells is dependent on the tissue developmental stage and further

analyses are needed to obtain deeper insights into this phenomenon.

COLORFUL plants did not show any difference in growth phenotype in comparison to
Col-0 seedlings (data not shown), indicating that the transformation of Arabidopsis with
this multimodular COLORFUL-cassette did not affect the developmental processes in
the seedlings. In contrast, Jones et al. (2014) and Waadt et al. (2014) demonstrated
that the FRET-based ABA reporters ABACUS and ABAleon affected ABA signaling,
inasmuch as ABACUS seedlings displayed a hypersensitivity in seed germination and
root growth (Jones et al. 2014). Similarly ABAleon seedlings showed a stunting
phenotype relative to the wildtype, as well as hyposensitivity to ABA during seed
germination (Waadt et al. 2014; Waadt et al. 2015).
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4.4.Hormone treatment induces differential organ-specific

SA-, JA-, and JA/ET-reporter activities

Before hormone treatments, COLORFUL-SA, -JA, and -JA/ET did not show any spatial
differences in VENUS signal intensities between leaves, cotyledons, and roots, while
the three reporters showed lower reporter activities in the roots following hormone
treatments in comparison to cotyledons and leaves (Figure 15a-c). It is known that in
response to different stimuli, changes in plant hormones result in differential hormone-
responsive gene expression patterns in different tissues (Gao et al. 2017; Glauser et
al. 2008; Paponov et al. 2008; Raines et al. 2016). Prerostova et al. (2018) observed
a strong yet negligible SA accumulation in the leaf and root tissues respectively after
exogenous application of SA. In addition, Glauser et al. (2008) demonstrated that
wounding stimulated jasmonate biosynthesis and JA-responsive gene expression in a
tissues-specific pattern in Arabidopsis plants. Furthermore, Tytgat et al. (2013)
analyzed the biochemical and molecular changes in shoots and roots of Brassica
oleracea in response to MeJA treatments. A distinct spatio-temporal activation of
primary and secondary metabolites was observed, shoots showed immediate and
strong JA-driven responses, while roots showed less extensive responses. Thus,
guantitative analyses of hormone signaling using COLORFUL-biosensors reflected not
only a tissue-specific but also an organ-specific activation of SA, JA, and JA/ET
signaling pathways.

4.5. GFP-LTI6b and mKATE2-N7 modules allow visualization of
the invasion process and are used as markers for cell

viability

For plant-microbe interaction studies, it is essential to monitor the vegetative growth
and the invasion dynamics of the attacking pathogen inside plant tissues. Trypan blue
has been commonly used to visualize pathogenic structures, as well as to monitor plant
cell death (Aarts et al. 1998; Asai et al. 2015; Holt et al. 2005; McDowell 2011).

Moreover, aniline blue has been used to visualize cell wall remodeling or to detect
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depositions at sites of invasion in plant cell walls such as callose and other auto-
fluorescent metabolites (McDowell 2011; Cabral et al. 2011; Sohn et al. 2007). In this
study, the GFP-LTI6b module combined with FB28 staining, provided an easier
detection of individual plant-microbe interaction sites and allowed the monitoring of
invasion dynamics of different biotrophic pathogens used in this study. Following
infection with a spore, the PM-module helped in the identification of the outer periclinal
epidermal cell wall penetrations, the invaginations between two cells, as well as the
pathogen induced thickening of the invaded cell wall. Additionally, the PM-marker
indirectly enabled the tracing of intercellular pathogenic growth into the anticlinal
epidermal cell walls and the invasive establishment of pathogen feeding structures into
the epidermal and mesophyll cells (Figure 17a-b).

At 1 dpi, the avirulent H. arabidopsidis isolate Emwal showed a higher penetration
rate (Figure 17c¢) and haustoria formation capacity (Figure 17d) in comparison to the
virulent isolate Noco2. While at 2 dpi, the haustoria formation capacity of Noco2
showed a drastic increase relative to Emwal (Figure 17d). At later time points, the
membrane marker was used for the detection of cell death, which is indicated by the
gradual disruption of the membrane signal that disappears at later time points (Figure
17f). In addition, the nuclear marker reference mKATE2-N7 provided another indicator
for the integrity and the viability of invaded cells, since dying cells showed degradation
and subsequent disappearance of the fluorescence signal (Figure 17f). Cell death
using these markers was detected during the incompatible interaction of Emwal, which
involves the ETI mediated by the Col-0 RPP4 resistance gene (Massoud et al. 2012;
Van der Biezen et al. 2002). During the compatible interaction of Noco2 with Col-0
(Carstens et al. 2014), membrane and nuclear markers reflected the integrity of the
invaded cells (Figure 17g). Furthermore, the intact cells responded to plasmolysis

treatment, thus confirming the vitality of the infected cells (Figure 17f-g).

In comparative analyses for SA levels in Arabidopsis Col-0 leaves subsequent to
infection with both Noco2 and Emwal, Mauch-Mani & Slusarenko (1996) reported that
R gene-mediated resistance against Emwal is accompanied by significant
accumulation of free SA, while no changes were observed with Noco2. Though often

neglected, distinct pathogen invasion kinetics as evidenced here for Noco2 and
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Emwal are similarly important for comparative analyses, since they have considerable
effects on timing and amplitude of plant defense responses. Therefore, comparative
analysis of spatio-temporal hormone signaling dynamics at single cell resolution during
both compatible and incompatible interactions could provide valuable insights into the

role of these hormones in mediating plant immune responses.

4.6. Arabidopsis-H. arabidopsidis interactions display spatio-
temporally distinct ABA, SA, JA and JA/ET signaling

outputs

COLORFUL Arabidopsis reporter lines were used to trace the spatio-temporal
dynamics ABA, SA, JA, and JA/ET signaling outputs at nascent interaction sites with
virulent and avirulent H. arabidopsidis isolates Noco2 and Emwal. These lines were
used in the current study for systematic COLORFUL reporter line analyses of single
oomycete plant interaction sites, which revealed distinct reporter activity signatures in
epidermis and mesophyll cells depending on the presence of and distance to the
oomycete infection structures. Consequently, in order to describe spatial changes in
hormone signaling during cell-to-cell interactions in the epidermal and mesophyll cell
layers, cells were separately categorized into “invaded”, immediately “adjacent”, and
“distant” domains (Figure 18a-b). Quantitative ABA, SA, JA, and JA/ET reporter
analyses after infection with Noco2 or Emwal were conducted (Figure 18a). The
initiation of HR-like cell death was observed on the third day after infection with the
avirulent pathogen. Similarly, recent studies addressed the HR dynamics and recorded
the HR-like cell death onset at the same time point with different biotrophs (Lukan et
al. 2018; Pitino et al. 2016). Therefore, the quantitative analyses of hormone signaling

in this study were performed at 1 and 2 dpi.
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4.6.1. Emwal and Noco2 trigger unsynchronized predominant ABA signhaling

outputs locally confined to the invaded cells

Changes in endogenous ABA levels were investigated in previous studies in response
to biotic and abiotic stresses in several plant species using classical methods, e.qg.,
marker gene expression measurements, immunochemical assays, and biochemical
assays for hormone quantification (Audenaert et al. 2002; Garcia-Andrade et al. 2011,
Kettner & Dorffling, 1995; Oide et al. 2013; Rezzonico et al. 1998; Steadman &
Sequeira, 1970; Van Gijsegem et al. 2017; Whenham et al. 1986). For instance, ABA
concentration has been quantified by LC-ESI-MS-MS-based hormone measurements
over one day after infection of A. thaliana with the bacterium Dickeya dadantii, and Van
Gijsegem et al. (2017) have observed increased ABA levels depending on the
secretion of bacterial cell wall degrading enzymes. The authors of the later study
reported that the magnitude of ABA increase correlated to the concentration of the
infiltrated bacterial solution. However, these studies reported the changes in ABA
content on a global level. Other research groups have developed a set of ABA
reporters utilizing the promoter of ABA responsive genes to drive the expression of
LUC, GUS, and GFP in order to monitor the changes in ABA signaling during different
biotic and abiotic stresses (Ishitani et al. 1997; S6derman et al. 1999; Himmelbach et
al. 2002; Christmann et al. 2005). However, data analyses from these studies provided
only a fragmentary picture of pathogen-induced ABA signaling along with a general,
non-specific overview about the spatiotemporal signaling of ABA during plant

immunity.

In this project, which focused on individual plant-microbe interaction sites, it has been
shown that both virulent and avirulent isolates induce ABA-dependent signaling
outputs in haustoriated epidermal and mesophyll cells (Figure 19a-e). The Emwal-
induced ABA response was immediate and strong at 1 dpi, while the Noco2-induced
ABA response was less extensive at 1 dpi. The spatially confined cell type-specific
pattern of pathogen-activated ABA signaling suggests a potential role for ABA in
modulating plant innate immunity during both compatible and incompatible
Arabidopsis-H. arabidopsidis interactions. In previous studies, the hemibiotrophic

bacterium P. syringae secretes effector molecules into Arabidopsis to induce the
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expression of ABA biosynthetic and responsive genes, which subsequently inactivate
MPK3/MPKG®6 in order to suppress the defense responses in Arabidopsis (De Torres-
Zabala et al. 2007; De Torres-Zabala et al. 2009; Mine et al. 2017). COLORFUL-ABA
reported high VENUS signal intensities in Noco2 haustoriated cells at a later point in
time after infection, most likely for the purpose of suppressing ETI responses in order

to promote the biotrophy.

4.6.2. Thevirulent and avirulent isolates of H. arabidopsidis differentially induce

SA signaling in two distinct domains

Sensing the alteration in SA signaling at individual plant-microbe interaction sites using
the COLORFUL-SA reporter showed that both virulent and avirulent isolates induced
SA-dependent signaling outputs in haustoriated mesophyll and immediately adjacent
cells (Figure 20a-e). These modifications in SA signaling at the nascent site of attack
are in line with the well-documented role of SA in basal defense against virulent H.
arabidopsidis isolates as well as RPP4-mediated resistance (Delaney et al. 1994;
Mauch-Mani & Slusarenko 1996; McDowell et al. 2000; Van der Biezen et al. 2002).
However, though invaded pavement cells did not exhibit elevated SA reporter activities
during the compatible interaction, neighboring cells showed a high SA response
(Figure 20a-e). Comparable to the results of this study, Caillaud et al. (2013) showed
that virulent H. arabidopsidis Waco9 at a late stage of tissue colonization (6 dpi)
actively suppresses PR1 promoter-driven GUS expression in attacked mesophyll cells.
Suppression of PR1-dependent SA signaling was suggested to be mediated by the
effector molecule HaRxL62, which was found to be conserved in several H.

arabidopsidis isolates (Asai et al. 2014).

Together, these results indicate that virulent and avirulent isolates efficiently suppress
PR1-dependent SA signaling in invaded epidermal cells, but that mesophyll cells,
particularly in the adjacent domain, mount a strong SA output response during ETI.
This prominent boost of SA reporter activity provides an ETI-specific spatial signature,
which correlates with the cellular boundaries of the ensuing HR-like cell death
response. In support of a mechanistic context, SA is known to induce the expression

of PDLP5, a plasmodesmatal protein that is important for SA triggered plasmodesmal
129



4. DISCUSSION

closure (Lee et al. 2011). A complex signaling circuit and well-coordinated intercellular
communication might conceivably be required for activation and local containment of

cell death, which would likely involve antagonistic hormone activities.

4.6.3. JA/ET signaling is activated to neutralize the activity of the SA pathway

and to enhance biotrophy

In both compatible and incompatible interactions, JA signaling outputs were only
marginally altered (Figure 21a-e). Possibly, this reflects a minor role of JA-dependent
signaling in Arabidopsis- H. arabidopsidis interactions, which is supported by Thomma
et al. (1998) who found no detectable changes of susceptibility to H. arabidopsidis in

JA treatment experiments and in the JA receptor mutant coil.

In marked contrast, inverted output signatures of the PDF1.2- and the PR1-controlled
VENUS fluorescence intensities were observed during incompatible Arabidopsis-
Emwal interaction sites, particularly in adjacent and distant cells. This may suggest
that antagonistic JA/ET signaling processes restrict the boost of the SA signal and cell
death execution to the site of pathogen attack, thereby minimizing plant tissue damage
and mitigating the growth-defense tradeoff in ETI (Karasov et al. 2017). JA/ET
signaling was also triggered in cells immediately adjacent and distant to sites of Noco2
invasion (Figure 22a-e), but at considerably higher levels. This finding is consistent
with the upregulation of PDF1.2 expression in Arabidopsis infected with the virulent H.
arabidopsidis isolate Waco9 (Caillaud et al. 2013), which is mediated by the H.
arabidopsidis effector HaRxL44 in order to neutralize the activity of the SA pathway

and to enhance biotrophy.

4.7. COLORFUL-biosensors are effective and suitable systems

to address hormone crosstalk

In response to exogenous hormone treatment, COLORFUL-biosensors displayed a
high specificity to the corresponding hormone. Combinations of different hormones

were exogenously applied to verify the specificity of the hormone-controlled reporter,
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as well as the appropriateness of all four COLORFUL reporters to investigate hormone
crosstalk at cellular resolution. COLORFUL-ABA, -SA, -JA, and -JA/ET showed a
corresponding hormone specific induction of the PP2CA, PR1, VSP2, and PDF1-2a
promoters, respectively (Figure 16a-d). In addition, the COLORFUL-reporter system
revealed an antagonistic effect of MeJA and ACC co-treatment on basal ABA reporter
activity (Figure 16a). This finding is directly in line with a previous conclusion of Han et
al. (2018) who demonstrated that the activation of the JA/ET signaling pathway

antagonizes ABA signaling.

Contrary to the findings of De Torres-Zabala et al. (2009), Denanceé et al. (2013),
Fan et al. (2009), Manohar et al. (2017), Nahar et al. (2012), Tan et al. (2019) and
Yasuda et al. (2008), who reported the antagonistic crosstalk between ABA and SA
signaling pathways, COLORFUL-ABA and -SA reporter readouts did not show any
interaction between both hormones (Figure 16a-b). These findings suggest that other
ABA and SA signaling components might mediate such antagonistic interaction
between ABA and SA signaling pathways.

Moreover, MeJA and ACC combination treatment showed slight but significant
antagonistic effects on COLORFUL-SA reporter activity (Figure 16b). Overall this
finding is in accordance with those reported by Lorenzo & Solano (2005), Chen et al.
(2009), and Thaler et al. (2012). The authors in previous studies outlined that the JA/ET
transcription factors EIN3 and EIL1 directly interact with the promoter of ICS2 to
suppress SA biosynthesis. Moreover, the cotreatment of COLORFUL-JA reporter
seedlings with MeJA and ACC showed lower VENUS signal intensities relative to MeJA
induced VENUS, suggesting that the activation of JA/ET signaling suppressed the JA
reporter signal (Figure 16c). This is consistent with Lorenzo et al. (2004) and Lorenzo
& Solano (2005) who revealed that JA and JA/ET antagonize each other via the MYC

transcription factor of the JA pathway.

Finally, PDF1.2a controlled VENUS expression was induced after MeJA alone and in
combination with ACC treatments, while ABA and SA treatments suppressed the basal
VENUS signal intensity in the COLORFUL-JA/ET reporter (Figure 16d). Several
studies reported the suppression of the JA/ET signaling cascade by ABA (Anderson et

al. 2004; Kazan & Manners 2013; Nahar et al. 2012; Winter et al. 2007) as well as by
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the SA signaling activation (Koornneef et al. 2008; Robert-Seilaniantz et al. 2011; Van
der Does et al. 2013; Liet al. 2019b; Spoel et al. 2007; Leon-Reyes et al. 2010;
Thaler et al. 2012).

4.8. COLORFUL-reporters show a pathogen type dependent

hormone crosstalk

Several studies outlined the hormone crosstalk during biotic stress responses using
hormone measurements or hormone responsive gene expression analyses on a global
level (Li et al. 2019b; Robert-Seilaniantz et al. 2011; Vos et al. 2015). In this study, the
biotrophic virulent Noco2 and the avirulent Emwal of the oomycete H. arabidopsidis
showed a distinct spatial regulation of hormone signaling pathways. Hence, ABA, SA,
and JA/ET signaling cascades were activated by both pathogens in distinct domains,
while the JA signaling cascade was downregulated near to the site of invasion (Figure
33a-b).

During the compatible interaction, SA and ABA responses were upregulated in Noco2-
haustoriated cells, whereas JA and JA/ET signaling was downregulated in the very
same cells. In the immediately adjacent and distant cells JA/ET signaling was strongly
activated without any change in ABA and SA signaling (Figure 33a). In the incompatible
interaction, PR1- and PP2CA-controlled VENUS expression was strongly induced in
Emwal invaded domains, while VSP2- and PDF1-2a-controlled VENUS expression
was suppressed in the same domains. The SA signaling that was strongly activated in
the immediately adjacent cells was accompanied with a strong downregulation of
JA/ET signaling (Figure 33b), possibly representing a demarcation signature to control

initiation and local containment of the cell death response in ETI against Emwal.

In short, these findings likely suggest inter- and intracellular as well as pathogen type-
specific antagonistic hormone crosstalk. The Noco2- and Emwal-triggered ABA and
SA signaling in the invaded cells suppressed JA and JA/ET at the same domain.
Moreover, Emwal-induced SA signals in the adjacent cells suppressed JA/ET and JA
signaling. On the other hand, the Noco2-activated JA/ET responses in the adjacent

cells likely antagonized both ABA and SA.
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Recently, the PR1-YFP-NLS and VSP2-YFP-NLS reporters were developed by
Betsuyaku et al. (2018) who outlined distinct spatial activities of SA and JA signaling
at Arabidopsis-P. syringae interaction sites. However, the set-up of these reporters
lacks nuclear targeted reference and cell membrane markers. Therefore, the authors

were not able to analyze the changes in hormone signaling at individual invasion sites.
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Figure 33: ABA, SA, JA and JA/ET spatio-temporal signatures and crosstalk control the pathogen

performance at sites of Arabidopsis-H. arabidopsidis interactions. Quantitative heat map
representations of ABA-, SA-, JA-, and JA/ET-reporter activities and crosstalk in leaves of 3-week-old
Arabidopsis COLORFUL-ABA line #1, -SA line #1, -JA line #1, and -JA/ET line #1, respectively at 2 dpi
with virulent (Noco2; a) and avirulent (Emwal; b) isolates of the oomycete H. arabidopsidis. Data are
adapted from figures 17e-20e. Data are relative to the uninfected mock. The black lines represent the

antagonistic crosstalk between different hormones.
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4.9. ABA functions as an essential common susceptibility

factor at Arabidopsis biotrophic interaction sites

Notably, G. orontii induced an ABA signaling pattern (Figure 25a-c), which is similar to
the pattern triggered by H. arabidopsidis Noco2 (Figure 19d-e). G. orontii and Noco2
are quite divergent, as both belong to two different kingdoms (Dean et al. 2014). Thus,
activation of a cellularly confined ABA signaling is likely conserved across kingdoms
during Arabidopsis interactions with biotrophic pathogens, while SA signaling did not
change during Arabidopsis-G. orontii interactions (Figure 25d-e). Together, these

findings imply a potential role of ABA in modulating innate immunity.

Subsequent infection analyses of ABA biosynthetic mutants with both biotrophic
pathogens revealed that ABA promotes susceptibility of Arabidopsis to different
biotrophs. Hence, ABA deficient mutants abal-101 and aba2-1 showed lower
frequencies of haustorial formation and enhanced disease resistance in comparison to
the wildtype (Figures 26). This is consistent with what has been found in previous
studies investigating the effect of ABA on plant immune responses using ABA
treatments prior to pathogen assays or ABA deficient and signaling mutants (Cao et
al. 2011).

ABA pretreatment conferred a suppressive effect on plant immune outputs during
compatible and incompatible biotrophic interactions (Fan et al. 2009; Jiang et al. 2010;
Koga et al. 2004; Mohr & Cahill 2003). Moreover, mutant analyses revealed that ABA
deficient mutants showed enhanced resistance against different pathogens. For
instance, tomato mutant sitiens against B. cinerea and Oidium neolycopersici, (Achuo
et al. 2006; Audenaert et al. 2002). ABA biosynthetic mutants such as aba2-12, aao3-
2, aba2-1, and aba3-1 displayed an enhanced resistance to B. cinerea and G.
cichoracearum. Additionally, ABA signaling mutants abi2-1 and abil-1 were more
resistant to P. syringae, while the ABA hypersensitive mutant enhanced response to
abscisic acid 1 (eral) as well as the overexpression of ABA biosynthetic genes NCED
was hyper-susceptible relative to the wildtype (Cao et al. 2011; de Torres-Zabala et al.
2007; Fan et al. 2009; Goritschnig et al. 2008). These results suggest the activation of
ABA biosynthesis and signaling in Arabidopsis plants by different adapted pathogens
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to trigger ABA responsive genes in order to dampen the immune responses and

promote virulence.

Comparing the COLORFUL-ABA reporter activities in the wildtype (Col-0) and abal-
101 backgrounds after Noco2 and G. orontii infections confirmed the dependency of
the pathogen-induced ABA signaling on ABA biosynthesis. Hence, the ABA deficient
mutant exhibited significantly lower reporter signal intensities overall with both
biotrophs (Figures 27-28). Based on previous studies, four possible scenarios have
been suggested for ABA accumulation in pathogen-challenged plants: (1) host-
controlled ABA biosynthesis upregulation (Cao et al. 2011), (2) inside-invader-
controlled ABA biosynthesis and export to the host (Assante et al. 1977; Jiang et
al. 2010), (3) invader-hijacked hormone biosynthesis in the host (de Torres-Zabala et
al. 2007; de Torres-Zabala et al. 2009; Kettner & Dorffling 1995; Mine et al. 2017), and
(4) invader-controlled inhibition of ABA catabolism via crosstalk with other hormones
induced by combined abiotic and biotic stresses on Arabidopsis plants (Gupta et al.
2017). The drastic reduction of COLORFUL-ABA reporter activity in the ABA deficient
mutant abal-101 supports the first scenario that the invading pathogen hijacks and

activates the ABA biosynthetic pathways in the host to promote the susceptibility.

4.10.SnRK2D, SnRK2l, and AHG-3 are Kkey regulatory
components for pathogen-mediated ABA and SA
signaling outputs

In this part of study, the objective was to unveil the core regulatory components of ABA
signaling cascade that mediate ABA-dependent susceptibility in Arabidopsis after
pathogen attack. Therefore, mutant analyses were performed for the individual and
double knockout mutants of the ABA-positive regulators SnRK2s (Nakashima et al.
2009) after infection with the oomycete H. arabidopsidis_Noco2 and the fungus G.
orontii. In addition, two studies were performed in our lab by Schliekmann (2017) and
Libbers (2018) who tested the disease phenotype of several mutants of the ABA-
negative regulators of ABA signaling cascade PP2Cs (Kuhn et al. 2006; Nishimura et
al. 2004).
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4.10.1. The SnRK2D and SnRK2| loss-of-function double mutant exhibits

reduced susceptibility and ABA signaling activities

The ABA positive regulators SnRk2D, SnRK2E and SnRK2I are highly activated upon
ABA accumulation to phosphorylate the ABA downstream components (Manohar et al.
2017). Pathogen assays were performed to investigate the contribution of these
kinases to the immune responses in Arabidopsis using single and double mutants. The
double mutants snrk2d snrk2i showed a conserved role in mediating susceptibility in
Arabidopsis to Noco2- and G. orontii comparable to the wildtype and the individual
mutants snrk2d and snrk2i (Figure 29a-c). Next, comparative analyses of the pathogen
associated-ABA signaling patterns were performed in snrk2d, snrk2i, snrk2d snrk2i,
and the Col-0 genotypes. Significantly reduced ABA reporter activities were observed
overall in the invaded, immediately adjacent, and distant domains of the double mutant
in comparison to the wildtype and individual mutants which showed a similar pattern of
ABA signaling upregulation in the invaded domain of the fungus G. orontii (Figure 29d-
e). These findings demonstrate that both SnRK2D and SnRK2I function redundantly in
mediating suppressive effects on post-penetration immune responses in Arabidopsis,
as snrk2d snrk2i exhibited enhanced resistance, most likely because the ABA signaling

cascade did not show any upregulation following pathogen attack.

The role of SNRK2 proteins in plant immune responses has not been adequately
addressed (Mao et al. 2019). However, from SnRK2 subgroup Il which are strongly
activated by ABA (Umezawa et al. 2010), only SnRK2E/OST1 has been reported by
Melotto et al. (2006) to mediate stomatal closure, leading to a preinvasive penetration
resistance in response to P. syringae infections. Moreover, Lee et al. (2015) and Ton
et al. (2009) demonstrated that several ABA-controlled and -uncontrolled SnRK2
genes were differentially and spatially regulated in response to biotic stress. For
instance, Lee et al. (2015) reported the interaction between the partially ABA-
dependent subgroup Il member SnRK2C and NPR1. Therefore, the role of ABA
responsive SNRK2 proteins need more focus in the future to uncover their interacting

partners during plant-microbe interactions.
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4.10.2. The AHG-3/PP2CA knockout mutant shows enhanced resistance as well
as ABA and SA signaling responses

ABA hypersensitivity and induction of ABA-responsive genes were observed in
different PP2C mutants: abil-2, habl-2, pp2ca-1, ahgl-1, and ahg3-1 (Kuhn et al.
2006; Nishimura et al. 2007; Yoshida et al. 2006). It was unexpected, however, that
only the pp2ca-1 knockout mutant showed enhanced disease resistance to H.
arabidopsidis and G. orontii (Schliekmann 2017; Lubbers 2018), while a point mutation
in the same gene ahg3-1 did not show any altered disease phenotype in comparison
to the wildtype Col-0. Subsequent analyses of COLORFUL-ABA reporter activity in
pp2ca-1 and ahg3-1 revealed significantly enhanced ABA signals only in the knockout
mutant pp2ca-1 (Figure 30, Figure31l). Manohar et al. (2017) demonstrated that
several PP2C members PP2C-D4/PP2C6, ABI1, and ABI2 displayed a high SA-
binding affinity. Therefore, SA reporter activity was detected in pp2cal, in contrast to
the wildtype, and the missense mutation ahg3-1 background after crossing of the
COLORFUL-SA with these mutants. Interestingly, quantitative data analyses exhibited
a strongly enhanced SA signaling in the Noco2 haustoriated cells as well as in the
immediately adjacent cells in the pp2cal mutant relative to the wildtype and the single
amino acid exchange mutant ahg3-1 (Figure 32). These data indicated a probable
interaction or binding activity of PP2CA/AHG3 with SA, which seems to be lost in the
knockout mutant pp2cal, but not in the missense mutant ahg3-1. Therefore, the
activated SA signaling at the site of attack may promote resistance to the tested

biotrophic pathogens.
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6. Supplemental material

Supplementary video 1. H. arabidopsidis isolate Emwal invading leaf epidermis
of COLORFUL-SA#1 at 1 day post inoculation. Site of penetration (yellow

arrowhead), extrahaustorial membrane surrounding the haustoria (green arrowhead).

Supplementary video 2. H. arabidopsidis isolate Emwal invading leaf palisade
mesophyll of COLORFUL-SA#1 at 1 day post inoculation. Extrahaustorial

membrane surrounding the haustoria (green arrowhead).

Supplementary video 3. H. arabidopsidis isolate Noco2 invading leaf of
COLORFUL-SA#1 at 3 days post inoculation. Extrahaustorial membrane

surrounding the haustoria (green arrowhead).

Supplementary video 4. H. arabidopsidis isolate Emwal invading leaf of
COLORFUL-SA#1 at 3 days post inoculation. Extrahaustorial membrane
surrounding the haustoria (green arrowhead).
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