The role of N-Hydroxypipecolic acid in plant resistance

Inaugural-Dissertation

zur Erlangung des Doktorgrades
der Mathematisch-Naturwissenschaftlichen Fakultat
der Heinrich-Heine-Universitat Dusseldorf

vorgelegt von

Anika Schnake
aus Bremen

Dusseldorf, Marz 2024

aus dem Institut fir Molekulare Okophysiologie der Pflanzen
der Heinrich-Heine-Universitat Disseldorf



Gedruckt mit der Genehmigung der
Mathematisch-Naturwissenschaftlichen Fakultat der
Heinrich-Heine-Universitat Diisseldorf

Berichterstatter:

1. Prof. Dr. Jirgen Zeier

2. Prof. Dr. Laura Rose

Tag der mindlichen Priifung: 08.07.2025


08.07.2025 


Summary

In the defense against pathogens, plants have developed a multi-layered immune system
based on a complex signaling network. The establishment of defense reactions against
pathogens in plants is controlled by defense related metabolites and plant hormones. Major
players in this complicated network are the phenolic compound salicylic acid (SA) and the
recently discovered secondary metabolite N-hydroxypiplecolic acid (NHP). Both compounds
accumulate at the local site of a pathogen infection and in systemic parts of plants and thereby
trigger changes in plants metabolome which can lead to a local or systemic acquired resistance
(LAR or SAR) against the attacking pathogen. The role of SA has been studied extensively in
mono- and dicotyledonous plant species, but the role of NHP is not fully elucidated yet. The

aim of this thesis is to gain further inside in role of NHP in plant immunity.

To identity the role of NHP in local in systemic immune responses of mono- and
dicotyledonous plant species, the infection with suitable pathogens of two monocotyledonous
and two dicotyledonous plant species was studied. Via GC-MS analyses the metabolite
accumulation after infections was evaluated in time-courses and showed the accumulation of
NHP after the infection in all studied plant species. Furthermore, the exogenous application
of NHP was shown to lead to an induced resistance in the monocotyledonous model organism
Brachypodium distachyon and in dicotyledonous crop plants (cucumber and tobacco).
Additionally, the establishment of SAR in the monocot B. distachyon was demonstrated in
parallel with a local and systemic accumulation of SA and NHP suggesting similar mechanisms
in the induction of local and systemic immune responses of B. distachyon and the studied
dicotyledonous plant species. Although diverse strategies to accumulate NHP have been
identified in the studied mono- and dicotyledonous plant species, the here presented results

suggest a conserved function of NHP in plants immunity.

Plant pathogens developed diverse lifestyle and infection strategies to infest their hosts and
dependent on these strategies are categorized as biotrophic, hemibiotrophic or necrotrophic
pathogens. While biotrophic pathogens feed on living plant tissue and therefore dependent
on a living plant host, necrotrophic pathogens in contrast kill their hosts to feed on lysed plant
cells. Hemibiotrophic pathogens have an initial biotrophic phase and then switch to a
necrotrophic phase. So far, the biosynthesis of NHP and its immune inducing function against

biotrophic and hemibiotrophic pathogens has been demonstrated in the dicotyledonous plant
|



model organism Arabidopsis thaliana, but the role of NHP in the defense against pathogens
with a necrotrophic lifestyle is not clear. Therefor this thesis aimed to investigate the role of
NHP in the plant defense against pathogens with various lifestyle and infection strategies using

A. thaliana as model organism.

GC-MS analyses of the with biotrophic (oomycete), hemobiotrophic (bacteria or fungi) and
necrotrophic (fungi) pathogens infected A. thaliana plants revealed a NHP accumulation in
local and systemic leaves. To investigate if NHP also covers resistance to those pathogens
exogenous NHP was applied to A. thaliana plants. It was demonstrated that NHP induces
resistance in A. thaliana against pathogens with biotrophic, hemibiotrophic and necrotrophic
lifestyles. It was further demonstrated that bacterial and fungal infections of A. thaliana leaves
trigger an efficient SAR against hemibiotrophic and necrotrophic fungi dependent on a
functional SA and NHP signaling pathways. Studies have shown that SA induced defense
responses induce resistance to biotrophic and hemibiotrophic pathogens. This study indicates
that NHP in contrast plays an important role of in the defense against pathogens of all
investigated lifestyles including the necrotrophic pathogen Botrytis cinerea. Via fluorescence
microscopy this study further showed that callose deposition are formed in A. thaliana leaves
after NHP treatments which might contribute to the mechanisms of NHP induced resistance

against the investigated pathogens with various lifestyles.

This study supports that the establishment of local and systemic defense responses of plants
against pathogens requires the interplay of the small metabolites SA and NHP. It has been
demonstrated in several studies that SA induced defense responses are regulated by NON-
EXPRESSOR OF PR GENES 1 (NPR1) proteins. The direct binding of NPR1 with SA was
demonstrated in recent studies. Since SA and NHP exhibit similar structural characteristics and
NHP was demonstrated to induce SA-independent but NPR1-dependent activation of
immunty it was investigated if a Strep-NPR1 protein expressed in Escherichia coli can bind NHP
by the same mechanisms as it binds SA. The here presented results demonstrate that NPR1
does not bind NHP. These findings suggest the existence of yet unknown mechanisms in the

NHP induced activation of SA-independent NPR1 mediated immune responses.



Zusammenfassung

Zur Abwehr von Krankheitserregern haben Pflanzen ein vielschichtiges Immunsystem
entwickelt, das auf einem komplexen Signalnetzwerk beruht. Die Einleitung von
Abwehrreaktionen gegen Krankheitserreger in Pflanzen wird durch abwehrrelevante
Sekundarmetabolite und Pflanzenhormone gesteuert. Hauptakteure in diesem komplizierten
Netzwerk sind die Phenolverbindung Salicylsdure (SA) und der kirzlich entdeckte
Sekundarmetabolit N-Hydroxypiplecolsdaure (NHP). Beide Verbindungen reichern sich am
lokalen Ort einer Pathogeninfektion und in systemischen Pflanzenteilen an und I6sen dadurch
Veranderungen im Metabolom der Pflanzen aus, die zu einer lokalen oder systemischen
erworbenen Resistenz (LAR oder SAR) gegen das angreifende Pathogen fiihren kénnen. Die
Rolle von SA wurde bei monokotylen und dikotylen Pflanzenarten eingehend untersucht, die
Rolle von NHP ist jedoch noch nicht vollstandig geklart. Ziel dieser Arbeit ist es, die Rolle der

NHP in der Pflanzenimmunitat besser zu verstehen.

Um die Rolle der NHP bei lokalen und systemischen Immunantworten von ein- und
zweikeimblattrigen Pflanzenarten zu ermitteln, wurde die Infektion mit geeigneten
Pathogenen von zwei monokotylen und zwei dikotylen Pflanzenarten untersucht. Durch GC-
MS Analysen wurde die Akkumulation von ausgewdhlten Metaboliten nach der Infektion in
Zeitverlaufen untersucht und zeigte die Akkumulation von NHP nach der Infektion in allen
untersuchten Pflanzenarten. Darliber hinaus wurde gezeigt, dass die exogene Zugabe von NHP
zu einer induzierten Resistenz in dem monokotylen Modellorganismus Brachypodium
distachyon und in dikotylen Nutzpflanzen (Gurke und Tabak) fiihrt. AuBerdem wurde die
Etablierung der SAR im monokotylen B. distachyon parallel zu einer lokalen und systemischen
Akkumulation von SA und NHP nachgewiesen, was auf ahnliche Mechanismen bei der
Induktion lokaler und systemischer Immunreaktionen von B. distachyon und den
untersuchten dikotylen Pflanzenarten schlieflen lasst. Obwohl bei den untersuchten mono-
und dikotylen Pflanzenarten unterschiedliche Strategien zur Akkumulation von NHP
identifiziert wurden, deuten die hier vorgestellten Ergebnisse auf eine konservierte Funktion

von NHP in den pflanzlichen Abwehrmechanismen hin.

Pflanzenpathogene haben verschiedene Lebens- und Infektionsstrategien entwickelt, um ihre
Wirte zu befallen und abhangig von diesen Strategien werden sie in biotrophe, hemibiotrophe

oder nekrotrophe Pathogene eingeteilt. Wahrend sich biotrophe Erreger von lebendem



Pflanzengewebe erndhren und daher auf einen lebenden Pflanzenwirt angewiesen sind, toten
nekrotrophe Erreger dagegen ihre Wirte ab, um sich von lysierten Pflanzenzellen zu ernahren.
Hemibiotrophe Erreger durchlaufen zunachst eine biotrophe Phase und gehen dann in eine
nekrotrophe Phase Uber. Bisher wurde die Biosynthese von NHP und seine
immuninduzierende Funktion gegen biotrophe und hemibiotrophe Pathogene in dem
dikotylen Pflanzenmodellorganismus Arabidopsis thaliana nachgewiesen, die Rolle von NHP
bei der Abwehr von Pathogenen mit nekrotropher Lebensweise ist jedoch unklar. Ziel dieser
Arbeit war es daher, die Rolle der NHP bei der pflanzlichen Abwehr von Pathogenen mit
unterschiedlicher Lebensweise und Infektionsstrategien am Beispiel von A. thaliana zu

untersuchen.

GC-Analysen der mit biotrophen (Oomyceten), hemobiotrophen (Bakterien oder Pilze) und
nekrotrophen (Pilze) Krankheitserregern infizierten A. thaliana Pflanzen ergaben eine NHP-
Akkumulation in lokalen und systemischen Blattern im Infektionsverlauf. Um zu untersuchen,
ob NHP auch die Resistenz gegen diese Krankheitserreger abdeckt, wurde exogenes NHP auf
A. thaliana Pflanzen appliziert. Es wurde gezeigt, dass NHP in A. thaliana eine Resistenz gegen
Krankheitserreger mit biotropher, hemibiotropher und nekrotropher Lebensweise induziert.
Ferner wurde gezeigt, dass bakterielle und pilzliche Infektionen von A. thaliana Blattern eine
effiziente SAR gegen hemibiotrophe und nekrotrophe Pilze auslésen, die von
funktionierenden SA- und NHP-Signalwegen abhangt. Studien haben gezeigt, dass SA-
induzierte Abwehrreaktionen eine Resistenz gegen biotrophe und hemibiotrophe
Krankheitserreger auslosen. Diese Studie zeigt, dass NHP dagegen eine wichtige Rolle bei der
Abwehr von Pathogenen aller untersuchten Lebensformen einschlielllich nekrotropher
Pathogene spielt. Mittels Fluoreszenzmikroskopie konnte in dieser Studie auBerdem gezeigt
werden, dass sich in den Blattern von A. thaliana nach NHP-Behandlungen
Kalloseablagerungen bilden, welche zu den Mechanismen der NHP induzierten Resistenz
gegen die untersuchten Krankheitserreger mit unterschiedlichen Lebensweisen beitragen

kénnten.

Diese Studie belegt, dass die Etablierung lokaler und systemischer Abwehrreaktionen von
Pflanzen gegen Krankheitserreger das Zusammenspiel der Metaboliten SA und NHP erfordert.
In mehreren Studien wurde nachgewiesen, dass SA-induzierte Abwehrreaktionen durch NON-

EXPRESSOR OF PR GENES 1 (NPR1) Proteine reguliert werden. Auch die direkte Bindung von

v



SA an NPR1 wurde in kiirzlich veroffentlichten Studien nachgewiesen. Da SA und NHP dhnliche
strukturelle Eigenschaften aufweisen und NHP nachweislich eine SA-unabhdngige NPR1-
Aktivierung auslost, wurde untersucht, ob ein in Escherichia coli exprimiertes Strep-NPR1
Protein NHP Uber die gleichen Mechanismen wie SA binden kann. Die hier vorgestellten
Ergebnisse zeigen, dass NPR1 nicht NHP bindet, wie bereits in friiheren Studien gezeigt wurde.
Diese Ergebnisse deuten auf noch unbekannte Mechanismen bei der NHP-induzierten

Aktivierung von SA-unabhadngigen NPR1-vermittelten Immunantworten hin.
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1. Introduction

1.1. The broad spectrum of biotic plant stressors

Plants live in fast changing environments and through their sessile lifestyle are exposed to
several abiotic stressors such as changing nutrient availability, temperature or light conditions.
Additionally, plants are exposed to biotic stress such as the interaction with insects,
microorganism, or other plants. Part of biotic stressors for plants is a broad spectrum of
phytopathogenic microbes that use different feeding strategies in the interaction with their
hosts. Plant pathogens are classified as biotrophic, necrotrophic and hemibiotrophic
depending on their feeding strategies. Biotrophic pathogens grow in association with living
host cells, utilizing their hosts metabolism to grow without causing injury to the host cells. In
contrast, by producing phytotoxins necrotrophic pathogens kill their host cells to feed on the
nutrients of the lysed tissue. However, many phytopathogens exhibit both lifestyles which is
described as hemibiotrophy. Hemibiotrophic pathogens have an initial biotrophic phase,
which varies in length, and a following switch to necrotrophy (Agrios, 1988). A detailed
introduction to the lifestyle strategies of Arabidopsis thaliana infecting pathogens is given in

PART II.

To defend against pathogens of various lifestyles plants evolved a multi-layered immune
system that acts against the pathogens attack (Thordal-Christensen 2003, Jones and Dangl
2006, Spoel and Dong 2012). If a pathogen successfully overcomes the constitutive and
inducible defense barriers of a host plant and therefore can cause disease, the interaction
between pathogen and host is described as a compatible interaction (Glazebrook 2005). The
outcome of a plant and microbe interaction is described as incompatible if the plants immune
system successfully defends itself against the attack (Glazebrook 2005). In many plant microbe
interactions, the successful infection of a pathogen fails due to the lacking adaption of the
pathogen to the host as a fitting nutrient source which is described as non-host resistance

(Thordal-Christensen 2003).



1.2. Principles of the innate plant immunity

To defend against pathogens plants developed constitutive and inducible defense barriers.
Constitutive or structural barriers include trichomes on leaves and stem, chemicals that are
constitutively present on the plant’s surface, a distinct cuticle or particular cell wall
reinforcements (Thordal-Christensen 2003, Vorwerk et al. 2004, Spoel and Dong 2012). These
first constitutive barriers can be highly effective in the defense against herbivores. Handley
and colleagues (2005) for example showed that a high trichome density on A. thaliana leaves
negatively affects the oviparity, feeding and larval nutrition of the diamondback moth Plutella
xylostella. Several studies have additionally demonstrated that constitutive barriers like the
host surface topography and chemical composition are effective plant defense strategies
against attacking microbes (Gow 1993). Hansjakob and his team (2011), for example, showed
that the powdery mildew fungi Blumeria graminis fails to form appressoria on maize plants
based on the composition of very-long-chain aldehydes in cuticular waxes. Likewise, changes
of the A. thaliana cell wall composition confer enhanced resistance against Botrytis cinerea
infections (Manabe et al. 2011), demonstrating that the success of a microbial pathogen can
rely on the composition of the plants’ cuticle waxes (Hansjakob et al. 2011).

In addition to these constitutive barriers, plants are equipped with inducible defense
strategies against attacking microbes. The host’s first action of induced defense starts when
the pathogen is recognized by pattern recognition receptors (PRRs) on the host’s cell surface
(Ngou et al. 2022). These receptors can detect conserved pathogen-/damage-/microbe-
/herbivore-associated molecular patterns (PAMP/DAMP/MAMP/HAMPs) via extracellular
domains (Ngou et al. 2022) and are further recognized as PAMPs. Known PRRs are either
receptor-like proteins (RLPs) or receptor-like kinases (RLKs) which are both localized at the
plasma membrane and need co-receptors to transmit an immune signal (Boutrot and Zipfel
2017). Plant PRR proteins can perceive a wide range of PAMPs from bacteria, fungi,
oomycetes, viruses and parasitic plants including peptides, lipids, peptidoglycans,
polysaccharides, chitin and oligo-galacturonides (Ngou et al. 2022). A. thaliana for example
recognizes the bacterial peptide flg22 via the LRR-RLKs AtFLS2 (Chinchilla et al. 2006).
Moreover, in A. thaliana the lysin motif containing RLP AtLYM1/3 recognizes peptidoglycans
from bacterial cell walls (Willmann et al. 2011) whereas the lysin motif containing RLK

AtLYM2/4/5 perceives chitin from fungal cell walls (Wan et al. 2008). If PAMPs are detected



by PRRs, the host plant initiates a PAMP-triggered immunity (PTI), trying to halt and terminate
the attacking pathogen’s growth (Figure 1, Jones and Dangl, 2006, Ngou et al. 2022).

Successful pathogens suppress PTl by secreting effector proteins in the plants apoplast
(Figure 1, Jones and Dangl, 2006). These effectors, also so called Avr proteins are encoded by
avirulence (Avr) genes can interfere with PTI, resulting in an effector-triggered susceptibility
(ETS) (Figure 1, Jones and Dangl, 2006). The Pseudomonas AvrPtoB effector for example is an
E3 ubiquitin ligase that induces the degradation of FLS2 which is essential for flg22 triggered
PTIl in plants (Gohre et al. 2008). Thereby the effectors of Pseudomonas bacteria disable the
plant to induce PTI by FLS2 recognition and establish the ETS. Likewise, the NIS1 effector of
Colletotrichum fungi disrupts the plants’ PTI signaling by targeting the receptor kinase
complexes in A. thaliana and several other dicotylous and monocotyledonous plant species

(Irieda et al. 2019).
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Figure 1: The zigzag model illustrating the amplitude of disease resistance and susceptibility of the plants
immune system in the defence against pathogens. The host’s first action of defense starts when the pathogen
is recognized by PRRs on the host’s cell surface. PRRs detect PAMPs. If PAMPs are detected, the host plant
initiates a PTI, trying to halt and terminate the pathogen’s growth. Pathogenic effector proteins can interfere
with PTI, resulting in an ETS. Pathogens effectors that try to conquer PTI can be recognized by specific receptor
proteins inside host cell, which are frequently encoded by R genes. This recognition leads to an ETI in the host
which often results in localized cell death, limiting the spread of the infections. This Suppl. Figure 3s designed
after Jones and Dangl (2006).

Abbrevations: PRRs = pattern recognition receptors; PAMP = pathogen-associated molecular pattern; PTI =
PAMP-triggered immunity; ETS = an effector-triggered susceptibility; R = Resistance; ETI = effector-triggered
immunity



Pathogens’ effectors that try to conquer PTl are recognized by intracellular nucleotide-binding
leucine-rich repeat (NB-LRR) receptor proteins, which are frequently encoded by resistance
(R) genes (Jones and Dangl, 2006). This recognition leads to an effector-triggered immunity
(ETI) in the host (Jones and Dangl, 2006). ETI results in localized cell death, often induced
through the production of reactive oxygen species, called the hypersensitive response (HR)
and is associated with the accumulation of defense related phytohormones (Ngou et al. 2022).
Hence, the ETl is a faster and stronger version of the PTI. Recently, several NB-LRR receptor
proteins have been identified in plants that can induce ETI by detecting effector proteins of
bacteria, fungi, oomycetes, viruses, parasitic plants and herbivores (Ngou et al. 2022). The
Pseudomonas AvrB effector is for example recognized intracellularly by A. thaliana TAO1 and
RPM1, resulting in the activation of the ETI (Grant et al. 1995, Ashfield et al. 2004). Similarly,
the effectors ATR1 and ATR5 of the oomycete Hyaloperonospora arabidopsidis (Hpa) are
recognized by A. thaliana RPP1 and RPP5 respectively to trigger ETI in the host (Krasileva et al.
2010, Bailey et al. 2011).

Plants PRRs and R proteins trigger overlapping and unique signaling to deploy tightly regulated
defense mechanisms against an attacking microbe, while being suppressed by the microbes
Avr effectors (Ngou et al. 2022). Therefore, while the pathogen is under selection for new Avr
isolates that conquer PTI and ETI, the host is under selection for individuals that have evolved
R gene variants that can re-establish PTl and ETI (Thomma et al. 2011). Thus, plants and

phytopathogens are in constant state of coevolution.

1.3. Systemic acquired resistance

The perception of pathogens by plant receptors activates conserved signaling to trigger a wide
range of defense mechanisms at the site of infection (Glazebrook 2005). In addition to local
PTl and ETl induced defense responses against a pathogen, the whole plant shoot is set into a
state of elevated resistance, recognized as systemic acquired resistance (Mishina and Zeier
2007). Upon a local pathogen attack the expression of SAR associated genes and synthesis of
defense related metabolites is activated in local and distal tissue (Bernsdorff et al. 2016).
Thereby, plants in the SAR state can react faster and more effective to subsequent pathogen

attacks (Mishina and Zeier 2007). In the following paragraphs relevant regulators in local plant



defense and SAR will be further discussed. A detailed introduction for the SAR in plants is given

in PART | and PART II.

1.4. Regulators in local and systemic plant immunity

Upon the induction of the SAR state, plants express over 3,000 defense-associated genes in
untreated systemic leaves triggering the accumulation of a diverse spectrum of primary and
secondary metabolites (Gruner et al. 2013). Whereat primary metabolites are described as
required for the plant development, secondary metabolites are not essential for these
processes and their production is induced upon challenging conditions, such as an infection
with pathogens (Dixon 2001). The small secondary metabolites, N-hydroxypipecolic acid (NHP)
and salicylic acid (SA) accumulate in local plant tissue infected with biotrophic or
hemibiotrophic pathogens and control the following establishment of SAR in distal leaves
(Hartmann and Zeier 2019), while other accumulating secondary metabolites like phytoalexins
possess direct antimicrobial effects (Bednarek and Osbourn 2009, Ahuja et al. 2012). In the
following paragraphs further insight into the role of crucial regulators in plant immunity is

given.

1.4.1. Salicylic acid (SA)

Since the early 1990s, when researchers discovered high SA levels in pathogen infected
tobacco and cucumber plants (Malamy et al. 1990, Métraux et al. 1990) and the crucial role
of SA in SAR in tobacco plants against TMV (Gaffney et al. 1993), SA has emerged as one the
best studied metabolites in plant immunity. Upon the perception of an attacking pathogen,
plants induced SA synthesis via the isochorismate synthase (ICS) and phenylalanine (Phe)
ammonia-lyase (PAL) pathways. Both SA synthesis pathways originate from the shikimate
pathway intermediate chorismite (CA) and are initiated in chloroplasts. In the first step of the
PAL pathway chorismate mutase (CM) converts CA to prephenic acid (Pre) which after a few
intermediate steps, including phenylpyruvate and phenylalanine, in this pathway is converted
to Phe. Generated Phe is then converted to trans-cinnamic acid (trans-CiA) by the PAL enzyme
while releasing NH3; (Rohde et al. 2004). Via B-oxidation by 3-hydroxyacyl-CoA dehydrogenase
and peroxisomal protein 1 (AIM1), trans-CiA can be further converted to benzoic acid (BA) as
observed in A. thaliana and rice (Dempsey et al. 2011, Xu et al. 2017, Bussell et al. 2014). The
synthesized benzoic acid is proposed to be converted to SA by benzoic acid 2-hydroxylase
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(BA2H) (Dempsey et al. 2011). In model the organism A. thaliana, the pathogen induced SA
synthesis is, however, facilitated via the ICS pathway to 90 % and only to 10 % via the PAL
pathway, revealing a dispensable role for SA synthesized via the PAL pathway in the defense
induced SA accumulation (Wildermuth et al. 2001, Garcion et al.2008).

In the first step of the ICS pathway, ICS1 converts CA to isochorismate (IC) in the chloroplast.
Upon a pathogen infection the ICS1 expression was found to be upregulated in local and distal
leaves (Wildermuth et al. 2001). Moreover, Wildermuth and colleges (2001) demonstrated
that in A. thaliana a knockout of the ICS1 encoding gene SA induction deficient 2 (sid2) results
in the loss of SA accumulation. The ICS1 generated IC is transported from the chloroplast to
the cytosol by ENHANCED DISESE SUSCEPTIBILITY 5 (EDS5) (Rekhter et al. 2019) (Figure 2).
After pathogen contact, UV-C light treatment or exogenous SA application of A. thaliana, EDS5
expression is induced (Nawrath 2002) and A. thaliana eds5 knockout mutants show an
enhanced susceptibility to Pseudomonas bacteria (Rogers and Ausubel et al. 1997),
demonstrating the important role of EDS5 in plant immunity. In the cytosol the EDS5
generated IC is conjugated with glutamate to isochorismate-9-glutamate by avrPphB
Susceptible 3 (PBS3) (Figure 2; Torrens-Spence et al. 2019). Nobuta and colleagues (2007)
showed that PBS3 expression, correlating with /ICS1 expression, is pathogen induced in
A. thaliana and that the pbs3 knockout mutant is compromised in the perception of SA,
demonstrating a crucial role of PBS3 in SA mediated defense responses as a part of the SA
biosynthesis machinery. In the final step of the ICS pathway SA is generated by spontaneously

decays of isochorismate-9-glutamate (Torrens-Spence et al. 2019, Rekhter et al. 2019).

Modification of SA

To modulate and finetune the SA level during immune responses, SA can be modified resulting
in inactive storage forms of SA (Dempsey et al. 2011). The glycosylation of SA leads to
generation of SA 2-0O-B-D-glucoside (SAG) or salicylate-glucose-ester (SGE) which are stored in
the vacuole and thereby reduce the toxic effect of high SA levels synthesized in the cytosol
(Dempsey et al. 2011). In A. thaliana the SA glycosyltransferases (SAGT) UGT74F1, UGT74F2
and UGT76B1 have been identified to facilitate the glycosylation of SA to SAG, whereas
UGT74F2 generates SAG and SGE but is more active in SGE glycosylation (Dean and Delaney
et al. 2008, Thompson et al. 2017). As recently demonstrated, UGT76B1 converts SA to SAG
and facilitates the glycosylation of NHP to NHPG (Bauer et al. 2021). Another proposed SA
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storage mechanism in A. thaliana is the hydroxylation of SA. Thereby, the SA hydroxylases SA
3-hydroxylase (S3H) and SA 5-hydroxylase (S5H) can convert SA to 2,3-dihydroxybenzoic acid
(2,3-DHBA) and 2,5-dihydroxybenzoic acid (2,5-DHBA), respectively (Zhang et al. 2013, Zhang
et al. 2017). These hydroxylated SA forms can be further glycosylated by UGT89A2 and
UGT76D1 in A. thaliana (Chen et al. 2017, Huang et al. 2018). Although it was proposed that
DHBAs might be SA storage forms and others might activate PR proteins independent of SA in
A. thaliana, the role of DHBA and their glycosides in plant defense is not fully understood yet
(Bartsch et al. 2010). In addition to glycosylation and hydroxylation SA can be methylated to
MeSA by plants which enables SA a better membrane permeability and volatility (Chen et al.
2003).

SA mediated defense signaling

In the cytosol generated SA can directly bind to the SA receptor NONEXPRESSOR OF PR
GENES1 (NPR1), which is then translocated to the nucleus to activate the expression of
PATHOGENESIS-RELATED (PR) genes (Delaney et al. 1994, Wu et al. 2012, Ding et al.2018).
Theses PR proteins are small proteins that can reduce disease in pathogen attacked host
plants. It is proposed that some PR proteins exhibit direct antimicrobial features, but the
targets of several PR-proteins have not yet been identified (van Loon et al. 2006). A detailed
introduction to the mechanisms of NPR1 in plant immunity is given in PART Il

Several research groups showed that A. thaliana mutants with defects in SA biosynthesis and
perception fail to establish SAR and are highly susceptible to pathogens caused by a disrupted
PTI and ETI signal transduction and the impaired expression of PR proteins demonstrating the
crucial role of SA in plant immunity (Gaffney et al. 1993, Nawrath and Métraux 1999,
Wildermuth et al. 2001, Vlot et al. 2009, Bernsdorff et al. 2016). Early research by Gaffney and
colleagues (1993) showed that genetic engineered tobacco plants that are unable to
accumulate SA fail to manifest SAR, suggesting that SA plays a major role in the signal
transduction of SAR and might be the mobile SAR signal. Grafting experiments of genetic
engineered tobacco rootstocks that are unable to accumulate SA, were however able to
induce SAR in wildtype scions, ruling out a role of SA as mobile SAR signal (Vernooij et al.

1994).



1.4.2. N-hydroxypipecolic acid (NHP)

The small metabolite NHP was just recently identified as a crucial player in local and systemic
plant immunity (Hartmann et al. 2018, Chen et al. 2018). The accumulation of the biosynthetic
NHP precursor pipecolic acid (Pip) after pathogen infection has been reported in several plant
species decades ago (Palfi and Dézsi 1968) but in 2012 Pip was first described as immune
enhancing metabolite and required for SAR (Ndvarova et al. 2012). In A. thaliana the Pip
induced resistance response seemed to depend on a functional FLAVIN-DEPENDENT
MONOOXYGENASE1 (FMO1) protein and further metabolite analyses via GC-MS- and GC-FTIR
confirmed that FMO1 converts Pip to NHP (Bernsdorff et al.2016, Hartmann et al. 2018).
Several studies have investigated and elucidated the NHP biosynthesis pathway in the last
decade.

Upon an attack of a pathogen, plants undergo changes in their metabolism to provide
resources for defense responses resulting in an accumulation of amino acids like lysine
(Figure 2; Vogel-Adghough et al. 2013, Zeier 2021). In its natural L-form, L-lysin can be
converted to its corresponding a-oxoacid, €-amino-a-ketocaproic acid (KAC) by the a-
aminotransferase AGD2-LIKE DEFENSE RESPONSE PROTEIN1 (ALD1) which transfers the a-NH2
group of L-lysine to an acceptor like pyruvate (Hartmann et al. 2017, Zeier 2021). The ALD1
generated KAC spontaneously cyclizes to 1,2-dehydropipecolic acid (1,2-DP) and its tautomer
2,3-DP by water loss (Hartmann et al. 2017, Zeier 2021). These DP intermediates are further
reduced to Pip by the NAD(P)H-dependent ketimine reductase SAR-DEFICIENT4 (SARD4). The
NHP biosynthesis steps catalyzed by ALD1 and SARD4 are proposed to be located in the plastid
while the final step of the NHP biosynthesis is suggested to be facilitated in the cytosol (Huang
et al. 2019, Zeier et al. 2021). In this final step, FMO1 converts Pip to NHP via FAD- and
NAD(P)H dependent hydroxylation (Hartmann et al. 2018, Chen et al. 2018). It is proposed
that NHP is further glycosylated to finetune and modify NHP accumulation in defense
reactions (Mohnike et al. 2021). Bauer et al. 2021 discovered that the UGT76B1, which
glycosylates SA to SAG, mediates the glycosylation of NHP to an NHP-O-B-D-glucoside (NHPG)
as well. Another proposed storage form of NHP is an NHP-glucose-ester (NHPGE) which was
recently identified in A. thaliana leaf extracts via LC-MS-MS (Hartmann and Zeier 2019,
Holmes et al. 2021).



NHP mediated defense signaling

Intensive research has demonstrated an upregulated FMO1 and ALD1 gene expression
correlating with the accumulation of NHP and Pip after pathogen infection in local and
systemic A. thaliana leaves (Navarova et al. 2012, Hartmann et al. 2018). The A. thaliana ald1
and fmol knockout mutants have been demonstrated to fail pathogen induced local and
systemic accumulation of NHP and are unable to establish SAR (Bernsdorff et al. 2016,
Hartmann et al. 2018, Song et al. 2004). The SAR state can be established in the A. thaliana
wildtype Col-0 and rescued in aldl and fmol plants by exogenous application of NHP,
emphasizing an important role for NHP in local and systemic defense responses (Hartmann et
al. 2018, Yildiz et al. 2021). It has been shown that local Psm infected leaves of ald1 mutants
can deploy defense responses in the local leaf, however in distal leaves transcriptional defense
responses associated with SAR and SA accumulation are not established (Hartmann et al.
2018). Furthermore, Hartmann and colleagues revealed a fast NHP accumulation in systemic
leaves prior to a SA accumulation after a local pathogen attack, indicating that NHP is
transported to the systemic leaves and might not be synthesized de novo systemically. Hence,
NHP is hypothesized as mobile SAR signal that is transported to systemic leaves where it
triggers SA accumulation for a full systemic transcriptional reprogramming in SAR (Zeier 2021).
Exogenous NHP leads to upregulation of biosynthesis genes indicating a feedback loop in its

own biosynthesis.

1.4.3. Regulation and perception of the SA and NHP signaling pathways

In plants the accumulation of the small metabolites SA and NHP are crucial for an effective
defense response to an attacking pathogen. In contrast to the A. thaliana wildtype, the sid2
and fmol knockout mutants are highly susceptible to (hemi)biotrophic pathogens and
functional ICS1 and FMO1 enzymes are essential for a full SAR response in distal leaves
(Bernsdorff et al. 2016, Hartmann 2018). Moreover, exogenously applied SA leads to an
upregulation of the NHP biosynthesis genes ALD1, SARD4 and FMOI1 while exogenously
applied NHP results in the transcriptional upregulation of SA biosynthesis genes like ICS1 and
EDS5, indicating a strong interplay between the SA und NHP biosynthesis pathways (Hartmann
et al.2018, Hartmann et al.2019). Hence, several modulators for the positive and negative

regulation of synergistic SA and NHP biosynthesis have been identified.



The direct interaction partners ENHANCED DISEASE SUSCEPTIBILITY 1 (EDS1) and
PHYTOALEXIN DEFICIENT 4 (PAD4) transmit R protein induced defense responses in A. thaliana
(Feys et al. 2001, Jing et al. 2011, Rietz et al. 2011, Zeier et al. 2021). The eds1 and pad4
deficient A. thaliana mutants showed reduced activation of SA and NHP biosynthesis genes
like ICS1, ALD1 and FMO1 and are thus insufficient the accumulation of SA and NHP (Feys et
al. 2001, Jing et al. 2011, Rietz et al. 2011, Hartmann et al. 2018, Zeier 2021). Moreover, Chang
and colleagues (2019) showed that EDS1 is protected from degradation by PBS3 which is part
of the SA biosynthesis machinery and thereby demonstrates a direct interplay of EDS1 with
the SA biosynthesis. Independent of SA, EDS1 was also found to be involved in transcriptional
regulation of FMO1, demonstrating the EDS1 interplay with the NHP biosynthesis (Bartsch et
al. 2006). Likewise, PAD4 was shown to promote the Pip and NHP amplification loop,
modulating the NHP accumulation in A. thaliana defense against pathogens (Navarova et al.
2012, Hartmann et al. 2018). Hence, EDS1 and PAD4 were identified as positive regulators of
SA and NHP biosynthesis.

Other identified modulators in plant resistance that positively regulate SA and NHP
biosynthesis synergistically are the transcription factors, SYSTEMIC ACQUIRED RESISTANCE
DEFICIENT 1 (SARD1) and CALMODULIN-BINDING PROTEIN 60-LIKE G (CBP60g) (Huang et al.
2020). Redundant calmodulin binding transcription activator (CAMTA) transcription factors in
contrast negatively regulate SARD1 and CBP60g and thereby negatively regulate the pathogen
induced SA and NHP biosynthesis (Sun et al. 2020, Kim et al. 2020). After a pathogen infection
CAMTA transcription factors, SARD1 and CBP60g regulate the expression of EDS1 and PAD4 in
A. thaliana contributing to the SA and NHP homeostasis during the defense against the
attacking pathogen (Sun et al. 2015). Other transcription factors positively regulate one
pathway while they negatively regulate another pathway. The WRKY transcription factor 33
(WRKY33) for example negatively regulates SA accumulation and signaling (Birkenbihl et al.
2012, Liu et al. 2015), and positively regulates Pip accumulation by direct binding to the ALD1
promoter in A. thaliana (Wang et al. 2018), revealing a complex network that finetunes the
activation of the SA and NHP biosynthesis pathways. However, transcription factors in many
cases are involved in the regulation of several signaling pathways in plant defense. WRKY33
for example is not only involved in the SA and NHP pathway regulation, but also regulates
PAD3 expression and thereby the accumulation of the phytoalexin camalexin (Mao et al.

2011). Likewise, EDS1 and PAD4 were shown to regulate pathogen inducible processes in
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plants independent of the SA and NHP pathways, like the accumulation of phytoalexins and
tocopherols in A. thaliana after a pathogen infection (Jirage et al. 1999, Song et al. 2004, Stahl
et al. 2019). Moreover, studies of WRKY33 deficient and WRKY33 overexpressing mutants
indicate a regulation of the jasmonic acid (JA)/ethylene (ET)- and abscisic acid (ABA)-mediated

signaling by WRKY33 (Liu et al. 2015, Sham et al. 2017).
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Figure 2: The biosynthesis pathways of SA and NHP and their interplay in the A. thaliana resistance.

Upon the perception of an attacking biotrophic or hemibiotrophic fungal or bacterial pathogen, EDS1 and
PAD4 stimulate the SA (yellow) and NHP (blue) biosynthesis pathways. SA synthesis is induced via the ICS
pathway (bright yellow) to 90% and via the PAL pathways (light yellow) to 10 % (Wildermuth et al. 2001). Both
pathways originate from CA and are initiated in chloroplasts. In the PAL pathway, CA is converted to Pre by
CM which is further converted to Phe over a few intermediate steps. Phe is transferred to the cytosol and
converted to trans-CiA by PAL. AIM1 then converts trans-CiA to BA, which is further converted to SA by the
BA2H. In the ICS pathway, CA is converted to IC by ICS1, which is then transported from the chloroplast to the
cytosol via EDS5. In the cytosol IC is conjugated with glutamate to IC-9-Glu isochorismate-9-glutamate via the
PBS3. Spontaneously decays of IC-9-Glu then generate SA. SA can be further modified. Examples are the
hydroxylation by S3H or S5H to DHBAs or the glycosylation via UGTs to SGE and SAG. In the first step of the
NHP biosynthesis pathway (blue), lysin is converted to KAC by ALD1. Generated KAC spontaneously cyclizes
to 1,2-DP and 2,3-DP which ware further reduced to Pip by SARDA4. In the final step, Pip is converted to NHP
by FMO1 in the cytosol. NHP can be further glycosylated to NHPG or NHPGE. Continuous lines indicate
biosynthesis pathways, dashed lines indicate positive/negative regulation.

Abbreviations: SA = salicylic acid; NHP = N-hydroxypipecolic acid; EDS1 = ENHANCED DISEASE SUSCEPTIBILITY
1; PAD4 = PHYTOALEXIN DEFICIENT 4; ICS = isochorismate synthase; Phe = phenylalanine; PAL = Phe ammonia-
lyase; CA = chorismite; CM = chorismate mutase; Pre = prephenic acid ; trans-CiA = trans-cinnamic acid; AIM1
= 3-hyhroxyacyl-CoA dehydrogenase and peroxisomal protein 1; BA = benzoic acid; BA2H = benzoic acid 2-
hydroxylase; IC = isochorismate, EDS5 = ENHANCED DISESE SUSCEPTIBILITY 5; IC-9-Glu = isochorismate-9-
glutamate; PBS3 = avrPphB Susceptible 3; S3H = SA 3-hydroxylase, S5H = SA 5-hydroxylase; 2,x-DHBA = 2,x-
dihydroxybenzoic acid; SGE = salicylate-glucose-ester, SAG = SA 2-O-B-D-glucoside; UGT = UDP-dependent
glycosyl transferase; KAC = e-amino-a-ketocaproic acid; ALD1 = AGD2-LIKE DEFENSE RESPONSE PROTEIN1; DP
= dehydropipecolic acid; SARD4 = SAR-DEFICIENT4; Pip = Pipecolic acid, FMO1 = FLAVIN-DEPENDENT
MONOOXYGENASE1, NHPG = NHP-O-B-D-glucoside; NHPGE = NHP-glucose-ester
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Downstream of the SA and NHP biosynthesis, the accumulation of both metabolites activates
local and systemic defense responses that are essential for SAR establishment. Yildiz and her
team (2021) demonstrated the crucial role of NPR1 in the NHP induced local and systemic
defense against (hemi)biotrophic pathogens in A. thaliana. The importance of NPR1 in plant
defense was discovered in a A. thaliana mutant screening for mediators of SA perception and
revealed that the npr1 mutant fails to activate PR1 gene expression resulting in an insufficient
establishment of local or systemic defense responses (Cao et al. 1994, Shah et al. 1997).
Shortly after the identification of NPR1, it was described as bonafide receptor for SA in the
perception of SA induced expression of PR genes (Delaney et al. 1994, Wu et al. 2012, Ding et
al. 2018). The crucial role of NHP and SA in the NPR1 dependent activation of PR gene
expression might lead to the assumption that NPR1 acts as receptor for SA and NHP in plant
defense. Yildiz and colleagues (2021) showed that the exogenous application of NHP leads to
an elevated PR gene expression which was demonstrated to be disrupted in sid2 and nprl
mutant plants (Yildiz et al. 2021). These recent findings support the current model for SAR,
which draws the role of NHP as mobile signal that is translocated from the point of infection
to systemic leaves where it triggers the accumulation of SA. The perception of SA by NPR1
then leads to the essential expression of PR genes in SAR, which is thus dependent on a

functional SA and NHP biosynthesis.

1.4.4. Jasmonic acid (JA), ethylene (ET) and abscisic acid (ABA) in the crosstalk of
phytohormones

In plants the phytohormone JA plays a major role in immune responses after wounding and
herbivory but it is also involved in the defense against pathogens (Wasternack and Hause
2013). The first steps of the JA biosynthesis take place in the chloroplast where a-linolenic acid
is released from the chloroplast membrane by lipoxygenases and is further converted to 12-
cis-oxo-phytodienoic-acid (OPDA) over intermediate steps involving an allene oxide synthase
and an allene oxide cyclase (FeulRner and Wasternack, 2002, Wasternack and Hause 2013).
Generated OPDA is transported to the peroxisome where it is converted to JA by several
intermediate steps facilitated by the OPDA reductase 3, CoA-ligation and beta-oxidation
(Wasternack and Hause 2013). The synthesized JA is finally transported from the peroxisome

to the cytosol.
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In the cytosol JA must be conjugated with isoleucine to activate JA dependent transcriptional
responses (Staswick 2007, Wasternack and Hause 2013). In the nucleus JA-Ille is recognized by
the SCFC0'1-JAZ receptor complex consisting of the F-box protein CORONATINE-INSENSITIVE1
(COI1) and JASMONATE ZIM-DOMAIN (JAZ) proteins (Staswick 2007, Wasternack and Hause
2013). The formation of the JA-lle-SCF©'1-JAZ complex leads to the ubiquitination of JAZ
proteins followed by the degradation of the 26S proteasome resulting in the activation of JA
dependent transcriptional responses (Staswick 2007, Chini et al. 2007, Katsir et al. 2008,
Wasternack and Hause 2013). In the absence of JA-lle, JAZ proteins function as repressors of
these JA dependent transcriptional responses (Thines et al. 2007, Thatcher et al. 2016). The
JA dependent transcriptional defense splits in the MYC branch which is activated by wounding
or herbivory and the JA/ethylene (ET) branch which is activated in plants after the infection of
necrotrophic pathogens (Pieterse et al. 2009, Wasternack and Hause 2013). Although the JA
signaling pathway is only activated by necrotrophic pathogens, it has been shown that JA is
involved in the A. thaliana resistance against hemibiotrophic Pseudomonas bacteria, caused
by the antagonistic regulation of the SA and JA signaling pathways (Gupta et al.2000, Clarke
et al. 2000). In coil mutant A. thaliana plants, that fail to activate JA dependent transcriptional
responses, the SA dependent defense responses are hyperactivated resulting in an enhanced
resistance against hemibiotrophic bacteria (Kloek et al. 2001). Likewise, an JA pathway
activating elicitor treatment in tobacco revealed an inhibition of SA dependent gene
expression demonstrating the conserved JA/SA antagonism in plant defense (Vidal et al.
1997).

In early responses of plants to a pathogen infection the production of the adenosyl-
methionine derivate ET is enhanced and leads to the activation of defense responses (Abeles
et al. 2012). In plants ET is moreover involved in the response to abiotic stress factors and in
several developmental and physiological processes like germination, ripening and senescence
(Bleecker and Kende 2000). In the successful plant defense against necrotrophic pathogens,
it is suggested that JA and the gaseous plant hormone ET interact synergistically (van Loon et
al. 2006). Microarray studies showed that half of the genes that were induced by ET treatment
were likewise induced by JA treatment (Xu et al. 1994). In response to an A. thaliana infection
with the necrotrophic fungi Alternaria brassicicola for example, ET and JA signaling are both
required for the expression of PLANT DEFENSIN 1.2 (PDF1.2) which is involved in the

production of a defensin with antifungal effects (Xu et al. 1994, Penninckx et al. 1996, Kunkel
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and Brooks 2002). The microarray study by Xu and colleagues (1994) however also revealed
independent regulation of separate sets of genes by JA and ET and suggests that ET and SA
mutually activate the expression of a set of genes. Furthermore, the PR gene expression in
A. thaliana does not require functional ethylene signaling but upon ET exposure the SA
induced expression of PR1 is potentiated demonstrating a positive influence of ET on SA
mediated defense responses (Lawton et al. 1994). Revealing the complex mechanisms
underlying the regulation of phytohormones in the defense against pathogens, PR1 levels are
increased in ET deficient mutants by ET indicating a negative regulation of SA mediated
responses (Lawton et al. 1994). The limited data on the ET and SA interplay therefore supports
negative as well as positive regulation between those pathways, which might enable plants to
finetune defense response against pathogens (Kunkel and Brooks 2002).

In contrast to the intensively studied phytohormones JA, ET, SA or even NHP only little is
known about the role of the phytohormone ABA in plants’ defense against pathogens. The
production of ABA is mainly associated with drought stress and other abiotic stressors in
plants however research of the last 15 years revealed ABA as a major regulator of pathogen
virulence (Kumar et al. 2019). From carotenoids derived ABA regulates the stomata closure in
plants (Nambara and Marion-Poll 2005). Thereby ABA mediated stomatal closure prevents
water loss to cope with abiotic stressors and provides a structural barrier against biotic
attackers (Mauch-Mani and Mauch 2005, Kumar et al. 2019). Although ABA is rapidly
produced in the first hour after pathogen infection in A. thaliana, the highest ABA levels were
detected 48 hours post infection (hpi) (Gruner et al. 2013) suggesting a role for ABA in later
infection stages. The interplay of ABA with other defense related pathways during pathogen
infections has been demonstrated and reveals a role of ABA besides stomatal closure in
defense resistance (Mauch-Mani and Mauch 2005). In A. thaliana high ABA concentrations
strongly decrease the transcriptional levels of JA or ET responsive genes, which leads to a
hypersensitivity against necrotrophic pathogens (Anderson et al. 2004). Corresponding, A.
thaliana mutants deficient in ABA signaling showed an increase of the transcriptional levels of
these JA or ET responsive genes pointing to an antagonistic interaction between the ABA and
the JA/ET pathways (Anderson et al. 2004). Moreover, in tomato and rice an antagonistic
regulation of the ABA and SA signaling pathways was observed (Thaler et al. 2004, Xu et al.
2013). The ABA/SA antagonism was demonstrated in A. thaliana since it was shown that SA
protects its own bonafide receptor NPR1 form degradation while ABA mediates NPR1 from
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degradation (Ding et al. 2016). Furthermore, exogenous ABA treatment was reported to

suppress the biosynthesis of terpenoid phytoalexins (Henfling et al. 1980).

1.4.5. Phytoalexins

Phytoalexins are small secondary metabolites that are produced by plants upon the
recognition of an invading pathogen and exhibit antimicrobial activities (VanEtten et al. 1994,
Pedras et al. 2011). Phytoalexins that are constitutively produced and therefore are not
related to the induced defense are referred to as phytoanticipins (VanEtten et al. 1994).
Hence, it is possible that a substance is classified as phytoalexin in one species and as
phytoanticipin in another species (Pedras et al. 2011).

In Brassicaceae over 40 phytoalexins have been identified with a particular prominence of
tryptophan (Trp) derived indole alkaloids (Pedras et al. 2011, Ahuja et al. 2012). After an
infection with bacteria, fungi or oomycetes, in A. thaliana the accumulation of phytoalexins
like camalexin and other small indolic metabolites like ICA is induced (Glawischnig 2007). The
biosynthesis of camalexin and ICA in the indolic secondary metabolism starts with the
conversion of Trp to indole-3-acetaldoxime (IAOx) catalyzed by the two cytochrome P450
enzymes CYP79B2 and CYP79B3 (Zhao et al. 2002). From |IAOx several pathways branch in the
indolic secondary metabolism of A. thaliana to form camalexin, ICA, indole glucosinolates and
other low molecular weight indoles in the defense against pathogens (Glawischnig 2007,
Bender and Celenza, 2009; S¢nderby et al., 2010; Bednarek, 2012). In the camalexin derived
branch IAOx is converted to Indole-3-acetonitrile (IAN) by the cytochrome P450 enzyme
CYP71A13 (Nafisi et al. 2007). However, another synthesis pathway from IAOx to IAN was
demonstrated where Indol-3-ylmethylglucosinolateis is formed as an intermediate and can be
hydrolysed to IAN (Kim et al. 2008, Pfalz et al. 2011). IAN is further converted to Cys-IAN by
yet unknown mechanisms (Schuhegger et al. 2006). In the last steps of the camalexin
biosynthesis, PAD3 converts Cys-IAN to Dihydrocamalexic acid (DHCA) and DHCA to camalexin
(Schuhegger et al. 2006, Bottcher et al. 2009).

In Arabidopsis camalexin is one and best studied phytoalexins with direct antimicrobial activity
via membrane-disruption (Pedras et al. 2011). Camalexin accumulates prominently in A.
thaliana leaves infected with hemibiotrophic bacteria or necrotrophic fungi (Kliebenstein et
al. 2005, Schuhegger et al. 2007, Glawischnig 2007). However, in the camalexin deficient A.

thaliana pad3 mutants, bacterial growth assays revealed a dispensable role of camalexin in
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the resistance against hemibiotrophic Pseudomonas bacteria (Glazebrook and Ausubel 1994).
Camalexin is rather suggested to play a major role in the A. thaliana resistance against
necrotrophic fungi like A. brassicicola, Botrytis cinerea, and Leptosphaeria maculans or the
hemibiotrophic oomycete Phytophthora brassicae (Thomma et al. 1999, Bohman et al. 2004,
Ferrari et al. 2007, Schlaeppi et al. 2010). The influence of camalexin on the plant’s resistance
however relies on the specific plant pathogen interaction since plant pathogens like Sclerotinia
sclerotiorum and B. cinerea have been demonstrated to detoxify camalexin for their
advantage and the level of camalexin induction is dependent on the infected ecotype (Pedras
et al. 2011).

In the ICA derived synthesis branch IAOx is converted to IAN which is converted to Indole-3-
carbaldehyde (ICHO) by CYP71B6 (Bottcher et al. 2014). The ARABIDOPSIS ALDEHYDE OXIDASE
1 (AAO1) then catalyzes the conversion of ICHO to ICA (Bottcher et al. 2014). After a pathogen
challenge generated ICA is esterified to the cell wall to form a barrier against invading
pathogens (Forcat et al.2010) and is involved in B-aminobutyric acid induced defense priming
(Gamir et al. 2012). A direct antimicrobial effect of ICA has however not been demonstrated
yet but ICA derivatives like the brassicanals were identified to exhibit antimicrobial effects of
phytoalexins (Pedras et al. 2011). ICA accumulation has been observed in the exudates of
Arabidopsis roots infected with the necrotrophic oomycete Pythium sylvaticum (Bednarek et
al. 2005). Additionally, ICA accumulates in A. thaliana in local and systemic leaves after a local
Pseudomonas infection (Stahl et al. 2016). Stahl and colleagues (2016) however demonstrated
that the systemic accumulation of ICA is dependent on a functional SAR signaling mediated by
SA and NHP and is therefore not relevant for SAR establishment but a consequence of SAR.
Like camalexin, ICA and its derivates contribute to the A. thaliana resistance against
necrotrophic fungi (Pastor-Fernandez et al. 2019, Bottcher et al. 2014). Hence, accumulating
ICA in Pseudomonas induced SAR might prime plants for the defense against fungal
pathogens. Besides camalexin and ICA several metabolites in the indolic secondary
metabolism have been identified as resistance inducing metabolites in many different plant
species (Pedras et al.2011).

In addition to those indolic secondary metabolites and their derivates with antimicrobial
activities, the oxidative burst contributes to the defense against pathogens in plants with
direct destructive effects on microbes (Bolwell and Daudi 2009). Upon the recognition of an

attacking pathogen via PAMPs or Avr proteins, the accumulation of reactive oxygen species
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(ROS) such as superoxide (O2’) or hydrogen peroxide (H,0:) leading to an oxidative burst have
been observed (Auh and Murphy 1995, Grant et al.2000, Torres et al. 2006). Virulent
pathogens that escape the PAMP or Avr mediated recognition of plants trigger the production
of ROS in a much lower amplitude than avirulent, recognized pathogens, indicating a role for
ROS in the introduction of defense against pathogens (Torres et al. 2006).

Besides the destructive effects on pathogens, the accumulation of ROS leads to the
hypersensitive response (HR) in plants which results in cell death (Torres et al. 2006). The HR
can thereby detract (hemi)biotrophic pathogens from their feeding source leading to an
enhanced resistance or support necrotrophic pathogens in cell lyses leading to an enhanced
susceptibility (Torres et al. 2006). Whether a pathogens growth is terminated by the
destructive effects of ROS on the pathogen or by the plants’ establishment of the HR is not
fully understood and may be dependent on the specific pathogen-host interaction.
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Figure 3: Simplified scheme of the camalexin and ICA biosynthesis pathways and reactive oxygen species
induced defense responses. A pathogen stimulus activates these biosynthetic pathways and Trp is
converted to IAOx by CYP79B2/CYP79B3. Over intermediate steps generated IAOx can be converted to
IAN. In the camalexin derived biosynthesis branch (blue) IAN is converted to Cys-IAN which is further
converted to DHCA by PAD3. The last step of the camalexin biosynthesis from DHCA to camalexin is as
well facilitated by PAD3. In the ICA branch (pink) IAN is converted to ICHO by CYP71B6 which is then
further converted to ICA by AAO1. A pathogen stimulus can as well lead to the recruitment of reactive
oxygen species in the chloroplast inducing the expression of defense genes, the HR at the site of infection
and the biosynthesis of Trp derived phytoalexins.

Abbreviations: Trp = tryptophan; IAOx = Indole-3-acetaldoxime; IAN = Indole-3-acetonitrile; ICHO =
Indole-3-carbaldehyde; ICA = Indole-3-carboxylic acid; 13M = Indole-3-methyl-GSL; DHCA = R-Dihydro-
camalexicacid; AAO1 = ARABIDOPSIS ALDEHYDE OXIDASE 1; PAD3 = PHYTOALEXIN DEFICIENT 3; CYP =
Cytochrome P450; HR = hypersensitive response

H,0,
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In the defense against pathogen the interaction of ROS with defense related signaling
pathways has been observed. In this manner, ROS and SA were demonstrated to act
antagonistically in the regulation of the expansion of cell death at the site of infection (Torres
et al. 2005). Moreover, ROS can be sensed by the ET receptor ETR1 to mediate the closure of
stomata (Desikan et al. 2005) and additionally functions as an intermediate in ABA signaling
during the closure of stomata (Pei et al. 2000). Furthermore, moderate levels of ROS were
shown to induce the expression of the transcription factor WRKY33 conferring enhanced

resistance towards Chig in A. thaliana (Sewelam et al. 2014).

1.5. Aims and form of this thesis

As described, SA and NHP are the major players in SAR (Hartmann and Zeier 2019). The
interplay of SA and NHP in plant immunity activates diverse signaling pathways in local and
systematic responses to an infection with pathogens, including the accumulation of
phytoalexins and other indolic compounds (Zeier et al. 2021). To further elucidate the role of
NHP in plant immunity, this thesis aims

I. to identify the role of NHP in local and systemic immune responses of mono- and
dicotyledonous plant species in an infection with suitable pathogens.

. to investigate the role of NHP in the A. thaliana defense against necrotrophic pathogens.
lll. to investigate if NPR1 is a possible NHP receptor.

To investigate these aims this thesis is further divided in three parts whereat each part will

engage one of these expressed aims.

18



2. PART I: The biosynthesis and immune function of NHP in mono- and

dicotyledonous plants

2.1. Introduction

Since most of the in Part | presented results were published in the Schnake et al. 2020 paper,
the introduction only states research available before this publication. As indicated in the

discussion other studies have focused on comparable issues since our publication in 2020.

2.1.1. The conserved role of SA and NHP in the immune response of plants

In plant defense phytohormones act in diverse roles as they can exhibit direct antimicrobial
effects against pathogens, can strengthen cell walls to form barriers against these microbial
attackers or can induce and regulate the expression of defense genes (Ahuja et al. 2012,
Berens et al. 2017, Chezem et al. 2017). In plants, SA and JA are the major phytohormones
associated with defense responses against pathogens (Shigenaga and Argueso 2016, Berens
etal. 2017). Whereat SA is a positive regulator of defense against biotrophic or hemibiotrophic
pathogens, JA is a positive regulator of defense against pathogens with a necrotrophic lifestyle
(Glazebrook 2005). However, most of the research on phytohormone regulation and crosstalk
was conducted in the model organism A. thaliana and the applicability to other
dicotyledonous and monocotyledonous plants is questionable. In dicotyledonous plants like
tobacco, cucumber or A. thaliana for example, SA is mostly synthesized via the ICS pathway
and neglectable amounts of SA are synthesized via the PAL pathway, but in soybeans ICS and
PAL synthesized SA accumulates in equal levels (Pallas et al. 1996, Smith-Becker et al. 1998,
Wildermuth et al. 2001, Shine et al. 2016). Moreover, studies of PAL deficient rice mutants
indicated that the PAL pathway might be the major source of SA synthesis in
monocotyledonous plants (Duan et al. 2014, Tonnessen et al. 2015). Attacking pathogens that
are able to overcome the plants defense by interrupting the plants’ SA biosynthesis are
restricted to a host spectrum with similar regulatory mechanisms in the SA biosynthesis due
to the great differences in the SA biosynthesis between various plant species (Djamei et al.
2011). These diverse mechanisms in the SA biosynthesis in different plant species however
also reflect major differences in defense mechanisms of mono- and dicotyledonous plant

species.
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The accumulation of SA upon an infection with a biotrophic or hemibiotrophic pathogen was,
additionally to A. thaliana, observed in dicots like potato, tobacco, pepper and strawberry
(Halim et al. 2007, Vogel-Adghough et al. 2013, Kim and Hwang 2014, Yang et al.2011, Grellet-
Bournonville et al. 2012), but not yet in monocots like rice or wheat (Balmer et al. 2012). An
exception was demonstrated in a recent study by Lenk and colleagues (2019) in which a slight
SA accumulation in leaf exudates of the monocot H. vulgare after an infection with
Pseudomonas bacteria was observed, reflecting no unanimity in the role of SA in the pathogen
induced immune responses of monocotyledonous plants in the current state of research.
However, the exogenous application of SA or SA analogs was shown to induce resistance in
monocots and dicots against a broad spectrum of biotrophic and hemibiotrophic pathogens
(Grellet-Bournonville et al. 2012, Sugano et al. 2013, Ueno et al. 2015, Yang et al. 2011). This
indicates a conserved role of SA as positive regulator in the immunity of monocots and dicots
against biotrophic and hemibiotrophic pathogens even though the regulation of SA
biosynthesis and accumulation does not underly these conserved mechanisms (Berens et al.
2017). Consistently, the SA receptor NPR1 is conserved in monocots and dicots revealing
conserved mechanisms in the SA perception in angiosperms (Li et al.2004, Qiu et al. 2007,
Yuan et al. 2007). In agreement, the in dicots well elucidated SA/JA antagonism was recently
confirmed in wheat (Ding et al. 2016). The application of JA or its derivates was shown to
induce resistance against necrotrophic pathogens in the dicotyledonous species A. thaliana
and Medicago truncatula, and in the monocot rice (Spoel et al. 2007, Gaige et al. 2010, Taheri
et al. 2010).

In mutants of dicots like Arabidopsis or tobacco that are deficient in SA biosynthesis full
establishment of SAR fails, demonstrating the importance of SA in the systemic immunity of
these plant species (Gaffney et al. 1993, Nawrath and Métraux 1999, Bernsdorff et al. 2016).
Although, the successful establishment of SAR in barley and rice has been reported decades
ago (Sticher 1997), the contemporary knowledge about the role of SA in the mechanisms of
SAR in monocots is rare. For a long time, SA was discussed as the mobile signal in SAR which
travels from local to systemic leaves where it activates immune responses for the defense
against subsequent attacking pathogens. Rasmussen and his team (1991) for example
detected SA in phloem exudates of cucumber leaves infected with Pseudomonas bacteria
proposing a role for SA as mobile signal in SAR. In the same study, a time course analysis

revealed that the actual SAR signal must act prior to the observed systemic SA accumulation
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in cucumbers (Rasmussen et al. 1991). Additionally, grafting experiments with tobacco
demonstrated that SA is not the mobile SAR activating signal (Vernooij et al. 1994). Since then,
several metabolites like methyl salicylate, dehydroabietinal, azelaic acid and glycerol-3-
phosphate have been proposed to act as mobile SAR signal but recently the lysine-derived
metabolite NHP has emerged as possible SAR inducer (Shah and Zeier 2013, Hartmann et al.
2018, Hartmann und Zeier 2018, Chen et al. 2018, Hartmann et al. 2019).

The small metabolite NHP was first identified in the dicot model organism A. thaliana
(Hartmann et al. 2018, Chen et al. 2018). Upon an infection with Pseudomonas bacteria the
naturally occurring metabolite NHP accumulates in local and systemic A. thaliana leaves, while
NHP is not produced in uninfected plants (Hartmann et al. 2018). The exogenous application
of NHP enhances the A. thaliana resistance against hemibiotrophic Psm bacteria and the
biotrophic oomycete Hpa revealing the resistance inducing function of NHP against a broad
spectrum of pathogens (Chen et al. 2018, Hartmann et al. 2018). Additionally, NHP treatment
of A. thaliana leaves resulted in an elevated resistance of systemic leaves indicating NHP could
act as long-distance signal in SAR (Chen et al. 2018).

Recent phylogenetic studies based on A. thaliana sequences of genes involved in the NHP
biosynthesis revealed homologs of these genes in a broad spectrum of monocotyledonous
and dicotyledonous plant species promising a conserved function of NHP in SAR across the
plant kingdom (Hartmann et al. 2018, Holmes et al. 2019). In agreement, the NHP precursor
metabolite Pip has been identified to accumulate upon pathogen contact in several mono-
and dicotyledonous plants, including Arabidopsis, soybean, tobacco, rice and barley (Navarova
et al. 2012, Aliferis et al. 2014, Abeysekara et al. 2016, Vogel-Adghough et al. 2013, Adam et
al., 2018, Palfi and Dezsi 1968, Lenk et al.2019). However, in A. thaliana Pip induces SAR in an
FMO1 dependent manner, indicating that NHP and not Pip is the SAR inducing metabolite
(Navarova et al. 2012, Bernsdorff et al. 2016). So far, the accumulation of NHP upon contact
with a pathogen and its resistance inducing function were only determined in the
dicotyledonous species Arabidopsis, tomato and tobacco (Hartmann et al. 2018, Holmes et al.
2019). These findings indicate an important role of the NHP biosynthesis pathway in immune
responses to pathogens of monocotyledonous plant species that might be comparable to the
role of the NHP biosynthesis pathway illustrated in dicotyledonous plants. Further research is

necessary though to confirm this assumption.
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To finetune SA and NHP mediated defense responses, plants like A. thaliana were shown to
modify the phytohormones to establish homeostasis (described in detail in 1.4.). Only little is
known about these mechanisms in other dicots and monocots though. In the monocot rice,
infection with a blast fungus leads to the accumulation of SAG but not to SA accumulation
indicating an important role for SAG in rice immunity on the basis of the prevention of SA
accumulation (Umemura et al. 2009). Derivates of NHP were first identified in A. thaliana but

comparable mechanisms in other angiosperms remain to be investigated.

2.1.2. Aims

In A. thaliana, SA and NHP synergistically confer resistance against a broad spectrum of
phytopathogens. However, in A. thaliana NHP alone is sufficient to induce the SAR state and
positively affects local and systemic SA accumulation (Hartmann et al. 2018, Chen et al. 2018).
Holmes and colleagues (2019) demonstrated the Pseudomonas induced accumulation of NHP
in the dicot crop plant including tomato, tobacco, and mustard indicating a conserved role of
NHP in dicots. Additionally, the pathogen induced accumulation of Pip and the identification
of homologs of the A. thaliana NHP biosynthesis genes in various monocotyledonous and
dicotyledonous plant species indicate a putative functional NHP biosynthesis pathway in these
species (Navarova et al. 2012, Aliferis et al. 2014, Abeysekara et al. 2016, Vogel-Adghough et
al. 2013, Adam et al., 2018, Palfi and Dezsi 1968, Lenk et al.2019, Hartmann et al.2018, Holmes
et al. 2019). However, it remains unknown if NHP-associated immune responses are present
in mono- and dicotyledonous plants.

Hence, this study aims to investigate the biosynthesis and immune function of NHP in local
and systemic immune responses of mono- and dicotyledonous plant species. Therefore, two
dicotyledonous (Cucumis sativus, Nicotiana tabacum) and two monocotyledonous
(Brachypodium distachyon, Hordeum vulgare) species were infected with suitable
hemibiotrophic fungal and bacterial pathogens and metabolite analyses were conducted. To
gain further insight into the mechanisms of SAR, the metabolite analyses was additionally
performed on local and systemic leaves and petiole exudates of cucumbers infected with
bacteria. Moreover, the immune inducing effect of NHP was tested in the investigated
dicotyledonous plant species and in B. distachyon. Since it is not known whether the in dicots
identified molecular mechanisms of SAR and especially the role for SA in systemic immunity,

can be applied to monocot plant species (Balmer et al. 2012, Dey et al. 2014), this study
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additional aims to gain insight into the mechanisms of local and systemic resistance in
monocots. Therefore, the systemic response of B. distachyon to a local bacterial infection was
analyzed on the metabolite level and SAR establishment was tested with second bacterial

infection of systemic leaves.
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2.2. Results

2.2.1. Pseudomonas syringae pv. lachrymans induced metabolite accumulation in local

and systemic Cucumis sativus leaves and petiole exudates

To evaluate the changes of resistance related metabolitesin C. sativus after a pathogen attack,
the first fully grown leaf of 3-week-old C. sativus plants were spray inoculated with a Ps/
solution (ODegoo = 0.2) or with 10 mM MgCl; as a control treatment. To investigate the transport
of metabolites to systemic leaves in C. sativus, petiole exudates (PE) were collected at the
stems of the local inoculated and at the stems of the systemic, untreated leaves (Figure 4.A,
4.B). Like other Cucurbitaceae species, C. sativus is widely known for bleeding high amounts
of phloem sap upon wounding which were rapidly collected with a filter paper (Figure 4.B).
Samples were collected 1 dpi, 3 dpi and 5 dpi and analyzed via GC-MS to quantify resistance
related metabolites in inoculated local and untreated systemic leaves and PE as well as the
corresponding controls. The quantified amounts of defense related metabolites in leaves and
PE are not comparable since the density of the PE were equaled to the density of water and

might therefore not reflect correct amounts.

The defense related metabolite SA and its glucosides SAG and SGE were selected for
guantification in Psl and MgCl; treated C. sativus plants. The results of the GC-MS analyses
showed that a Ps/ inoculation elevated SA levels significantly in local leaves as well as in local
and systemic PE samples compared to the MgCl, treatment, starting 3 dpi (Figure 4.C).
However, the SA levels detected in systemic leaves of Ps/ treated plants equaled the SA levels
detected in systemic leaves of MgCl, treated plants at all sampling timepoints (Figure 4.C). In
Psl sprayed leaves significantly higher SA amounts were quantified than in MgCl, sprayed
leaves 3 dpi (1.86 pg g* FW) and 5 dpi (1.30 ug g* FW) (Figure 4.C). In local PE samples of Ps/
treated plants, significantly higher SA levels were detected than in samples of MgCl; treated
plants 3 dpi and 5 dpi. Thereby, in local PE samples of Ps/ treated plants sampled 3 dpi
(5.33 ug g* FW) a significantly higher SA level was quantified than in local PE samples of Ps/
treated plants sampled 5 dpi (3.22 pg g* FW) (Figure 4.C). Systemic PE samples of Ps/ treated
plants exhibited significantly higher SA levels than systemic PE samples of MgCl, treated plants
at 3 dpi. Furthermore, in systemic PE samples of plants that were inoculated with Ps/, detected

SA levels were about half of those quantified in local PE samples (local PE, 3 dpi, Ps/ = 5.33 ug
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gl FW; systemic PE, 3 dpi, Ps/ = 3.04 pg g* FW). No significant differences between the SA
levels in systemic PE samples of plants that were inoculated with Ps/ samples 3 dpi and 5 dpi

were identified (Figure 4.C).
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Figure 4: Accumulation of SA derived metabolites over time in Pseudomonas syringae pv. lachrymans (Psl) infected
Cucumis sativus leaves, distal leaves and petiole exudates. Three-week-old C. sativus plants were spray-inoculated
with a Ps/ solution (ODs00=0.2, containing 0.005% SilwetR L-77) or with 10 mM MgCl, containing 0.005% SilwetR L-77
(mock treatment). Leave and phloem samples were taken 1, 3, and 5 dpi. (A) Leaf samples were taken at the local
inoculated leaves and the systemic, untreated leaves. Petiol exudate (PE) samples were taken at the stem site of the
local and systemic leaves. (B) When a branch of the stem to a leaf was cut, PE starts to flow out of the branch. Exudates
were collected at the site of the stem using a filter paper. One plant thereby served as one biological replicate for local
and systemic leaf and PE samples. For each treatment and sampling timepoint at least four and maximal five individual
replicates were used (n > 4). All samples were analyzed via GC-MS and in the resulting chromatograms (C) SA and (D)
SAG were quantified. If a metabolite was not detected with the here used TMS derivatization method, it is indicated as
not detected (n.d.). Bars represent mean values + standard deviation. Letters above the bars show statistical differences
determined with a Kruskal-Wallis test in SPSS.
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In A. thaliana the glycosylation of SA results in the formation of two conjugates: SAG and SGE
(Dempsey et al. 2011). In C. sativus only the SA and its conjugate SAG were quantifiable, while
SGE was not detected in C. sativus leaves or PE. Starting 3 dpi the SAG amounts were
significantly elevated after a Ps/ inoculation in comparison to a MgCl, inoculation in local
leaves, local and systemic PE samples but not in systemic leaves (Figure 4.D). Independent of
the treatment, 1 dpi no SAG was detected in local leaves and PE samples, but low levels of
SAG were detected 1 dpi in systemic leaves of MgCl, and Ps/ treated plants (< 0.09 pg g* FW)
(Figure 4.D). In leaves and PE of MgCl, treated plants, significantly lower SAG amounts than in
leaves and PE of Ps/ treated plants were detected 3 dpi and 5 dpi (Figure 4.D). Additionally,
SAG was detected in significantly higher amounts in local PE samples of Ps/ inoculated plants
sampled 5 dpi (8.15 pg g* FW) when compared to the detected amounts in local PE samples
of Ps/ inoculated plants collected 3 dpi (3.02 ug g* FW) (Figure 4.D). In systemic PE samples of
MgCl; treated C. sativus plants, SAG was only detected 5 dpi in 2 out of 5 samples. However,
in systemic PE of Ps/inoculated plants a significantly higher level of SAG than in systemic PE of
MgCl, treated plants was quantified 3 dpi and 5 dpi (Figure 4.D). As observed in local PE
samples, the SAG amounts detected 5 dpi in systemic PE samples of Ps/ treated plants (5.29
ug gt FW) were significantly higher than the quantified SAG amounts in systemic PE samples
of Psl treated plants 3 dpi (1.35 pg g* FW), indicating an accumulation of SAG after a Ps/
infection over time in local C. sativus leaves and PE (Figure 4.D). In response to all treatments,
SAG levels of systemic leaves did not significantly differ from each other and were only
detectable in low concentrations (below 0.7 pug g FW), as examined for SA (Figure 4.D).
Summarizing, these results indicate an accumulation of SA and SAG in C. sativus after a Ps/
infection starting 3 dpi in local leaves, and local and systemic PE but not in systemic leaves. In
summary these results indicate a Psl-induced accumulation of SA and its derivate SAG in local
leaves, local PE and systemic PE of C. sativus plants, but no SA or SAG accumulation was

observed in systemic leaf samples.

In addition to SA and its conjugates, the biosynthesis of NHP and its conjugates was
investigated via GC-MS in C. sativus plants after a Ps/ infection (Figure 5). The analyses
revealed equal and constitutively high levels of the NHP precursor substance Pip after Ps/ or
MgCl, treatments in local and systemic leaves and local and systemic PE at any sampling
timepoint (Figure 5.A). Independent of the treatment, local and systemic PE samples that were

collected 1 dpi showed a significantly lower amount of Pip than local and systemic PE samples
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collected 3 dpi and 5 dpi (Figure 5.A). In local, Psl infected leaves Pip amounts of up to 15.14

ug g FW were quantified 3 dpi, whereas Pip amounts of up to 43.40 ug g** FW were quantified

already 1 dpi in systemic leaves (Figure 5.A), indicating a more important role of Pip in systemic

than in local tissue that might be independent of the defense against pathogens in C. sativus.
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Figure 5: Time dependent accumulation of NHP derived metabolites in Pseudomonas syringae pv. lachrymans (Psl)
infected Cucumis sativus leaves, distal leaves and petiole exudates. Three-week-old C. sativus plants were spray-
inoculated with 10 mM MgCl, containing 0.005% SilwetR L-77 as control treatment or with a Ps/ solution (ODe00=0.2,
containing 0.005% SilwetR L-77). Leave and phloem exudates (PE) samples were taken 1 dpi, 3 dpi, and 5 dpi. Leaf
samples were taken at the local inoculated leaves and the systemic, untreated leaves. PE samples were taken at the
stem site of the local and systemic leaves. Thereby, one plant served as one biological replicate for one local and
systemic leaf and PE sample. For each treatment and sampling timepoint at least four and maximal five individual
replicates were used (n = 4). All samples were analyzed via GC-MS and (A) Pip and (B) NHP and (C) NHPGE were
quantified in the resulting chromatogram. If a metabolite was not detected, it is indicated as not detected (n.d.). Bars
represent mean values * standard deviation. Letters above bars indicate the statistical differences investigated with a
Kruskal-Wallis test in SPSS.
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In comparison to the MgCl, treatment significantly higher levels of NHP were detected 3 dpi
and 5 dpi in local and systemic leaves and PE of Ps/ treated C. sativus plants (Figure 5.B). In C.
sativus leaves the highest NHP amounts were detected in local, inoculated tissue 3 dpi
(3.71 pg g FW) whereas in systemic, untreated leaves only 1.43 pug g* FW were detected 3 dpi
(Figure 5.B). At the first sampling timepoint (1 dpi) no significant differences in the NHP level
of MgCl; or Psl treated plants were measured in local and systemic leaves and PE (Figure 5.B)
indicating that NHP accumulation starts between 1 dpi and 3 dpi with Ps/. The NHP conjugate
NHPGE was detected in local leaves 3 dpi and 5 dpi after a Ps/ inoculation but not in MgCl,
treated leaves at any tested timepoint (Figure 5.C). In local PE, systemic PE and systemic leaves
NHPGE was not detected (Figure 5.C). The recently in A. thaliana identified NHP conjugate

NHPG (Holmes et al. 2021) was not detected in C. sativus.

Since the metabolite analyses revealed an existing Pip and NHP biosynthesis in C. sativus,
homologs of the A. thaliana ALD1 and FMO1 genes were identified in the publicly available C.
sativus genome via NCBI blast search to examine their expression during a Ps/ infection. For
the expression analyses, the sampled and ground leave material of the local leaves that was
used for the metabolite analyses before was used for RNA extraction, cDNA synthesis and
subsequent semi-quantitative PCRs. For the semi-quantitative gene expression analyses only
three of five replicates were used. Therefore, samples were chosen which displayed the mean
detected amounts of Pip or NHP for each treatment at each sampling timepoint. The light
intensities of the PCR products on a 2 % agarose gel were visualized by UV-light, photographed

(Suppl. Figure 2) and measured using Imagel. Measured light intensities of the bands were set
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Figure 6: Semi-quantitative expression analyses of Cucucmis sativus ACTIN, ALD1 and FMO1 in leaves treated with
Psl or MgCl2 via PCR. (A) To assure an efficient cDNA synthesis PCRs with primers for the C. sativus ACTIN (ACT) gene
were performed and evaluated on a 2 % agarose gel under UV-light. The PCR products of PCRs with C. sativus ALD1
and FMO1 primers were evaluated on a 2 % agarose gel under UV-light as well. The relative light intensity of the bands
was determined, and mean values and the SEM were calculated for (B) ALD1 and (C) FMO1 for MgCl; or Psl treatments

at 1 dpi, 3 dpi and 5 dpi (n =3).
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relative to the highest measured intensity on the gel to visualize differences and thereby draw
a conclusion about the ALD1 and FMO1 gene expression. To assure a successful and efficient
cDNA synthesis, a control PCR with ACTIN primers was performed (Figure 6.A). In
semi-quantitative ALD1 PCRs bands were observed in 1 dpi, 3 dpi and 5 dpi in MgCl, and Ps/
treated leaf samples (Figure 6.A, 6.B). The quantified relative band light intensity in ALD1 PCRs
revealed a slightly higher light intensity for Ps/ treated leaf samples compared to the light
intensity of MgCl, treated leaves at all tested infection timepoints (Figure 6.B). In
semi-quantitative FMO1 PCRs, bands were only detected in samples of Ps/ treated C. sativus
leaves that were harvested 3 dpi and 5 dpi but not in samples of MgCl, treated leaves (Figure

6.A, 6.C).

2.2.2. Metabolite changes in Nicotiana tabacum in response to Pseudomonas syringae

pv. tabaci infection

To study the biosynthesis of NHP and SA in N. tabacum upon pathogen infection, four- to
five-week-old plants were pressure infiltrated with a Pseudomonas syringae pv. tabaci (Pstb)
solution (ODeoo = 0.005) or 10 mM MgCl,. Samples were taken 1 dpi, 2 dpi and 3 dpi and were
analyzed via GC-MS.

In fully grown N. tabacum leaves SA levels were 1 dpi and 3 dpi significantly higher after Pstb
treatment than in the MgCl; mock treatment (Figure 7.A). In samples which were collected
2 dpi differences between the treatments were not significant but in comparison of the
treatments an elevated SA level was observed in Pstb treated plants (Figure 7.A). The highest
amounts of SA (0.81 pg g* FW) were detected in Pstb treated N. tabacum leaves 1 dpi (Figure
7.A). Consequently, the investigated SA glycosides SAG and SGE were detected in significantly
higher amounts after Pstb infections compared to the MgCl, treatments at all infection
timepoints (Figure 7.B, C.C). In the MgCl, treated plants no SAG or SGE was detected (Figure
7.B, C.C). At 2 dpi the SAG level in Pstb infected N. tabacum leaves significantly elevates
compared to 1 dpi and reaches a maximum concentration of 28.21 pg g* FW in Pstb infected
leaves at 3 dpi (Figure 7.B). The detected amounts of SGE in Pstb infected leaves were
significantly higher than those detected in MgCl; treated plants, but no significant elevation

of the SGE level was observed over time (Figure 7.C). The maximum SGE concentration was
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measured 3dpi in Pstb infected N. tabacum leaves (1.06 ug g* FW) (Figure 7.C). The calculated
total SA levels show an elevating total SA concentration over time in N. tabacum leaves after
a Pstb infection (Figure 7.D). However, the statistical analyses showed no statistical
differences in total SA levels between the investigated infection time points or between the
Pstb and MgCl, treatments which might related to the high variance between the samples
(Figure 7.D). In brief, these results indicate a Pstb induced accumulation of SA and its derivates

SAG and SGE in N. tabacum.
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Figure 7: Accumulation of defense related metabolites in a Nicotiana tabacum - Pseudomonas syringae
pv. tabaci (Pstb) infection-time course. Via GC-MS analyses total and relative amounts of (A) SA, (B) SAG,
(C) SGE, (D) SA total, (E) Pip and (F) NHP were quantified in four- to five-week-old N. tabacum plants that
were pressure infiltrated with a Pstb solution (ODeoo = 0.005) (dark grey bars) or as a control treatment
with 10 mM MgCl (light grey bars) and sampled 1 dpi, 2 dpi and 3 dpi. If a metabolite was not detected
with the here used TMS derivatization method, it is indicated as not detected (n.d.). Leaf samples of one
plant served as one biological replicate. Per investigated timepoint and treatment five biological
replicates were used (n = 5). Mean values + standard deviations are represented by bars. Letters above
bars indicate statistical differences determined by a Kruskal-Wallis test in SPSS.

The non-proteinogenic amino acid Pip was detected in low amounts up to 0.12 ug g* FW in
MgCl, treated N. tabacum leaves and was detected in significantly higher levels in Pstb treated
leaves 2 dpi (0.70 pg g* FW) and 3 dpi (2.89 pg g* FW) (Figure 7.D). The Pip levels detected 1
dpi showed no significant differences between the treatments, however a slightly higher Pip
level was observed in the Pstb treatments compared to the MgCl, treatments (Figure 7.D).

The defense related metabolite NHP was detected at all sampling timepoints between 1 dpi
30



and 3 dpiin N. tabacum leaves which were infected with Pstb but no NHP was detected in the
leaves of the MgCl; control treatment (Figure 7.E). The highest NHP level was measured 3 dpi
(0.13 pg g'* FW) (Figure 7.E). These results demonstrate the importance of an accumulation of

Pip and NHP upon a Pstb infections in N. tabacum.

2.2.3 Identification of unknown substances in Brachypodium distachyon

In the last decade B. distachyon emerged as model organism for monocotyledonous plant
species (Fitzgerald et al. 2015). Its short life cycle, self-fertilization, small size and easy growth
conditions also made B. distachyon a useable model organism source in plant-pathogen-
interaction studies (Hong et al. 2011, Draper et al. 2001). In this study, the B. distachyon
metabolite profile was investigated after the infection with Xanthomonas translucens (Xtra)
bacteria to compare accumulation patterns after infections with the metabolite profile of
dicotyledonous and monocotyledonous plant species and thereby contribute to uncover
shared mechanisms in immune responses on the metabolite level of mono- and
dicotyledonous plant species. Therefore, three leaves of five-week-old B. distachyon plants
were infiltrated with a Xtra solution (ODego = 0,05) or MgCl, as a control treatment and
samples were taken 3 dpi. The infected leaf samples and respective controls were analyzed
via GC-MS. In comparisons of the total ion chromatograms of pathogen infected B. distachyon
leaves and respective controls, several accumulating substances were detected in the Xtra
infected leave samples. Some of those substances were identified as commonly known plant
metabolite in defense reactions (Figure 10, Figure 11). However, other accumulating
substances had to be further identified by their mass spectra (Figure 8, Figure 9). A GC-MS
mass-spectral library (Wiley275) of the National Institute of Standards and Technology (NIST)
was therefore used to identify substance peaks by matching recorded mass spectra with

spectra of the library.

Two peaks with a dominant fragment ion of m/z 290 accumulated in the selected 290 ion
chromatogram of Xtra treated plants when compared with the mass spectra of mock treated
plants (Figure 8.A). Both substances were identified as serotonin by the used mass-spectra
library. The first accumulating peak (RT = 22.68) was identified as serotonin with 3 TMS groups
and the second peak (RT = 24.83) as serotonin with 4 TMS groups. The detected fragment ions
of these two peaks were compared with possible fragment ions of serotonin. The mass
spectrum of the potential serotonin-3TMS revealed the molecular ion M+ of 392 and an ion
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fragment of m/z 377 which correlated to the mass of M+ with a dissociated CH3 group with a
mass of 15 (Figure 8.C). Similarly, the mass spectrum of the potential serotonin-4TMS revealed
the molecular ion M+ of m/z 464, which correlated with the M+ of serotonin-3TMS with an
additional TMS group (MW = 73). The mass spectrum of the potential Serotonin-4TMS also
showed an ion fragment of m/z 377 which correlated to the mass of the potential Serotonin-

4TMS M+ with a dissociated CHs group (Figure 8.D).

In the mass spectrum of both serotonin peaks, the molecular ion of m/z 290 was identified
(Figure 8.C, 8.D) which correlates with the molecular weight of serotonin with two TMS groups
and a dissociated CHsN (MW = 29 kDa) fragment, which can carry one (MW = 73) or two (MW
= 146) TMS groups after derivatization (Figure 8.C, 8.D). If this fragment carries one TMS
group, upon dissociation fragment ions of m/z 290 and m/z 102 will form which were both
detected in the mass spectrum of the potential serotonin-3TMS (Figure 7.C). If this dissociated
CHsN fragment carried two TMS groups, upon dissociation the fragment ions of m/z 290 and
m/z 174 would be generated. These fragment ions of m/z 290 and 174 were both detected in
the mass spectrum of the potential serotonin-3TMS (Figure 7.D). Since the fragmentation
pattern of these substances matches the serotonin-3TMS and serotonin-4TMS mass
spectrum, they were identified as serotonin and are in the following referred to as serotonin-
3TMS and serotonin-4TMS. In the here presented metabolite analyses entire relative

serotonin amounts are indicated (Figure 11B).

Another substance that accumulated in B. distachyon after Xtra inoculation, when compared
to the MgCl, mock treatment, was detected in the selected ion chromatogram (m/z 293) at
RT 16.36 min (Figure 8.B). By comparing the mass spectrum of this substance with the used
mass-spectra library, this substance was identified as potential phenylpyruvic acid (PPA) with
an M+ of m/z 308 after TMS derivatization which was also detectable in the mass spectrum of
this unknown substance (Figure 8.E). Additionally, a fragment ion of m/z 293 was higly
abundant in the mass spectrum of peak m/z 293 which can be explained by the cleavage of a
CHs3 group (MW = 15) of PPA with two TMS groups (MW = 308) (Figure 8.E). Hence, this

substance was identified as putative PPA and will in the following be referred to as such.

At the retention time of 27.30 min and 27.64 min in the total ion chromatogram two
substances of unknown character accumulated in B. distachyon upon a Xtra infection
compared to a control sample chromatogram (Figure 9.A). In the mass spectrum of these
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Figure 8: Identification of serotonin and phenylpyruvic acid (PPA) in Xanthomonas translucens (Xtra)
infected Brachypodium distachyon leave samples. (A) The selected ion chromatogram (m/z 290) of a Xtra
infected B. distachyon leave samples (black line) and respective MgCl, controls (blue line) harvested 3 dpi
show the accumulation of two substances in Xtra infected samples at RTs of 22.68 min and 25.83 min. The
investigated mass spectra revealed that (C) the first substance can be identified as serotonin with 3 TMS
groups (M* = m/z 392) and (D) the second accumulating substance can be identified as serotonin with 4 TMS
groups (M* = m/z 464). Likewise investigated was (B) the selected ion chromatogram (m/z 293) of a Xtra
infected B. distachyon leave samples (black line) and respective MgCl, controls (blue line) harvested 3 dpi,
which showed the accumulation of on unknown substance in Xtra infected samples at the RT of 16.36 min.
(E) The respective mass spectrum of this unknown substance revealed characteristic ion fragments of PPA. A
GC-MS mass-spectral library (Wiley275) was used to identify substance peaks by matching recorded mass
spectra with spectra of the library.

Abbreviations: RT = retention time, TMS = trimethylsilyl

substances several ion fractions were identified (Figure 9.C, 9.E). In both substances ion
fragments of m/z 267 and m/z 361 were detected in the mass spectrum (Figure 9.C, 9.E). The

ion fragment of m/z 267 is associated with the SA or 2-Hydroxybenzioc acid molecule and the
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fragment ion of m/z 361 is associated with sugars. Both of those ion fractions were also
detected in the mass spectrum of SAG suggesting that the substances at RT 27.30 min and

27.64 min in the total ion chromatogram might be SA glycosides (Figure 9.C, 9.E).

By comparing the mass spectra of SAG and the two unknown substances the same ion
fragments were detected in the chromatogram of a Xtra inoculated B. distachyon sample
except for the ion fragment of m/z 355 which was only detected the mass spectra of the two
unknown peaks and not in the mass spectrum of SAG (Figure 9.C, 9.E). Due to the same
detected ion fragments in the mass spectra of SAG and the unknown substances it is assumed

that the unknown substances have a SAG like structure. By comparisons of the mass spectra
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Figure 9: Identification of 2,x-DHBA-G1 and 2,x-DHBA-G2 in Xanthomonas translucens (Xtra) infected
Brachypodium dystachion leave samples. (A) Total ion chromatogram of a Xtra infected B. dystachion leave
samples (black line) and respective MgClz controls (blue line) harvested 3 dpi show the accumulation in Xtra
infected samples of SAG (RT = 25.88 min) and two other substances referred to as 2,x-2,X-DHBA-G1 (RT = 27.30
min) and 2,x-2,X-DHBA-G2 (RT = 27.64 minutes). The investigated mass spectra of (C) 2,x-2,X-DHBA-G1 and (E)
2,x-2,X-DHBA-G2 showed that both substances incorporate (D) the 2-Hydroxybenzoicacid structure (m/z 267)
with an additional OH-group (m/z 15) containing a TMS group (m/z 73) of unknown position resulting in an m/z
of 355. (B) Like SAG both investigated substances reveal a m/z of 361 which is associated with sugars and hence
both determined substances are identified as 2,x-2,X-DHBA-Gs. A GC-MS mass-spectral library (Wiley275) was
used to identify substance peaks by matching recorded mass spectra with spectra of the library.

Abbrevations: 2,X-DHBA-G = dihydroxybenzoicacid-glucoside, RT = retention time, TMS = trimethylsilyl
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of both unknown substances with the used mass spectral library, both substances were
identified as potential 2-6-Dihydroxybenzoic acid (Figure 9.B). Based on that, the detected ion
fragment of m/z 355 in the unknown substances could represent the 2-Hydroxybenzoic acid
structure (267) plus an OH-group (15) containing a TMS group (73) (Figure 9.D). As mentioned,
both unknown peaks with m/z 355 also show an ion fragment at m/z 361 in the mass
chromatogram which is commonly associated with sugars (Figure 9.D). This leads to the
assumption that the peaks at RT 27.30 min and 27.64 min in the chromatogram might be 2,3-
or 2,4 or 2,5 or 2,6-Dihydroxybezioc acid sugar derivates (Figure 9.B). Hence, the substance
detected at a RT of 27.30 min is in the following referred to as 2,x-Dihydroxybenzoic acid
glucoside 1 (2,x-DHBA-G1) and the substance detected at a RT of 27.64 min is in the following

referred to as 2,x-DiHydroxybenzoic acid glucoside 2 (2,x-DHBA-G2).

2.2.4. Defense related metabolites accumulate in local and systemic Brachypodium

distachyon leaves after Xanthomonas translucens infections

To investigate the local and systemic response of B. distachyon leaves to a bacterial Xtra
infection on the metabolite level, three leaves of five-week-old plants were pressure
infiltrated with a Xtra solution (ODepo = 0.05) or 10 mM MgCl, which served as a control
treatment. Local and systemic leaf samples were harvested 1 dpi, 3 dpi and 5 dpi. The
inoculated leaves were pooled as one replicate and three leaves systemic of these local leaves

were pooled as one replicate for the performed GC-MS analyses (Figure 10.C).

The phytohormones SA, NHP and their derivates play a major role in the establishment of SAR
in dicotylous plants (Hartmann and Zeier 2019, Zeier 2021). For this reason, these important
defense substances were quantified in this study to reveal their role in the local and systemic
defense of monocotyledonous plants against pathogens. The metabolite analyses of the
conducted infection time course revealed significantly higher amounts of SA in local leaves
that were treated with Xtra compared to the MgCl, treated leaves starting 3 dpi and reaching
amaximum of 7.69 pg g* FW in Xtra treated leaves 5 dpi (Figure 10.A). At early infection stages
(1 dpi) no significant differences were found in the measured SA in local leaves that were
treated with Xtra or MgCl, (Figure 10.A). In systemic leaves of Xtra treated plants, a

significantly higher amount of SA than in systemic leaves of MgCl, treated plants was only

35



measured 3 dpi but not 1 dpi or 5 dpi. The detected SA in systemic leaves of Xtra treated plants
reached 3 dpi a maximum level of 1.18 ug g’* FW which is approximately seven times less than
the detected SA in local Xtra treated leaves (Figure 10.B). These results suggest an

accumulation of SA in local Xtra infected and untreated systemic B. distachyon leaves.

In local Xtra treated leaves a significantly higher amount of the SA glucoside SAG was detected
than in MgCl, treated leaves starting 3 dpi (Figure 10.A). In the progression of the Xtra
infection, SAG was detected in significantly higher amounts in local Xtra treated leaves 5 dpi
(438.92 pg g FW) compared to the detected SAG amounts in local Xtra treated leaves 3 dpi
(122.33 pug g FW) (Figure 10.A). In systemic, untreated leaves equal amounts of SAG were
detected 1 dpi, 3 dpi and 5 dpi in Xtra and MgCl; treated plants (Figure 10.B). The SA glucoside
SGE was only detected in Xtra treated local leaves but not in MgCl, treated local or systemic
leaves (Figure 10.A, G.B). In the local leaves of B. distachyon plants SAG was detected in
significantly higher levels in Xtra treated leaves compared to MgCl, treated leaves 3 dpiand 5
dpi (Figure 10.A). Since, these results suggest that the SA derivates SAG and SGE accumulate
in B. distachyon after an Xtra infection only in local infected leaves but not in systemic

uninfected leaves.

In GC-MS chromatograms of Xtra treated B. distachyon leaf samples harvested 3 dpi, four
substances were identified that were only detectable in low amounts in the chromatograms
of MgCl, treated leaves. Two of these substances were further characterized as 2,x-DHBA-G1
and 2,x-DHBA-G2 which were both quantified in relative amounts since the correction factors
of the included internal standards for these substances are unknown. The measured levels of
2,x-DHBA-G1 and 2,x-DHBA-G2 in local leaves are significantly higher in Xtra treated plants
compared to MgCl, treated leaves at all infection timepoints that were studied (Figure 10.A).
In the progression of the Xtra infection in local B. distachyon leaves, the levels of both DHBA
glycosides significantly elevated constantly reaching a maximum 5 dpi (Figure 10.A). In
systemic leaves, the 2,x-DHBA-G1 was detected in equal amounts in Xtra and MgCl; treated
plants sampled 1 dpi but significantly higher level 2,x-DHBA-G1 were detected in systemic
leaves of Xtra treated B. distachyon plants compared to MgCl; treated plants 3 dpi and 5 dpi
(Figure 10.B). The 2,x-DHBA-G2 was detected in equal amounts in Xtra and MgCl, treated

plants at all sampling timepoints (Figure 10.B).
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Figure 10: Time dependent accumulation of SA, SAG, 2,x-DHBA-G1, 2,x-DHBA-G1 and SGE in local Xanthomonas
translucens (Xtra) and Mgcl, treated systemic untreated leaves of Brachypodium disatchyon plants. (C) Three
leaves of five-week-old B. distachyon plants were pressure infiltrated with a Xtra solution (ODego = 0.05) or 10
mM MgCl, which served as a control treatment and local (black arrows) and systemic (grey arrows) leaf samples
were harvested 1 dpi, 3 dpi and 5 dpi. For the performed GC-MS analyses, the three inoculated leaves of one
plant were pooled as one local replicate and three untreated systemic leaves were respectively pooled as one
replicate. For each treatment and sampling timepoint three individual replicates/plants were used (n = 3) for the
GC-MS analyses of local (A, white background) and systemic (B, grey background) B. distachyon leaves. If a
metabolite was not detected with the here used TMS derivatization method, it is indicated as not detected (n.d.).
Presented bars show mean values + standard deviation. Statistical differences were investigated with a Kruskal-
Wallis test in SPSS and results are indicated by the letters above bars.



These results indicate a clear accumulation of 2,x-DHBA-G1 and 2,x-DHBA-G2 in B. distachyon
after a Xtra infection in local infected leaves, while only a slight accumulation of 2,x-DHBA-G1

is indicated in systemic leaves (3dpi).

Another substance that was identified in the total ion chromatogram is serotonin which was
as well quantified in relative amounts. In local, Xtra treated B. distachyon leaves a significantly
higher level of serotonin was quantified than in MgCl, treated leaves starting 3 dpi whereat a
further significant elevation of the serotonin level was detected in Xtra treated local leaves
between 3 dpi and 5 dpi (Figure 11.A). In systemic B. distachyon leaves equal amounts of
serotonin were detected in Xtra and MgCl, treated plants at all sampling timepoints (Figure
11.B). The fourth substance that was identified in the total ion chromatograms is PPA, which
was also in quantified in relative amounts. The level of PPA in local Xtra treated leaves was 3
dpi significantly higher than in MgCl, treated leaves 3 dpi (Figure 11.A). Equal levels of PPA
were measured in Xtra and MgCl; treated B. distachyon local leaves 1 dpi and 5 dpi (Figure
11.A). In systemic leaves no significant differences were detected between the Xtra and MgCl,
treated plants (Figure 11.A). These findings indicate a role for serotonin and PPA in the local
immune responses of B. distachyon against Xtra infection, while these metabolites do not

seem to be engaged in systemic immune responses of this monocot.

The SAR inducer NHP and its precursor Pip were also detected in B. distachyon. In local, Xtra
treated leaves a significantly higher amount of Pip was detected than in MgCl, treated leaves
3 dpiand 5 dpi, but 1 dpi equal amounts of Pip were measured in response to both treatments
(Figure 11.A). A significant elevation of the Pip level was observed between 3 dpi
(3.39 ug gt FW) and 5 dpi (8.96 pg gt FW) in local Xtra treated leaves (Figure 11.A). In systemic
B. distachyon leaves no statistical differences between the control and Xtra treatments were
observed between 1 dpi and 5 dpi (Figure 11.B). However, a slightly higher Pip level was
observed 5 dpi in the systemic leaves of Xtra treated plants when compared to the systemic

leaves of MgCl, treated plants (Figure 11.B).

The NHP was not detected in local leaves of MgCl; treated plants and was only detected in
Xtra treated local leaves 3 dpi (0.54 ug g* FW) and 5 dpi (0.18 pug g FW) (Figure 11.A). No
elevation of NHP levels over time were observed during the progression of the Xtra infection
(Figure 11.A). In systemic B. distachyon leaves of Xtra treated plants, NHP was only detected
3 dpi (0.05 pg g* FW) in two out of four replicates resulting in a high standard deviation (Figure
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11.B). At all other testes timepoints (1 dpi, 5 dpi) no NHP was detected in the systemic leaves
of MgCl; and Xtra treated plants (Figure 11.B). Summarizing these results indicate an
induction of the NHP biosynthesis pathway in Brachypodium upon an Xtra infection in local

infected and systemic uninfected leaves.
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Figure 11: Time dependent accumulation of Pip, NHP, serotonin and PPA in local Xanthomonas translucens (Xtra)
and Mgcl: treated and systemic untreated leaves of Brachypodium distachyon plants. Three leaves of five-week-
old B. distachyon plants were pressure infiltrated with 10 mM MgCl. as a control treatment or with a Xtra solution
(ODsoo=0.05). Local (A, white background) and systemic (B, grey background) leaf samples were harvested 1 dpi, 3
dpi and 5 dpi. The three inoculated leaves and the three untreated systemic leaves of one B. distachyon plant were
respectively pooled as one replicate for the performed GC-MS analyses. Three individual replicates/plants were used
for each treatment and sampling timepoint (n = 3). If the here used TMS derivatization method did not lead to the
detection of an investigated metabolite, it is indicated as not detected (n.d.). Bars represent mean values + standard
deviation. Letters above bars indicate the statistical differences investigated with a Kruskal-Wallis test in SPSS.

39



2.2.5. Changes in the metabolite levels in Brachypodium distachyon after a

Magnaporthe grisea infection

To gain further insight into the mechanisms of defense against pathogens in B. distachyon,
changes in metabolite levels of B. distachyon after a fungi infection were investigated.
Therefore, three- to four-week-old B. distachyon plants were sprayed with a Mgri spore
solution (50 spores/ul) or H20 as a control treatment. To establish high humidity for the best
possible Mgri growth conditions, the plants were incubated in sealed plastic bags after spray
inoculations. For the GC-MS analyses of B. distachyon leaves after a Mgri or H,0 treatment,
samples were collected 2 dpi, 3 dpi and 4 dpi to investigate this plant-pathogen interaction

during the biotrophic and necrotrophic growth stages of Mgri in planta.

In the H,0 treated B. distachyon leaves a basal SA level of approximately 0.5 pg g* FW was
detected 2 dpi, 3 dpi and 4 dpi (Figure 12.A). An equal SA level was detected in H,0 and Mgri
inoculated plants 2 dpi and 4 dpi (Figure 12.A). However, 3dpi significant higher amounts of
SA were detected in Mgri treated B. distachyon leaves (1.18 pg g FW) than in H,0 treated
leaves (0.64 pg g FW) (Figure 12.A). The investigated SA derivate SAG did not reveal any
differences between the detected amounts of SAG in H,0 and Mgri treated plants at 2 dpi,
3dpi or 4 dpi (Figure 12.B). In contrast, the investigated SA derivate SGE was detected in
significantly higher amounts in Mgri treated B. distachyon leaves (4.89 pg g FW) than in H20
treated leaves 4 dpi (3.47 ug g FW) (Figure 12.C). Equal levels of SGE were observed in Mgri
and H,0 treated leaves 2 dpi and 3 dpi (Figure 12.C). In short, these results indicate a slight SA
accumulation in B. distachyon upon a Mgri infection, which does not seem to be associated

with accumulation of the investigated SA derivates in this study.

The in Xtra infected B. distachyon leaves identified 2,x-DHBA-G1, 2,x-DHBA-G2, serotonin and
PPA were also investigated in B. distachyon after the infection with Mgri to reveal differences
in metabolite levels between the treatments. These substances are indicated in relative
amounts since correction factors were not available. Noticeably, 2,x-DHBA-G1, 2,x-DHBA-G2
and PPA were detected in equal levels in Mgri and H;0 treated plants 2 dpi, 3 dpi and 4 dpi
(Figure 12.D, J.E, J.1). Serotonin was also detected in equal amounts in Mgri and H,0 treated
plants 2 dpi and 3 dpi but significantly higher amounts of serotonin were detected in Mgri

treated plants than in H,O treated plants 4 dpi (Figure 12.F). These findings suggest a role of
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2,x-DHBA-G1, 2,x-DHBA-G2, serotonin and PPA in the defense reactions of B. distachyon

against a Mgri infection in progressed Mgri infection stages.

A B C

SA SAG SGE
1.5 ~ a 20 7 6 =5 ab a
1 . {bb
] 15 3 ] b b
= 1.0 - b b = ] = 4
by ] b = ] i ]
oo bp bo 10 7 W
% 05 1 % o B )]
0.0 0 0 -
2 3 4 2 3 &4 2 3 4
dpi dpi dpi
D E = .
2,x-DHBA-G1 2,x-DHBA-G2 Serotonin
25 E 60 E 0.16 4 a
2 E N 2 .
E 20 s 3 S 0.12 ]
o ] 8 40 3 o ]
£ 15 J £ E £ ]
© 1 ® 30 5 © 0.08 - ab
2 10 £ £77 ] e
& ] & %004 17m PN <
g ] g 10 ¢ .
0 1 0 1 0.00 ]
2 3 4 234 23 4
G H |
Pip NHP PPA
20 1 a 1.2 4 0.8 -
] 3 a @ ]
15 10 - € g6 -
= 7] 2 0.8 3 3 7]
[T b . 5 £ ]
W 10 7 T 0.6 3 S 04 ]
1 ] b b % 0.4 ] £
ibb b 0.2 3 B %5
0 0.0 3 0.0 1
2 3 4
dpi 2 3 4 2 3 4 4
O H,0 B Magnaporthe grisea

Figure 12: Time dependent accumulation of defense related metabolites in Brachypodium distachyon
leaves infected with the fungal pathogen Magnaporthe grisea (Mgri). Total and relative amounts of (A)
SA, (B) SAG, (C) SGE, (D) 2,x-DBHA-G1, (E) 2,x-DBHA-G2, (F) serotonin, (G) Pip, (H) NHP, (I) PPA were
quantified via GC-MS analyses. Therefore, two leaves of 3- to 4-week-old B. disatchyon plants in the three-
leaf-stage were sprayed with a Mgri spore solution (50 spores/ul) or H,0 as a control treatment and were
contained in sealed plastic bags after inoculations. Samples for the GC-Ms analyses were taken 2 dpi, 3
dpi and 4 dpi whereat all infected leaves of one plant were pooled for one biological replicate. Bars
represent mean values * standard deviation for at least three biological replicates per sampled timepoint
and treatment (n > 3). If a metabolite was not detected with the here used TMS derivatization method, it
is indicated as not detected (n.d.). Statistical differences are indicated by the letters above bars and were
investigated with a Kruskal-Wallis test in SPSS.

To investigate the NHP biosynthesis pathway Pip was quantified in B. distachyon after a Mgri
infection. The GC-MS analyses revealed significantly higher amounts of Pip in Mgri treated

leaves (2.64 pg gt FW) compared to H,0 treated leaves (0.27 pug g* FW) 4 dpi (Figure 12.G). A
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basal level of Pip was detected 2 dpi and 3 dpiin Mgriand H,0 treated leaves but no significant
differences between the treatments were found (Figure 12.G). The NHP was not detectable
in H,0 inoculated B. distachyon plants and in Mgri inoculated plants that were sampled 2 dpi
(Figure 12.H). However, NHP was detected 3 dpi (0.27 pg g* FW) and 4 dpi (0.54 pg g FW) in
Mgri treated leaves which thereby shows significantly higher levels of NHP after Mgri
treatments than after H,O treatments in B. distachyon (Figure 12.H). These results indicate
the accumulation of Pip and NHP in B. distachyon upon Mgri infections and thereby indicates
the pathogen induced activation of the NHP biosynthesis pathway, over Pip to NHP, in
B. distachyon plants. Moreover, a parallel accumulation of SA and NHP in B. distachyon plants

was observed after the infection with Mgri.

2.2.6. Metabolite analyses of Hordeum vulgare after a Magnaporthe oryzae infection

To study the interaction of monocotyledonous plants with pathogens on a metabolite level,
H. vulgare plants were spray-inoculated with Mory or H,0 as a control treatment and analyzed
via GC-MS. The Mory and control treatments of barley plants, as well as the sampling of leaf
material 5 dpi were performed by Ulrich Schaffrath in the Department of Plant Physiology at
RWTH Aachen University (Aachen, Germany).

The metabolite analyses showed equal amounts of SA in H20 (0.07 pgg* FW) and Mory
(0.083 pg g* FW) treated H. vulgare plants (Figure 13.A). The in this study investigated SA
derivates SAG and SGE were not detected in H. vulgare. In summary, these results indicate a
neglectable role of SA and its derivates in the immune response of H. vulgare after a Mory
infection. However, the in B. distachyon identified 2,x-DHBA-G1 and 2,x-DHBA-G2 were
detected in H. vulgare and revealed a significantly higher level of 2,x-DHBA-G1 and
2,x-DHBA-G2 in Mory inoculated plants than in H,O inoculated H. vulgare plants (Figure
13.B, K.C), indicating an important role for these metabolites in the H. vulgare defense against

Mory.
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To investigate the NHP biosynthesis pathway in H. vulgare, Pip and NHP were quantified in
Mory or H;0 treated plants 5 dpi. A significantly higher Pip level was detected in Mory treated
(30.72 pg g* FW) than in H20 (0.46 pg g FW) treated H. vulgare plants (Figure 13.D). In H20
inoculated plants no NHP was detected but in Mory inoculated plants 0.11 ug g* FW NHP
were detected which thereby shows a significantly higher NHP level in Mory treated plants
compared to H,0 treatments (Figure 13.E). This indicates an accumulation of Pip and NHP in

H. vulgare which is induced by Mory infections.
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Figure 13: Accumulation of defense related metabolites in an Hordeum vulgare leaves upon a Magnaporthe
oryzae (Mory) infection. Total and relative amounts of (A) SA, (B) 2,x-DBHA-G1, (C) 2,x-DBHA-G2, (D) Pip and
(E) NHP were quantified via GC-MS. Therefore, leaves of H. vulgare plants were spray inoculated with a Mory
spore solution (250 conidia/pl) or H20 as a control treatment and sampled 5 dpi. Three biological replicates
were sampled per treatment (n = 3) consisting of all infected leaves of one plant. Mean values * standard
deviation are represented by bars. If a metabolite was not detected with the here used TMS derivatization
method, it is indicated as not detected (n.d.). Letters above bars indicate statistical differences determined
by a Kruskal-Wallis test in SPSS. Infection assays were performed by Ulrich Schaffrath in the Department of
Plant Physiology at RWTH Aachen University (Aachen, Germany).

2.2.7. The NHP induced resistance in dicotylous plants

The resistance inducing effect of NHP in A. thaliana has been the focus of recent studies
(Hartmann et al. 2018, Chen et al. 2018), however only a few studies investigate the resistance
inducing effect of NHP in other dicotyledonous plant species (Holmes et al. 2019). To test if
exogenous NHP application can induce resistance in C. sativus, three-week-old plants were
injected with 1 mM NHP or H,;0 at the stem and were spray inoculated with a Ps/ solution
(ODeoo = 0.2) one day after the pretreatments. The number of Ps/ bacteria in the leaves was
determined 3 dpi and 6 dpi in two independent experiments (Figure 14.A). For the
macroscopic analyses of disease symptoms caused by Ps/, pictures of NHP and H,O pretreated

plants were taken 6 dpi (Figure 14.B).
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In C. sativus plants that were pretreated with H,O a significant higher number of Ps/ bacteria
was determined than in NHP pretreated plants 3 dpi and 6 dpi (Figure 14.A). In H,O pretreated
and Psl inoculated plants 3 dpi approximately 4 * 10° cfu were detected whereas in H20
pretreated and Ps/ inoculated plants 6 dpi approximately 12 * 10° cfu were measured which
shows a triplication of the number of bacteria between 3 dpi and 6 dpi in the two independent
performed experiments (Figure 14.A). In NHP pretreated and Ps/ inoculated plants 3 dpi
approximately 99 * 103 cfu and 6 dpi approximately 132 * 103 cfu were detected (Figure 14.A).
This reveals approximately 46 times more bacteria in H,0 than in NHP pretreated leaves 3 dpi
and 96 times more bacteria in H,0 than in NHP pretreated leaves 6 dpi which indicates a
slower growth of Ps/ bacteria in NHP pretreated compared to H,O pretreated plants.
Macroscopically the leaves of H,O pretreated and Ps/ inoculated plants showed yellowish
chlorosis with necrotic spots 6 dpi while NHP treated leaves seemed green with only a few
chlorotic spots (Figure 14.B). Additionally, the Ps/ inoculated and NHP treated plants
macroscopically showed leaves with a healthy tension, but H,O pretreated plants developed

curled up leaf edges and showed signs of dehydration (Figure 14.B).
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Figure 14: Cucumis sativus plants acquire systemic resistance to bacterial infections after a NHP injection in the
stem. Three-week-old plants were injected with 1 mM NHP or H20 as a control treatment at the stem and one day
later the plants were spray inoculated with a Ps/ solution (ODeoo = 0.2). (A) The number of Ps/ bacteria in the leaves
was determined 3 dpi and 6 dpi in two independent experiments and is expressed as colony-forming units (cfu) per
cm? leaf surface. Bars represent mean values + standard deviation for five biological replicates (n = 5). Leaf samples
of one C. sativus leaf served as one replicate. Statistically significant differences between bacterial growth in the
pretreatments are indicated above bars with asterisks: ***P<0.001, **P<0.01 (two-tailed t-test). (B) For the
macroscopic analyses of disease symptoms caused by Ps/, pictures of NHP and H,O pretreated plants were taken 6
dpi.

Holmes and colleagues (2019) examined the NHP resistance inducing effect in tomato. In the

present study the resistance inducing effect of NHP was investigated in another Solanaceae

species: N. tabacum. Therefore, four- to five-week-old N. tabacum plants were watered with
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1 mM NHP or H,0 and inoculated with Psm (ODeoo = 0.001) or Pstb (ODeoo = 0.001) one day
later. The N. tabacum resistance was assessed 3 dpi with Psm or Pstb by determination of
bacterial growth in the inoculated leaves.

In leaves of N. tabacum plants that were pretreated with H,O and inoculated with Pstb the
number of bacterial determined in the leaves (97 * 10* cfu) was significantly, in total 2.3 times
higher than the number of bacteria counted in the NHP pretreated and Pstb inoculated leaves
(40 * 10* cfu) (Figure 15.A). The disease symptoms on leaves of H,0 and NHP pretreated plants
were documented photographically 6 dpi when symptoms became macroscopically visible

(Figure 15.B, M.D). The H,0 pretreated and Pstb inoculated N. tabacum leaves showed a slight
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Figure 15: Nicotiana tabacum plants acquire systemic resistance to bacterial infections after a
NHP injection in the stem. NHP or H20 (control) were exogenously applied to four- to five-week-
old N. tabacum plants via the soil and leaves of pretreated plants were infiltrated (A) with Pstb
(ODsoo = 0.001) or (C) with Psm (ODeoo = 0.001) one day later. The resistance of N. tabacum
plants was assessed 3 dpi by determination of bacterial growth in the inoculated leaves. Mean
values * standard deviation for four biological replicates in Pstb and at least five biological
replicates in Psm experiments are represented by the bars (Pstb n = 4; Psm n > 5). One replicate
consisted of leaf samples from one plant. A two-tailed t-test was performed to determine
statistically significant differences between bacterial growth in the pretreatments. Results are
indicated above bars with asterisks: ***P<0.001, **P<0.01. (B) For the macroscopic analyses of
disease symptoms in N. tabacum caused by Pstb, pictures of leaves of NHP and H,O pretreated
plants were taken 6 dpi. (D) Close up views show developing necrosis alongside the leaf veins
of H20 pretreated, but not of NHP pretreated leaves.
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chlorosis compared to the fully green leaves of NHP pretreated and Pstb inoculated leaves
6 dpi (Figure 15.B). Additionally, developing necrosis alongside the leaf veins of H.0
pretreated and Pstb inoculated N. tabacum leaves (Figure 15.D) and some necrotic spots
between the leaf veins were observed (Figure 15.B) while no necrosis was observed on NHP
pretreated and Pstb inoculated leaves (Figure 15.B, M.D). To test, if the immune inducing
effect of NHP in N. tabacum is applicable to other N. tabacum-pathogen interactions the same
experiment was performed using Psm instead of Pstb bacteria. In leaves of N. tabacum plants
that were pretreated with H,O and inoculated with Psm the bacterial number (7.3 * 10* cfu)
was 33.7 times higher and thereby significantly higher than the number of bacteria counted
in the NHP pretreated and Psm inoculated leaves (0.2 * 10* cfu) (Figure 15.C). These results
show significant induction of resistance by exogenous NHP application in N. tabacum against

Pseudomonas infections.

2.2.8. NHP treatments and bacterial infections induce a state of resistance in

Brachypodium distachyon

To compare the mechanisms of chemical and pathogen induced resistance of dicots and
monocots, resistance was induced chemically by NHP application (Figure 16) and SAR was
induced with Xtra bacteria in B. distachyon (Figure 17). To study the NHP induced resistance,
two fully grown leaves of three-week-old B. distachyon plants were pressure infiltrated with
a 1 mM NHP solution or with H;0 as a control treatment. The NHP and H,O pretreated leaves
were pressure infiltrated with Xtra (ODeoo = 0.005). Samples were taken 3 days after Xtra
infections to assess the resistance of B. distachyon (Figure 16.A) and the progression of the
infection in NHP and H,0 pretreated leaves was macroscopically documented 3 dpi and 8 dpi
(Figure 16.B). In H,0 pretreated and Xtra infected leaves an average of 12 * 10° cfu were
measured 3 dpi while in NHP pretreated and Xtra infected leaves 1.8 * 10° cfu and thereby
significantly less than in H,O pretreated leaves were observed 3 dpi (Figure 16.A). The Xtra
inoculated leaves of NHP pretreated B. distachyon plants showed slight pressure marks as a
result of the used application method by infiltration 3 dpi but apart from those, the leaves
appeared green and undamaged (Figure 16.B). In contrast, the H,O pretreated B. distachyon
leaves developed yellow or brown, dehydrated lesions at Xtra infiltration sites at 3 dpi (Figure
16.B). Until 8 dpi, NHP pretreated and Xtra infected leaves macroscopically showed slight

chlorosis but predominantly still undamaged and green leaves whereas H,O pretreated and
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Xtra infected leaves showed strong chlorosis and beginning necrosis which spread from the
infiltration sites to the entire leaf (Figure 16.B).

To further compare the resistance inducing effect of NHP in Brachypodium plants against
bacterial and fungal pathogens the same experimental setup was reproduced with an
Magnaporthe grisea (Mgri) infection. The H,0 or NHP pretreated plants were sprayed with a
Magri spore solution (50 spores/ul) one day after pretreatments to compare the NHP induced
resistance in B. distachyon against. Prior to that, the successful infection of Mgri in

B. distachyon was verified macro- and microscopically (Suppl. Figure 3).
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Figure 16: NHP induces acquired resistance in Brachypodium distachyon against Xanthomonas translucens (Xtra) and
Magnaporthe grisea (Mgri) infections. Two fully grown leaves of three-week-old B. distachyon plants were pressure
infiltrated with a 1 mM NHP solution or H20 as a control treatment. The NHP and H20 pretreated leaves were one
day later pressure infiltrated with Xtra (ODsoo = 0.005) or sprayed with a Mgri solution (50 spores/ul). (A) Bacterial
numbers in leaves were assessed as colony-forming units (cfu) per cm? leaf surface at 3 dpi. For each pretreatment
nine individual replicates/plants were used (n = 9). (B) Pictures of NHP and H20 pretreated leaves were taken 3 dpi
and 8 dpi for the macroscopic analyses of bacterial disease symptoms in B. distachyon. (C) The B. distachyon
resistance against Mgri in NHP and H20 pretreated leaves was assessed 4 dpi. Sampled leaves were destained and
the necrotic area per leaf surface was determined in % as a measure of disease severity. Four individual
replicates/plants were used for each investigated pretreatment (n = 4). (D) Pictures of NHP and H,O pretreated
leaves were taken 4 dpi for the macroscopic analyses of fungal disease symptoms in B. distachyon. Statistically
significant differences in bacterial growth (A) or leaf necrotic areas (C) between NHP- and H,O-pretreated plants
were determined with a two-tailed t-test. Asterisks (***P<0.001, *P<0.05 ) are indicated above bars that represent
mean values * standard deviation.

Leaves that were pretreated with H,O or NHP and were one day later inoculated with Mgri
one day later. They were sampled four days after Mgri treatments and the necrotic areas of
B. distachyon leaves were measured to assess the B. distachyon resistance (Figure 16.D, O.C).
The results revealed approximately five times larger necrotic are in H,O pretreated and Mgri
infected leaves (14.5 % necrotic leaf area) than in NHP pretreated and Mgri infected leaves
(2.9 % necrotic leaf area). Thus, the statistical analyses determined significantly more necrotic

leaf area in H,0 than in NHP pretreated B. distachyon leaves (Figure 16.D). The macroscopic
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analyses of H,O or NHP pretreated, Mgri infected leaves, that were harvested 4 dpi and
subsequently bleached showed small dark brown necrotic spots on NHP pretreated leaves
while the H,0 pretreatment resulted in dark brown lesion covering large areas of the leaves
(Figure 16.C). Summarizing, these results indicate an elevated resistance of B. distachyon
against Xtra and Mgri after NHP pretreatments when compared to the H;O control

treatments.

To compare the mechanisms of SAR in monocots and dicots, SAR was established in
B. distachyon. Therefore, two fully grown leaves of three-week-old plants were challenge
infiltrated with Xtra (ODsoo = 0.05) or a 10 mM MgCl, solution and two days later one systemic
leaf of each plant was infiltrated with Xtra (ODegoo = 0.005) (Figure 17.A). For assessment of
B. distachyon resistance in systemic leaves the growth of Xtra bacteria was determined
3 dpi. In systemic, Xtra treated leaves of B. distachyon plants whose local leaves were treated
with MgCl,, approximately 34 * 108 cfu were detected 3 dpi while in plants whose local leaves
were treated with Xtra, approximately 9.5 * 10° cfu were detected in systemic Xtra infiltrated
leaves 3 dpi (Figure 17.B). This shows 3.6 times more Xtra growth in the systemic leaves of
plants which local leaves were infiltrated with MgCl, than in plants which local leaves were

infiltrated with Xtra. Macroscopically the local MgCl; infiltrated B. distachyon leaves seemed
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Figure 17: A Xanthomonas translucens (Xtra) infection induces resistance in systemic Brachypodium distachyon
leaves against subsequent bacterial infections. (A) To trigger SAR, two fully grown leaves (black arrows) of
three-week-old B. distachyon plants were pressure infiltrated with Xtra (ODsoo = 0.05) or a 10 mM MgCl,
solution. Two days later one systemic leaf (grey arrow) was infiltrated with Xtra (ODeoo = 0.005). (B) Bacterial
numbers in systemic B. distachyon leaves were assessed 3 dpi as colony-forming units (cfu) per cm? leaf surface.
Six individual replicates/plants were used for each pretreatment (n = 6). Bars represent mean values + standard
deviations. Differences in systemic bacterial growth between Xtra and MgCl, treated plants were tested for
statistical significance with a two-tailed t-test and asterisks (***P<0.001) are indicated above bars. (C) Pictures
of systemic Xtra infected leaves and Xtra and MgCl, pretreated leaves were taken 3 dpi for the macroscopic
analyses of Xtra caused disease symptoms in B. distachyon.
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undamaged and fully green (Figure 17.C). The local Xtra infiltrated leaves however showed
chlorosis and necrosis which spread from the infiltration sites to the entire leaf (Figure 17.C).
The systemic leaves of B. distachyon plants with a local MgCl, treatment showed chlorotic
areas at the inoculation sites 3 dpi while systemic leaves of plants with local Xtra treatments
showed no signs of chlorosis or damage at the same sampling timepoint (Figure 17.C).
Additionally, the statistical analyses revealed a significantly higher number of Xtra bacteria in
MgCl, and Xtra inoculated plants than in Xtra and Xtra inoculated plants (Figure 17.B)

indicating the successful establishment of SAR in B. distachyon.
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2.3. Discussion

2.3.1. The pathogen induced NHP biosynthesis is a conserved feature in the immune response
of mono- and dicotyledonous plants

The pathogen induced accumulation and immune inducing function of the L-lysin derived
small metabolite NHP was first discovered in A. thaliana (Hartmann et al. 2018, Chen et al.
2018). Recent phylogenetic studies indicate a functional NHP biosynthesis pathway in several
monocotyledonous and dicotyledonous plant species suggesting highly conserved
mechanisms in disease resistance of the angiosperm lineage (Hartmann et al. 2018, Homes et
al. 2019). Consistently, the NHP precursor Pip has been identified in several monocots and
dicots (Ndvarova et al. 2012, Aliferis et al. 2014, Abeysekara et al. 2016, Vogel-Adghough et
al. 2013, Adam et al., 2018, Palfi and Dezsi 1968, Lenk et al.2019). Holmes and colleagues
(2019) discovered the pathogen induced accumulation of NHP in the dicotyledonous crop
plants tomato, tobacco, and mustard upon inoculation with non-host P. syringae strains. This
study demonstrates the accumulation of Pip and NHP in the dicots C. sativus (Figure 5) and N.
tabacum (Figure 8) after an infection with P. syringae bacteria and in the monocots
B. distachyon after a Xtra (Figure 11) and Mgri (Figure 12) infection and H. vulgare after a Mory
infection (Figure 13). In the corresponding Schnake et al. (2020) publication we additionally
showed the accumulation of NHP in soybean and tomato after an infection with Pseudomonas
bacteria and in tomato after an infection with the oomycete Phytophthora infestans. Hence,
this study shows major contribution to the current finding that NHP accumulation can be
triggered by bacterial, oomycete, and fungal pathogens in dicotyledonous as well as in
monocotyledonous plant species.

In untreated B. distachyon, H. vulgare and N. tabacum plants no NHP was detected and in
untreated C. sativus leaves only small amounts of NHP were detected (Figure 5, 8, 11, 12)
indicating that angiosperms exhibit low NHP levels in the absence of a biotic stressor. In
A. thaliana constitutive accumulation of high amounts of NHP results in retarded plant growth
(Guerra et al. 2020, Sun et al. 2020) suggesting that low levels of NHP in unstressed plants set
the conditions for proper plant growth. The negative influence of naturally accumulating NHP
on the plant’s growth reveals a scenario in which a plant must balance between defense and
growth.

In case of a pathogenic attack, the NHP biosynthesis is activated in A. thaliana to initiate

defense responses and, as typical for a signaling molecule, the NHP concentration decreases
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in the infected plant tissue over time (Hartmann et al. 2018, Hartmann and Zeier 2019).
Similarly, in this study the fast induction of NHP biosynthesis was observed in all investigated
plant species. However, only in C. sativus infected with Psl and in B. distachyon infected with
Xtra a decrease of NHP levels was observed over the performed infection time-courses
(Figure 5). In N. tabacum infected with Pstb, in H. vulgare plants infected with Mory and in
B. distachyon infected with Mgri the NHP levels were only increasing after infections in the
performed infection time-courses (Figure 8, 12, 13). Given the fact that a decrease of NHP was
observed in B. distachyon after a Xtra infection, a decrease in NHP levels in B. distachyon after
a Magri infection at later, here not investigated sampling timepoints is to expect and can
therefore be assumed to take place after infections in N. tabacum and H. vulgare as well.
Hence, the inducible character of the small metabolite NHP can be verified in the here
investigated angiosperms.

In A. thaliana the decrease of NHP levels is associated with an increase of NHP derivates like
the glycosylation to NHPG or NHPGE (Chen et al. 2018, Hartmann and Zeier 2019). In this study
NHP derivates were only identified in C. sativus (Figure 5). After a Psl/ infection, NHPGE was
detected in local infected C. sativus leaves (Figure 5). Since a decrease of NHP in the infection
time course of B. distachyon infected with Xtra was observed but no NHP derivates were
detected, it is either to assume that NHPG and NHPGE levels were below the detection level
or that B. distachyon might modify NHP with yet unknown mechanisms. In the latter case, NHP

derivates might have not been detectable with the used GC-MS method.

2.3.2. Angiosperms exhibit different strategies to accumulate NHP

In A. thaliana the direct biosynthetic precursor of NHP is Pip (Hartmann et al. 2018). The
pathogen inducible character of Pip was identified in several plant species including dicots like
tobacco, soybean and potato or monocots like rice and barley (Aliferis et al. 2014, Abeysekara
et al. 2016, Vogel-Adghough et al. 2013, Adam et al., 2018, Palfi and Dezsi 1968, Lenk et al.
2019). In this study the pathogen induced accumulation of Pip was demonstrated in tobacco
and in the monocots B. distachyon and barley (Figure 10 - 13). In Schnake et al. (2020) we
additionally demonstrated the pathogen induced accumulation of Pip in soybean infected
with suitable Pseudomonas bacteria and in tomato after infections with the oomycete P.
infestans or Pst bacteria. In most of the until today investigated species a low basal Pip level

below one pg gt FW was detected (Hartmann et al. 2018, Figure 7, K). The only exception
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represents the cucumber, since highly elevated basal Pip levels between 10 and 25 pg g™* FW
were detected in the GC-MS analyses of C. sativus leaves (Figure 5). Moreover, after Ps/
infections the Pip level did not elevate in cucumber leaves any further (Figure 5). In
comparison to other investigated plant species, in B. distachyon relatively high basal Pip levels
between 1 and 2 pg g% FW were detected and B. distachyon showed a slower Pip than NHP
accumulation after infections with hemibiotrophic bacteria or fungi (Figure 11).

Based on the outlined findings three different types of NHP induction after a pathogen
infection are proposed to exist in different plants. The first type, like A. thaliana, tobacco,
tomato, soybean, and barley, accumulate Pip and NHP in parallel upon an infection with a
hemibiotrophic pathogen (Hartmann et al. 2018, Schnake et al. 2020). In plants like A. thaliana
and soybean this pathogen induced accumulation of Pip is strongly associated with the
transcriptional induction of ALD1 gene expression (Navarova et al. 2012, Abeysekara et al.
2016). In Arabidopsis the inducible ALD1 expression and the biosynthesis of Pip and further
NHP have been shown to be regulated by the same set of immune regulatory genes like EDS1
and PAD4 supporting the model of a parallel pathogen induced induction of Pip and NHP
accumulation in plants (Navarova et al. 2012, Hartmann et al. 2018, Sun et al. 2018, Sun et al.
2020, Wang et al. 2018, Kim et al. 2020).

The second type is represented by the cucumber in this study. In contrast to the first type of
NHP biosynthesis induction, in cucumbers constitutively high levels of ALD1 transcripts were
observed in combination with constitutively high basal Pip levels (Figure 6). Upon a Ps/
infection, C. sativus plants showed elevated ALD1 transcript levels, but in the NHP biosynthesis
pathway only the FMO1 expression is induced by Ps/, making NHP the pathogen induced
component in the plant’s immune response (Figure 6). Furthermore, these constitutive high
basal Pip levels in C. sativus preclude Pip from the role as a mediator of resistance since this
would result in a constitutively activated immunity in C. sativus plants. In agreement,
A. thaliana FMO1 deficient mutants were unable to induce resistance after an exogenous Pip
application but induced resistance when NHP was applied exogenously to the plants
(Hartmann et al. 2018). Thus, high Pip levels in plants like cucumbers supposably serve as
steady source for a rapid NHP biosynthesis in the case of a pathogen infection.

The third type of NHP biosynthesis induction is a combination of both before described types.
Like B. distachyon, plants of this type induce Pip and NHP in parallel upon a pathogenic attack

and relatively high basal Pip level might encourage a fast NHP accumulation (Figure 11).
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Noticeably, basal Pip levels in H. vulgare were comparable with those detected in Arabidopsis
or tobacco indicating that dicots and monocots evolved several types of pathogen induced
NHP biosynthesis (Figure 13, Figure 7, Hartmann et al. 2018). This strategic divergence in the
pathogen induced NHP biosynthesis demonstrates the major importance of NHP in conserved

mechanisms in the immune response in angiosperms.

2.3.3. The immune inducing function of NHP in the interplay with SA in mono- and
dicotyledonous plants

The immune inducing function of NHP was first demonstrated in A. thaliana and confers the
plant a primed state of immunity which induces resistance against biotrophic and
hemibiotrophic pathogens like Hpa or Psm (Hartmann et al. 2018, Chen et al. 2018). In this
study the NHP induced resistance was demonstrated in C. sativus against hemibiotrophic Ps/
bacteria (Figure 14), in N. tabacum against hemibiotrophic Pstb and Psm bacteria (Figure 15)
and in B. distachyon against hemibiotrophic Xtra bacteria and Mgri fungi (Figure 16). These
results indicate the function of NHP as immune inducer in monocotyledonous and
dicotyledonous plant species. Consistently, Holmes and colleagues (2019) demonstrated the
NHP induced resistance in tomato against Pst DC3000 infections and in pepper against
Xanthomonas euvesicatoria infections. In addition, Zhang et al. (2021) showed the immune
inducing function of NHP in the monocot wheat against the filamentous fungi Fusarium
graminearum. These recent findings support the role for NHP as a conserved immune inducer
in angiosperms and reveals its efficient immune inducing function against a broad spectrum
of biotrophic and hemibiotrophic oomycete, bacteria and fungi.

Chen et al. (2018) demonstrated that the infiltration of local A. thaliana leaves with an NHP
solution results in the activation of SAR in systemic leaves against Psm bacteria, making NHP
a candidate for the searched long-distance signal in SAR. Even though Pip has been discussed
as long-distance signal in SAR, the same study revealed no establishment of SAR in systemic
leaves of A. thaliana after a local Pip treatment of the same plants (Chen et al. 2018). In
agreement, defense priming associated with SAR is completely absent in ALD1 or FMO1
deficient A. thaliana mutants (Navarova et al. 2012, Bernsdorff et al. 2016). In the SA deficient
sid2 mutant on the other hand SAR and NHP associated defense priming are inhibited, but not
completely absent (Bernsdorff et al. 2016, Hartmann et al. 2018). Furthermore, Pip has been

shown to positively influence SA mediated immune responses in an FMO1 dependent manner
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(Bernsdorff et al. 2016). This finally suggests a close interplay between SA and NHP in the
successful establishment of SAR in A. thaliana (Hartmann and Zeier 2019). The here conducted
metabolite analyses agrees with these current findings in A. thaliana, since NHP and SA
accumulated in parallel in the performed infection time courses in tobacco and B. distachyon
(Figure 4, 5,7, 10, 11). Additionally, in the Schnake et al. (2020) publication we demonstrated
the pathogen induced mutual accumulation of SA and NHP in soybean and tomato.
Noticeably, no SA accumulation was observed in H. vulgare after Mory infections in this study
(Figure 13). Although significant Pip and NHP accumulation was detected in H. vulgare after
Mory infections, the SA level stayed below 0.1 pg g™* FW in infected plants and the respective
control plants (Figure 13). Likewise, H. vulgare plants infected with the biotrophic fungi
Blumeria graminis f. sp. hordei do not accumulate SA (Hlckelhoven et al. 1999). In these
B. graminis infected barley plants the expression of PR genes was verified though, indicating
barley plants might use yet unknown mechanisms in resistance to activate immune responses
that are associated with SA in other plant species (Hlckelhoven et al. 1999). The immune
inducing effect of exogenous SA treatments in barley was however demonstrated to be
effective against B. graminis infections, indicating conserved mechanism in SA mediated
activation of immune responses (BeBer et al. 2000, Kogel et al. 1995, Lenk et al. 2018). A
B. graminis infection of local barley leaves was in addition sufficient to establish SAR against a
B. graminis infection in systemic leaves (Hwang and Heitefuss 1982, Sticher et al. 1997). Since
B. graminis infections in H. vulgare do not trigger SA accumulation in local leaves while SAR is
established in systemic leaves, the existence of at least one more signaling component other
than SA that involved in the establishment of SAR in barley is indispensable.

The role of SA in SAR of other monocotyledonous plant species is however uncertain. In this
study only a slight SA accumulation (up to 1.5 ug g™! FW) was detected in B. distachyon after
Magri infections while after Xtra infection in B. distachyon leaves explicitly higher SA levels of
approximately 8 pug g* FW (5 dpi) were detected (Figure 11A, J). In H. vulgare no SA
accumulation was observed after Mory infections in this study and after B. graminis infections
in previous studies (Hlickelhoven et al. 1999). In contrast, a recent study demonstrated the
accumulation of SA in very low levels in H. vulgare plants after an infection with suitable
Pseudomonas bacteria and the establishment of SAR by these bacteria (Lenk et al. 2019). In
combination these findings indicate a pathogen specific SA signaling response in

monocotyledonous plant species which may not allow the application of strict rules for the
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role of SA in immune responses of monocots. This assumption supports the existence of at
least one more signaling component other than SA that involved in the establishment of SAR
in monocotyledonous plant species.

The here presented metabolite analyses of barley and B. distachyon suggest that NHP signaling
might be involved in the establishment of SAR in monocots. In addition to the Xtra and Mgri
induced local Pip and NHP accumulation in B. distachyon, the accumulation of defense related
metabolites in systemic leaves after a local Xtra infection was investigated. The results reveal
a systemic accumulation of NHP and SA in Xtra inoculated local leaves and systemic untreated
leaves, which was not the case for any other investigated metabolite in B. distachyon (Figure
11A, 11B). These findings suggest that SA and NHP are both involved in the full establishment
of SAR in B. distachyon in the same manner as in A. thaliana (Zeier 2021). Additionally, the
infiltration of local B. distachyon leaves with NHP induced resistance in the same leaves
against infections with Xtra bacteria or Mgri fungi (Figure 16). Remarkably, the treatment of
local B. distachyon leaves with Xtra bacteria resulted in a comparable induction of resistance
in systemic leaves against infections with Xtra (Figure 15). These findings indicate a central
role for NHP in local and systemic immune responses in B. distachyon. In agreement, Lenk and
his team (2019) demonstrated the sufficient Pip induced resistance in H. vulgare against
infections with hemibiotrophic Xtra pathovar cerealis bacteria. Likewise, resistance can be
induced by exogenous NHP treatments in wheat and is associated with the deposition of
callose (Zhang et al. 2021). In rice, overexpression of the ALD1 gene leads to the induced
resistance against Mory fungi (Jung et al. 2016) which is comparable to the NHP induced
resistance observed here in B. distachyon and suggests a role for NHP in the SAR in rice as
well. Given that NHP seems to activate the SAR state in barley, wheat, B. distachyon and rice
it is to assume that the role of NHP in SAR is conserved in monocots. This assumption is highly
supported by the identification of NHP biosynthesis genes in several monocots in recent

phylogenetic studies (Hartmann et al. 2018, Holmes et al. 2019).

2.3.4. Pathogen-specific accumulation of defense associated metabolites after pathogen
infection in monocotyledonous plant species
In this study, a pathogen specific SA accumulation was observed in B. distachyon (Figure 10).

Further results in this study support a pathogen specific accumulation of defense associated
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metabolites in monocotyledonous plant species. The SA associated metabolites
(2,x-DHBA-G1, 2,x-DHBA-G2) and derivates (SAG, SGE) accumulate only after Xtra infection,
but no significant accumulation of these metabolites was detected in B. distachyon leaves
after Mgri infections (Figure 10, 12). In Mory infected H. vulgare plants no SAG or SGE were
detected, however 2,x-DHBA-G1 and 2,x-DHBA-G2 accumulated significantly in Mory infected
leaves (Figure 13). In A. thaliana the SA derivates SAG and SGE are known as SA storage forms
which are rapidly generated by the plant to prohibit high, toxic SA levels and to thereby
finetune the plants defense response (Dempsey et al. 2017). The SA associated metabolites
2,x-DHBA-G1 and 2,x-DHBA-G2 were identified in this study by comparisons of GC-MS
chromatograms of B. distachyon leaf samples of infected and control plants. Both metabolites
were identified as 2-Hydroxybenzoic acids like SA with an additional OH-group of unknown
position and a sugar derivate (Figure 9). In the immune response of plants SA and DHBAs like
2,5-DHBA are thought to have complementary roles since they activate the expression of
different sets of PR genes (Bellés et al. 1999). SA and DHBAs were shown to exhibit toxic
features when accumulating at high concentrations. However, the plant can bypass toxic
effects by sugar conjugation (Bartsch et al. 2010). A recent study revealed the major
contribution of DHBA glycosides to the SA homeostasis during immune responses to Pst
infections in A. thaliana (Huang et al. 2018). Hence, the identified 2,x-DHBA-G1 and
2,x-DHBA-G2 might likewise contribute to the homeostasis of SA and DHBAs in in B. distachyon
and H. vulgare in a pathogen specific manner.

Another SA associated metabolite identified in B. distachyon this study is PPA, which was
identified in several plant families before but still has unknown function in the plant’s
metabolism (Kindl et al. 1969, Jarvis et al. 2000). The phenylpropanoids structure is a
metabolic precursor for several compounds in plants including coumarins, flavonoids and
lignin. Most of these phenylpropanoid derived compounds incorporate cinnamic acid in their
structure. However, some phenylpropanoid derived compounds are a result of shortening of
the side chain of this cinnamic acid structure, including intermediates of the SA biosynthesis
pathway (Jarvis et al. 2000). In this study, PPA accumulated significantly in B. distachyon plants
after Xtra but only slightly and not significantly after Mgri infections (Figure 11, 12).
Additionally, no PPA was detected in H. vulgare after Mory infections (Figure 13). Assuming
an involvement of PPA in the SA biosynthesis as precursor of SA, it seems consistent that in

this study no PPA or SA accumulation was observed in H. vulgare. In the same matter, only a
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slight accumulation of PPA in B. distachyon after Mgri seems consistent with the along going
observed weak accumulation of SA (Figure 12). In agreement, SA and PPA co-accumulation
was detected in Xtra infected B. distachyon leaves 3 dpi (Figure 11). Given that PPA
accumulation can be associated with SA accumulation, these results support a pathogen
specific induction of the SA biosynthesis pathway in monocotyledonous plants like
B. distachyon and H. vulgare.

A further metabolite that was identified in the metabolite profile of B. distachyon is serotonin.
Serotonin was identified in several mono- and dicotyledonous plant species in previous studies
and might in those species act as phytohormone in plant development (Smith 1977,
Roychoudhury 2021). In this study the serotonin accumulation in leaves in B. distachyon
infection time-courses with Xtra bacteria was observed, but serotonin did not significantly
accumulate in leaves after B. distachyon infections with Mgri (Figure 11, 12). These results
indicate a pathogen specific accumulation of serotonin in B. distachyon. In H. vulgare no
serotonin was detected in Mory infected or control leaf samples (Figure 13), however under
the previously formed assumption this might be based on a pathogen specific H. vulgare
defense response and serotonin might accumulate in this monocot after infections with other
pathogens. The current state of research in this matter offers no evidence for a pathogen
induced serotonin accumulation in H. vulgare though. In the here investigated dicotyledonous
plant species, cucumber and tobacco, no serotonin was detected in infected and control leaf
samples. However, the basal level of serotonin in several healthy mono- and dicotyledonous
plant species including rice, wheat, potato and spinach has been demonstrated (Huang and
Mazza 2011). In the same study, no basal serotonin levels were detected in H. vulgare
seedlings and seeds (Huang and Mazza 2011), agreeing with the here presented results of the
metabolite analyses of H. vulgare (Figure 13).

In addition to serotonins stimulating role in plant development, it serves as an antioxidant by
countering the accumulation of ROS through interactions with the phenylpropanoid pathway,
in which serotonin serves as an amine substrate for the formation of hydroxycinnamic acid
amides (Bajwa et al. 2015, Roychoudhury 2021). Some of these hydroxycinnamic acid amides
are also integrated in the cell wall of plants whereby they serve as mechanical barriers against
pathogens (Keller et al. 1996, Hahlbrock and Scheel 1989). These mechanisms have also been
observed for serotonin, which in integrated into the cell walls of rice plants and thereby

provides protection against Bcin infections (Ishihara et al. 2008). The accumulation of
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serotonin after a pathogen attack in plants like B. distachyon could therefore serve as
regulation of ROS accumulation and formation of mechanical barriers, enabling plants to
response appropriately to attacking pathogens. In agreement, it has been shown that the
exogenous application of serotonin can induce a cell death and cell wall strengthening
associated resistance in rice against a Mgri pathovar (Fujiwara et al. 2010). In the defense
against the fungal pathogen Stagonospora nodorum, serotonin might additionally act as a
phytoalexin in wheat by the promotion of the generation of the mycotoxin alternariol (Fall
and Solomon 2013).

In contrast, only little is known about the role of serotonin in dicotylous plants. It has been
demonstrated that low basal serotonin levels can be detected in the dicotyledonous model
organism A. thaliana, however several studies investigated the role of the serotonin derivate
melatonin in plant growth and plant resistance of dicotyledonous plant species (Pelagio-Flores
et al. 2011, Lee et al. 2014, Zhu et al. 2021). In this matter, a recent study demonstrated that
melatonin is an important regulatory factor in JA, phytoalexin and ROS associated defense
responses against Bcin in A. thaliana (Zhu et al. 2021). Hence, the suggested roles for serotonin
in monocotyledonous plant species like rice match the suggested role for melatonin in
dicotyledonous species like Arabidopsis, indicating shared mechanisms in the pathogen
induced biosynthesis of hydroxycinnamic acid amides. The serotonin accumulation however
seems not only pathogen specific in monocotyledonous plants but is rather highly dependent
on the specific plant-pathogen interaction system, since serotonin can not be detected in all
angiosperms and was detected in this study only in B. distachyon after Xtra infection, but not

after Mgri infections.

2.3.5. NHP potentially is the long-distance signal in SAR

A controversial aspect of SAR has since its discovery been the achievement of long-distance
signaling from an infected leave to distal plant tissue (Shah and Zeier 2013). Recently, NHP has
emerged as the secondary metabolite that is required for SAR establishment in the
dicotyledonous model organism A. thaliana (Hartmann et al. 2018, Hartmann und Zeier 2019,
Chen et al. 2018). In Arabidopsis, the immune inducing systemic effects of local NHP
infiltrations against bacterial infections in systemic leaves were observed (Chen et al. 2018)
indicating long-distance travels of NHP from the infiltrated to distal leaves in plants. Likewise,

NHP application of the stem side of a tomato leaflet induces resistance in untreated leaflets
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of the same leaf (Holmes et al. 2019). Furthermore, Holmes and colleagues (2019)
demonstrated the activation of the SAR state in distal leaf tissue of tomato and tobacco after
the local Agrobacterium-mediated expression of the A. thaliana NHP biosynthetic genes.
Although these studies support the role for NHP as mobile SAR signal, the experimental setups
do not resolve the question whether NHP achieves long distance communication via cell-to-
cell signal propagation or by direct transfer from infected to distal tissue.

Therefore, the phloem exudates (PE) of Ps/ infected cucumber plants and respective control
treatments were investigated via GC-MS analyses in this study (Figure 4, 5). The PEs of
cucumbers have been under investigation in this matter in previous studies with the focus on
the role of SA as long-distance signal in SAR (Métraux et al. 1990). Hence, it has been
demonstrated that SA accumulates in local leaves and PE of C. sativus plant that were infected
with Colletotrichum lagenarium or the tobacco mosaic virus (Métraux et al. 1990).
Furthermore, this SA accumulation occurs in parallel with a sufficient induction of resistance
in systemic leaves of cucumbers (Métraux et al. 1990). Transportable characteristics of SA
were also tested by the application of radiolabeled SA to cucumber leaves. The results
suggested a transport of SA to the distant cucumber leaves but the authors at the same time
do not rule out the existence of another, primary SAR signal (Meuwly et al. 1995). Consistently,
Rasmussen and colleagues (1991) observed the activation of the SAR state in systemic leaves
of Pseudomonas infected C. sativus plants prior to the accumulation of SA in the PE of systemic
leaves and therefore suggested this primary SAR signal might activate the SA accumulation in
systemic cucumber leaves.

The here presented results, confirm the SA accumulation and its derivate SAG, in Ps/
inoculated C. sativus leaves and the PE of these leaves (Figure 4). However, no SA
accumulation was detected in systemic leaves of Psl infected C. sativus plants and in
comparison to the respective control treatments only a slight SA accumulation was observed
in systemic PE (Figure 4). In contrast, the accumulation of NHP after Ps/ infections was
observed in local leaves, local PE, as well as in systemic PE and systemic leaves of C. sativus
plants (Figure 5). These results agree with the before suggested role for NHP as long-distance
signal in the communication of SAR in plants. The NHP precursor Pip was detected in
constitutively high levels in PE samples and did not accumulate after a Ps/ infection in
cucumber (Figure 5). Hu et al. (2016) identified Pip as a constituent of the phloem in

cucumbers and Pip might thus serve as steady source for the pathogen induced NHP
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biosynthesis in the phloem. In this assumption, it is likely that NHP as the primary SAR signal
achieves long distance communication via cell-to-cell signal propagation rather than by direct
transfer from infected to distal tissue. In disagreement, Yildiz and colleagues (2021)
demonstrated that D9 labeled NHP which is infiltrated in an A. thaliana leaf is detectable in
distal leaves, verifying that NHP can in fact travel from an inoculated to an uninfected leaf.
The current data in this matter thus suggests a combined model in which NHP accumulates in
local leaves and is transported to systemic leaves via the phloem. Accumulating NHP in the
phloem and systemic leaves promotes the transcriptional response of the NHP biosynthesis
enzymes resulting a strong accumulation of Pip and NHP in systemic leaves.

In this study it was demonstrated that an NHP treatment of B. distachyon leaves induces
resistance in systemic leaves against an Xtra infection in a comparable degree as a local Xtra
infection induced resistance to a following infection of systemic leaves in the
monocotyledonous model organism (Figure 16, 21). Additionally, the local and systemic
response of B. distachyon to a Xtra infection was investigated via GC-MS and revealed a
significant NHP accumulation in local and systemic leaves of B. distachyon plants (Figure 11).
These findings suggest that NHP might serve as mobile SAR signal in mono- as well as in
dicotyledonous plant species. It has been demonstrated that angiosperms share conserved
mechanisms in JA and SA mediated immune responses against pathogens (Thaler et al. 2012).
In H. vulgare SA does not accumulate after pathogen infection. Still, SAR is triggered by
pathogen infections, indicating conserved SA-independent mechanisms in the activation of
SAR in monocots (Hlickelhoven et al. 1999, Hwang and Heitefuss 1982, Sticher et al. 1997).
The conserved long-distance signal that activates SAR in mono- and dicotyledonous plant

species might thus be NHP.

2.3.6. Conclusion

The here presented results demonstrate the pathogen induced NHP biosynthesis in various
monocotyledonous and dicotyledonous plant species and indicate that angiosperms might
have developed diverse strategies to accumulate NHP. Furthermore, an SAR associated
immune inducing function of NHP was identified in the here investigated mono- and
dicotyledonous plant species. Additionally, a functional SAR was demonstrated in the

monocot model organism B. distachyon in parallel with a local and systemic accumulation of
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SA and NHP indicating similar mechanisms in the induction of local and systemic immune
responses of B. distachyon and the dicot model organism A. thaliana (Hartmann and Zeier
2019, Zeier 2021). The suggested role of NHP as mobile signal in SAR is further supported in

this study by the systemic accumulation of NHP in leaves and PE of Ps/ infected cucumber

plants.
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3. PART Il: The NHP resistance effect in Arabidopsis thaliana under the

attack of hyphae growing pathogens with various lifestyles

3.1. Introduction

3.1.1. Lifestyle strategies of Arabidopsis thaliana infecting pathogens

A. thaliana or thale cress is an annual dicotyledonous plants species of the Brassicaceae plant
family. Based on the short life cycle (six to eight weeks), high reproduction rate (more than
10 000 seeds per plant) and its simple cultivation, the small dicotyledonous A. thaliana
represents the model organism for dicotyledonous plant species in several plant research
areas (Meyerowitz 1987, Meinke et al. 1998). The A. thaliana genome is fully sequenced and
consists of approximately 30 000 genes which are located on five chromosomes. Established
manipulations of the A. thaliana genome by forward and reverse genetics have resulted in the
distribution of A. thaliana mutants and ecotypes by institutions like The European Arabidopsis
Stock Centre (NASC). The available knowledge, techniques, and mutant collections for
A. thaliana make the dicotyledonous plant a suitable model organism for investigations of
plant-pathogen interactions. Plants like A. thaliana are, under natural conditions, under the
attack of a broad spectrum of phytopathogen that developed diverse strategies in the invasion
of their hosts and in detraction of nutrients from their hosts (Glazebrook, 2005). Depending
on their lifestyle strategies, plant infecting pathogens have thus been roughly classified in
biotrophs, necrotrophs and hemibiotrophs (Glazebrook, 2005). Infection strategies of
biotrophic, hemibiotrophic and necrotrophic pathogens that infect A. thaliana are in the

following explained at the example of pathogens that are used in this study.

Biotrophy

Biotrophic pathogens that infect A. thaliana, such as Hpa, do not invade or destruct the host
cells and feed from living plant tissue (Baxter et al. 2010). The biotrophic Hpa is a member of
the group of oomycetes and as such can reproduce via oospores (sexual lifecycle) or via
conidia (asexual lifecycle) (Slusarenko and Schlaich 2003). Oospores thereby represent the
more robust reproduction structure and can overwinter in soil or plant tissue to infect new
Arabidopsis plants in times of suitable conditions for infections (Coates and Beynon 2010).

Further rounds of infections mostly occur by conidia (Slusarenko and Schlaich 2003).
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If such a Hpa conidium lands on an A. thaliana leaf, it starts to germinate and forms an
appressorium to penetrate the host cell. Appressoria formation is often observed at the
junction of two adjoining epidermal cells whereby no cells are disrupted during the invasion
of the penetration hyphae (Figure 18, Koch and Slusarenko 1990). Appressoria formed
penetration hyphae then grow into the leaf intercellularly alongside the cell walls of epidermal
cells. At this point usually the first haustoria are formed and extend into these epidermal cells
(Figure 18, Koch and Slusarenko 1990, Coates and Beynon 2010). Haustoria are also referred
to as feeding structure of Hpa and other oomycete and fungi since they are essential for the
nutrient uptake of those pathogens (Catanzariti et al. 2007). This nutrient uptake is facilitated
over an extrahaustorial membrane, which is established between the haustorial cell wall of
Hpa and the hosts plasma membrane. Thereby Hpa haustoria do not breach the plasma
membrane of a host cell and are thus not in direct contact with the plant cell (Soylu and Soylu
2003). The sequenced Hpa genome revealed that several genes that are necessary for the
assimilation and fixation of nitrogen in other haustoria forming pathogens like Phytophthora
species are not present in Hpa (Baxter et al. 2010) demonstrating the great dependency of
Hpa on haustoria that facilitate the uptake of nutrients like nitrogen. In addition to nutrient
uptake, haustoria are associated with cellular communications between the host and the
pathogen in the establishment of a biotrophic relationship (Voegele and Mendgen 2003).

After the formation of the first haustoria, Hpa hyphae branch out intercellularly into the
mesophyll, where several haustoria are formed (Figure 18, Koch and Slusarenko 1990,
Slusarenko and Schlaich 2003). Hyphal tips of Hpa that grow close to stomata in the
intercellular space develop into conidiophores, which emerge through the stomata and deploy
their tree-shaped structure (Figure 18, Coates and Beynon 2010). This tree-shaped structure
of Hpa conidiophores possess visual similarities with morning dew on A. thaliana leaves which
is why Hpa infections are often referred to as downy or powdery mildew infections in A.
thaliana. Oospores of Hpa, which are produced via sexual reproduction, are formed in the
host’s tissue. In the sexual reproduction cycle of Hpa, intercellularly growing hyphae
differentiate into female oogonia and male antheridia. After fertilization the oogonia then
develops an oospore (Slusarenko and Schlaich 2003, Coates and Beynon 2010). Conidiophores
and oospores are under suitable conditions produced within a week and can infect new leaves
or other plants (Coates and Beynon 2010). As an obligate biotroph, Hpa cannot be cultured

in vitro, and its survival is dependent on a living Arabidopsis host.
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In the defense against Hpa, the most effective defense strategy observed in A. thaliana is the
induction of the HR which leads to cell-death of the Hpa infected cells (Glazebrook 2005). In
SA signaling deficient A. thaliana mutants, like eds1 or pad4, the establishment of HR fully or
partially fails resulting in an enhanced susceptibility toward Hpa infections (Feys et al. 2001,
Glazebrook 2005). These results demonstrate that the A. thaliana immune response against
Hpa is dependent on SA mediated responses, however further research has revealed that SA-
independent mechanisms are likewise involved in the A. thaliana defense against Hpa
infections. In this matter, A. thaliana ald1 and fmol mutants with deficiencies in the NHP
biosynthesis pathway were shown to exhibit an enhanced susceptibility toward Hpa infections
(Hartmann et al. 2018). Likewise, exogenous NHP treatments induce resistance in A. thaliana
against the biotrophic oomycete (Hartmann et al. 2018). The given data indicates the
dependency of a proper A. thaliana immune response against Hpa infections on a functional

SA and NHP signaling pathway.

Necrotrophy

In contrast to biotrophic pathogens that infect A. thaliana, necrotrophic pathogens, like Bcin,
feed on lysed plant tissue (Glazebrook 2005). The fungi Bcin belongs to the group of
ascomycetes and is a typical example of a necrotrophic pathogen, since it kills its hosts cells
to further colonize and feed on them (Amselem et al. 2011). Bcin infects approximately 200
different plant species and thereby causes substantial economic losses every year, however
the model organism A. thaliana is often used to study plants interaction with the necrotrophic
fungi (Williamson et al. 2007, Dean et al. 2012). Infections with Bcin are mostly initiated by
conidia that might land on an A. thaliana leaf by wind or rainfall (Schumacher and Tudzynski
2012). Conidia germinate on the leaf surface and develop a germ tube which directly
penetrates a plant cell (Figure 18, Williamson et al. 1995). Epidermal cells are lysed by Bcin,
which allows the necrotroph to colonize subepidermal cell layers intracellularly and establish
the infection while causing necrosis (Figure 18). In comparison to the biotrophic Hpa, Bcin
resembles rather complex reproductive mechanisms. During the asexual reproduction of Bcin,
conidiophores carrying conidia are formed three to five days after the first infection with Bcin
and emerge through lysed epidermal cells (Figure 18). During the sexual reproduction of Bcin,

ascospores are formed by male microconidia and female apothecia. Additionally, Bcin forms
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sclerotia as long-term survival structure, which are able to form new conidiophores under

suitable environmental conditions for Bcin infections (Schumacher and Tudzynski 2012).

A Biotrophy - B Necrotrophy -
Hyaloperonospora arabidopsidis (Hpa) Botrytis cinerea (Bcin)

:] = living cell B - deadcell @ @ = stomata

s = Hpg — = fcin

Figure 18: Life cycle of Hyaloperonospora arabidopsidis (Hpa) as an example of biotrophy and Botrytis cinerea
(Bcin) as an example of necrotrophy. (A) When a Hpa conidium lands on the leaf surface it starts to form an
appressorium in the junction of two epidermis cells. From the appressorium a penetration hyphae then grows
into the leaf intercellularly, and hyphae start to branch and form haustoria in the mesophyll. Hpa haustoria
reach into the plant cells without disrupting them and establish an extrahaustorial membrane (dark lines).
Hyphal tips close to stomata in the intercellular space develop into conidiophores, which emerge through
stomata. (B) When a Bcin conidium lands on the surface of a leaf, it forms a germ tube and penetrates an
epidermis cell. The epidermal cell is lysed by Bcin, which allows the necrotroph to colonize subepidermal cell
layers intracellularly and establish the infection while causing necrosis. Tree-shaped Bcin conidiophores,
carrying fresh conidia, emerge through lysed cells.

Upon infections with necrotrophic pathogens the JA/ET signaling pathway is activated in
plants (Wasternack and Hause 2013). Consistently, A. thaliana infections with Bcin have been
demonstrated to induce the expression of JA and ET dependent genes like PDF1.2 (Govrin and
Levine 2002). Moreover, A. thaliana mutants with defects in the JA or ET signaling show an
enhanced susceptibility towards Bcin infections compared to wildtype plants (Ferrari et al.
2007). Recent studies also identified WRKY33 as a key factor in the A. thaliana immunity
towards Bcin. Among other signaling pathways the WRKY33 transcription factor regulates the
pathogen induced ABA and camalexin accumulation (Liu et al. 2015). The Bcin induced
accumulation of camalexin and the camalexin induced resistance against Bcin have been
demonstrated in A. thaliana (Govrin and Levine 2002, Ferrari et al. 2003). Furthermore,
A. thaliana mutants that are impaired in the camalexin biosynthesis, like pad3 mutants, show

increased susceptibility against infections with non-adapted Bcin isolates but not against
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infections with host adapted Bcin isolates (Ferrari et al. 2003, Kliebenstein et al. 2005, Ferrari
et al. 2007, Stefanato et al. 2009). The deficiency of A. thaliana mutants in the SA signaling
however did not affect the resistance of A. thaliana towards Bcin infections (Ferrari et al. 2003,
Ferrari et al. 2007). This demonstrates the importance of a functional JA, ET and camalexin
signalingin A. thaliana immune responses against Bcin infections, while the SA signaling seems

to be neglectable in this interaction.

Hemibiotrophy

Many plant infecting pathogens have developed an intermediate between the bio- and
necrotrophic lifestyle: the hemibiotrophic lifestyle (Kabbage et al. 2015). This lifestyle consists
of a biotrophic phase in which the pathogen needs a livings host to survive and feed on,
followed by a switch to necrotrophy in which the host is killed to feed on lysed plant material
(Glazebrook 2005). Arabidopsis infecting hemibiotrophic pathogens include a broad spectrum
of bacteria, oomycetes and fungi with a multitude of strategies to achieve hemibiotrophy. It
is suggested that hemibiotrophic fungi like Chig or Sclero use the biotrophic phase to establish
the infection in plants (Vargas et al. 2012, Kabbage et al. 2015). During biotrophy defense
responses of the plant are tolerated and accumulating defense responses might even trigger
these fungi to switch to necrotrophy, a more effective infection strategy (Kabbage et al. 2015).
The biotrophic phase of a fungal hemibiotrophic pathogen can be achieved by different
strategies. The hemibiotrophic ascomycete Chig for example starts the infection of A. thaliana
and other Brassicaceae with a conidium that lands on a leaf and germinates. After the
formation of a short germ tube, an appressorium is formed and penetrates an epidermal plant
cell with high pressure (Figure 19, De Silva et al. 2017). An infection peg penetrates the first
epidermal cell and invaginates the host’s plasma membrane whereby the cell wall of the host
is not disrupted (Figure 19, O'Connell et al. 2004, De Silva et al. 2017). Thereby the entrance
of Chig in the plant is successfully achieved and swollen, bulbous biotrophic hyphae (BH) arise
from the infection peg (Figure 19, Yan et al. 2018). The BH exhibit haustoria like functions since
they do not disrupt the cell walls of the host and this cell remains fully intact (Latunde-Dada
et al. 1996, O'Connell et al. 2004). However, the growth of these BH is restricted to the first
infected epidermal cell and represents the biotrophic phase of Chig in plants like A. thaliana
(Figure 19, O'Connell et al. 2004). Three to four days after an infection with Chig of an A.

thaliana plant filamentous necrotrophic hyphae (NH) start to develop (Yan et al. 2018). These
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NH rapidly start to grow from BH and infect neighboring cells by intracellular growth (Figure
19, O'Connell et al. 2004, Yan et al. 2018). Thereby necrosis is caused in the infection site
surrounding plant tissue approximately four to five days after a Chig infection (Figure 19, Yan
et al. 2018). Acervuli start to grow out of necrotized tissue and produce conidiophores with
conidia (Figure 19, O'Connell et al. 2004). Current available data mostly reports the
reproduction of Chig via the described asexual life cycle (Figure 19), but sexual reproduction
has also been observed in Chig pathovars and might be initiated under stress like the
senescence of the host (De Silva et al. 2017). Homothallic and heterothallic Chig pathovars
have been observed to form perithecia that produce ascospores inside of asci (De Silva et al.
2017).

The life cycle of the hemibiotrophic fungi Sclero exhibits substantial differences to the
described Chig life cycle although both fungi share the hemibiotrophic pathogenic lifestyle
(Kabbage et al. 2015). The initiating Sclero infection structure for an infection in plants like
A. thaliana is scientifically not identified yet, however infections are frequently observed to
be initiated by mycelium that grows into wounded plant tissue or forms appressoria in intact
leave surfaces (Figure 19, Tarig and Jeffries 1984). Sclero appressoria are formed between two
adjacent epidermal cells to penetrate the host (Figure 19). In the biotrophic infection phase
Sclero then grows intercellularly without disruption the cell walls of hosts like A. thaliana. After
a switch to the necrotrophic phase, Sclero hyphae grow intracellularly while the biotrophic
stage is perpetuated in parallel at the edge of Sclero colonization (Figure 19, Kabbage et al.
2015). During the necrotrophic phase the hosts tissue is necrotized. In this necrotized tissue
Sclero forms sclerotia, which are name giving for Sclero (Figure 19). Sclerotia have been
observed to overwinter in the soil or in dead plant tissue and produce ascospore carrying
apothecia or directly produce mycelium in more suitable environmental conditions for Sclero
infections (Kabbage et al. 2015).

Previous research indicates that in A. thaliana infections with hemibiotrophic fungi like Chig
and Sclero, the SA pathway seems to be of major importance for defense reaction of the plant
in the biotrophic phase of the attacking pathogen, while JA and ET seem to mediate important
immune responses in the plant during the necrotrophic phase of the pathogen
(Narusaka et al. 2006, Guo and Stotz 2007). Hence, A. thaliana mutants with defects in the SA
pathway showed increased susceptibility towards Sclero (Guo and Stotz 2007) and Chig (Liu et
al. 2007, Gebauer et al. 2017) in independent studies. Guo and Stotz (2007) additionally
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Figure 19: Life cycle of Colletotrichum higginsianum (Chig) and Sclerotinia sclerotiorum (Sclero) as an example
of hemibiotrophy. (A) When a Chig conidium lands on a leaf surface it starts to form an appressorium, which
penetrates an epidermal cell. In the biotrophic phase, the Chig penetration peg invaginates the hosts cell wall
and grows swollen biotrophic hyphae, that do not disrupt cells, in the epidermis cell. In the necrotrophic
phase, Chig starts to grow filamentous necrotrophic hyphae from the biotrophic hyphae. Necrotrophic
hyphae Chig disrupt the first infected epidermis cell and neighbouring cells causing necrosis. Acervuli start to
grow out of necrotized tissue and produce conidiophores with conidia. (B) Sclero infections are frequently
observed to be initiated by mycelium that forms appressoria between two adjacent epidermal cells of a host.
In the biotrophic phase, Sclero hyphae grow intercellularly without disrupting cell walls. After a switch to the
necrotrophic phase, Sclero hyphae grow intracellularly while the biotrophic stage is perpetuated in paralle
at the edge of Sclero colonization. In necrotized plant tissue Sclero forms sclerotia, which can grow fresh
mycelium to infect new hosts.

demonstrated an increased susceptibility towards Sclero of A. thaliana mutants with defects
in the JA/ET signaling pathway. In infections with Chig of A. thaliana mutants with defects in
the JAsignaling pathway, a wildtype-like disease development was observed, while A. thaliana
ET mutants showed an increased susceptibility towards Chig compared to the Col-0 plants (Liu
et al. 2007). Since Sclero maintains a biotrophic and necrotrophic phase in parallel and Chig
establishes infections in a rather long biotrophic phase and then switches to the reproducing
necrotrophic phase, JA is presumably more important in the A. thaliana immune responses
against an establishing Sclero infection than an establishing Chig infection. However, agreeing

with the assumption that JA is associated with necrotrophy, in later infection stages of Chig in
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A. thaliana the accumulation of JA has been observed at later infection timepoints of the

interaction (Riet et al. 2016).

The defense mechanisms of A thaliana against attacking hemibiotrophic pathogens were
primarily investigated in the A. thaliana - Pseudomonas syringae model system for plan-
pathogen interactions though. P. syringae are anaerobic gram-negative bacteria with polar
flagella which can enter A. thaliana hosts through stomata or wounds. Once entered the plant,
P. syringae bacteria multiply intercellularly and in later infection stages cause chlorosis and
necrosis in infected plant tissue (Arnold and Preston 2019). During an infection of a plant,
some P. syringae pathovars have been observed to produce coronatine which resembles the
bioactive form of JA, JA-isoleucine. Thereby, the SA-signaling activated in the plant by the
biotrophic growth of Pseudomonas bacteria is interrupted which is associated with the
establishment of infection (Block et al. 2005, Katsir et al. 2008). This demonstrated that the
SA signaling is essential for the A. thaliana resistance against P. syringae bacteria (Glazebrook
2005). Consistently, A. thaliana mutants with defects in the SA signaling like sid2, eds1 or pad4
show an increased susceptibility towards Pseudomonas infections (Mishina and Zeier 2006,
Navarova et al. 2012, Bernsdorff et al. 2016). However, the constitutive activation of JA
dependent defense responses has been shown to increase the A. thaliana resistance towards
virulent Psm bacteria (Ellis et al. 2002). Hence, the A. thaliana resistance towards the here
described hemibiotrophic bacteria and fungi seems to be dependent on a functional SA and

JA signaling pathway.

3.1.2. NHP in the defense against pathogens with different lifestyles

In studies of plant resistance, the small metabolite NHP gained major attention in the last
decade. The biosynthesis of NHP and its metabolic precursor Pip have been demonstrated to
be induced upon the infection with hemibiotrophic pathogens in several plant species,
including A. thaliana (Hartmann 2018, Holmes et al. 2019, Schnake et al. 2020). The immune
inducing effect of NHP against these hemibiotrophic pathogens was additionally
demonstrated in several angiosperms and indicates highly conserved mechanisms in NHP
mediated defense responses in plants (Hartmann 2018, Holmes et al. 2019, Schnake et al.
2020). In A. thaliana exogenous treatment with NHP was sufficient to induce resistance

towards infections with the biotrophic oomycete Hpa and the hemibiotrophic bacterium Psm
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(Hartmann et al. 2018). After an infection of an A. thaliana leaf with Psm bacteria, NHP
accumulation was moreover observed in local infected and in distal leaves, indicating an
involvement of NHP in the establishment of SAR (Hartmann and Zeier 2019). In the current
model for SAR based on research in A. thaliana, NHP as mobile SAR signal is translocated from
the point of infection to systemic leaves where it triggers the accumulation of SA (Zeier 2021).
Since SAR is strongly associated with SA mediated defense responses and those are effective
against biotrophic and hemibiotrophic pathogens, it was assumed that SAR likewise induces
resistance towards biotrophic and hemibiotrophic pathogens, but not towards necrotrophic
pathogens (Glazebrook et al. 2005). Hence, the establishment of SAR in several angiosperms
upon the infection with biotrophic Blumeria or Hyaloperonospora species and hemibiotrophic
Pseudomonas, Colletotrichum or Fusarium species has been reported (Sticher 1997).
Consitantly, it was demonstrated that the necrotrophic Bcin fails to stablish SAR (Govrin and
Levine 2002, de Cremer et al. 2013). However, a recent study observed the establishment of
an fmol dependent egg extract induced SAR against infections with the necrotroph Bcin and
the biotroph Hpa in A. thaliana (Alfonso et al. 2021), indicating NHP might play a role in
systemic defense responses against pathogens with biotrophic and necrotrophic lifestyle
strategies.

In support, Lenk and colleagues (2019) demonstrated that a treatment of barley leaves with
the NHP precursor Pip induces resistance in systemic leaves against an infection with
biotrophic fungi and hemibiotrophic bacteria, but only a slight induction of resistance was
observed in systemic barley leaves after the infection with the necrotrophic fungi
Pyrenophora teres. They additionally assumed that this Pip induced resistance in barley is not
interfering with immune responses to necrotrophic pathogens. Confirming that systemically
acquired resistance towards necrotrophic pathogens can be established, in tomato plants a
mycorrhiza inoculation establishes sufficient defense responses against following Bcin
infections (Sanmartin et al. 2020).

The same study demonstrates a callose priming in mycorrhiza challenged tomato plants which
was relevant for the establishment of systemic resistance against Bcin (Sanmartin et al. 2020).
Callose is deposited in plants cell walls to function as structural barrier against invading
pathogens. The deposition of callose in cell walls in A. thaliana is associated with the primed
state of SAR and has also been shown to be induced by SA treatments (Kohler et al. 2002).

Zhang and colleagues (2021) revealed that exogenous NHP treatments of wheat plants induce
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callose deposition in leaves and elevates the resistance of the monocot towards Fusarium
graminearum infections significantly. The role of NHP in callose priming has however not been

investigated in A. thaliana or other dicotyledonous plant species yet.

3.1.3. Aims

The A. thaliana — Psm pathosystem is frequently used to study plants defense responses
against pathogens. However, pathogens that infect A. thaliana developed diverse lifestyles
that trigger specific defense responses in the plant (Glazebrook 2005). The biosynthesis of
NHP and its immune inducing function against biotrophic and hemibiotrophic pathogens in
A. thaliana has been demonstrated, but the role of NHP in the defense against pathogens with
a necrotrophic lifestyle is not clear.

Therefore this study aims to evaluate the metabolite profile of A. thaliana after the infection
with biotrophic (Hpa), hemibiotrophic (Chig, Sclero) and necrotrophic (Bcin) hyphae growing
pathogens and to compare accumulation patterns to the metabolite profile of the established
A. thaliana — Psm pathosystem. Further, this study aims to understand the role of NHP in local
and systemic defense responses against pathogens with a necrotrophic lifestyle phase.
Therefore, the influence of an exogenous NHP treatment of A. thaliana Col-0 wildtype and
mutant plants on the following infection with biotrophic, hemibiotrophic and necrotrophic
pathogens is tested and the role of NHP in callose priming in A. thaliana is investigated.
Additionally, the effect of SAR on pathogens with hemibiotrophic and necrotrophic lifestyles
was investigated in Col-0 wildtype and sid2 and fmol mutant plants to further elucidate the

role of NHP and SA in the defense against pathogens with a rather necrotrophic lifestyle.
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3.2. Results

3.2.1. Metabolite changes over time in Arabidopsis thaliana upon the infection with ...

3.2.1.1. ... the biotrophic oomycete Hyaloperospora arabidopsidis

To investigate changes in the A. thaliana metabolite level after infections of pathogens with
biotrophic, hemibiotrophic or necrotrophic lifestyles, in this study A. thaliana leaves were
analyzed via GC-MS after an infection with the biotrophic oomycete Hpa. Therefore,
four-week-old plants were sprayed with a Hpa spore solution (50 spores/pul), controls were
treated likewise with H,0. Samples were collected 3 dpi, 6 dpi and 9 dpi to monitor metabolite

levels during the disease progression in A. thaliana.

Between 3 dpi and 9 dpi the GC-MS analyses revealed a basal SA level in H,O sprayed
A. thaliana leaves between 0.03 pg g* FW and 0.09 ug g* FW while the SA amounts detected
in Hpa sprayed leaves were significantly higher at all sampling timepoints (Figure 20.A). In Hpa
inoculated leaves the SA level reaches its maximum 3 dpi (0.55 pug g FW) however only
slightly lower SA amounts were detected 6 dpi (0.33 pg g* FW) and 9 dpi (0.46 pg g* FW)
(Figure 20.A). The SA glucoside SAG was also detected in significantly higher amounts in Hpa
inoculated A. thaliana leaves compared to the amounts that were detected in H,0 inoculated
leaves at all sampling timepoints (Figure 20.B). Basal SAG levels of maximal 1.81 ug g* FW
were measured in HO inoculated leaves (Figure 20.B). In Hpa infected leaves 3 dpi
(15.98 ug g FW) a significantly lower SAG level was detected than in leaves that were
sampled 6 dpi (34.72 ug g* FW) and 9 dpi (59.11 pg g FW) (Figure 20.B). The SA glucoside
SGE was not detected between 3 dpiand 9 dpi in H,0 inoculated A. thaliana leaves but showed
significant accumulation in Hpa inoculated leaves at all sampling timepoints (Figure 20.C). A
maximal SGE amount of 2.62 ug g* FW was detected in Hpa infected leaves 3 dpi and only
slightly less SAG was detected 6 dpi (1.11 ug g* FW) and 9 dpi (1.86 pg g* FW) in Hpa infected
leaves (Figure 20.C). Summarizing SA and its glucosides SAG and SGE were detected in
significantly higher amounts in Hpa inoculated than in H;0 inoculated leaves pointing to an

accumulation of SA and its glucosides in A. thaliana upon a Hpa infection.

To investigate the NHP biosynthesis pathway the NHP precursor Pip was quantified in H,O and

Hpa inoculated A. thaliana leaves between 3 dpi and 9 dpi. In H,0 sprayed leaves a basal level
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of maximal 0.41 pg g FW (9 dpi) were detected but in Hpa sprayed leaves a significantly
higher Pip level was detected at all sampling timepoints (Figure 20.D). The detected Pip
amounts in Hpa infected leaves that were sampled 3 dpi (1.81 pg g* FW) are however
significantly lower than the detected Pip amounts in Hpa infected leaves sampled 6 dpi
(2.04 pg g* FW) and 9 dpi (4.25 pg g* FW) (Figure 20.D). The NHP was not detected in H>0
inoculated leaves but 3 dpi, 6 dpi and 9 dpi in A. thaliana leaves that were inoculated with Hpa
(Figure 20.G). In Hpa inoculated leaves NHP levels between 0.11 pg g* FW (3 dpi) and 0.18
ug g1 FW (9 dpi) were detected (Figure 20.G). The NHP glucosides NHPG and NHPGE were
guantified in relative amounts since correction factors for the established standards were
unknown. Both NHP glucosides were not detected at any sampling timepoint in H,O
inoculated A. thaliana leaves but were both detected in Hpa inoculated plants (Figure 20.H,
P.1). In Hpa inoculated leaves 3 dpi (1.01 pg g FW) a significantly lower NHPG amount was
detected than 6 dpi (8.85 ug g FW) and 6 dpi a significantly lower NHP amount was detected
than 9 dpi (21.73 pg g* FW) (Figure 20.H). The NHP glucoside NHPGE was only detected 6 dpi
and 9dpi in Hpa inoculated plants and showed a significantly higher NHPGE level 9 dpi
(0.24 pg g* FW) than 6 dpi (0.11 pg g FW) (Figure 20.1). These results indicate the activation
of the NHP biosynthesis pathway in A. thaliana upon the infection with the biotrophic Hpa
resulting in an Hpa induced accumulation of Pip, NHP and the NHP glucosides NHPG and
NHPGE.

To investigate indolic compounds in A. thaliana after Hpa infections, camalexin and ICA were
qguantified in the GC-MS runs of Hpa infected and H;O treated leaves. In H,O sprayed
A. thaliana leaves camalexin and ICA were not detected (Figure 20.E, 20.F). In Hpa sprayed
leaves however camalexin was detected in significantly higher amounts than in H,0 sprayed
leaves at all sampling timepoints. The detected camalexin amounts in A. thaliana leaves were
determined as significantly lower in Hpa inoculated leaves sampled 3 dpi (2.49 pg g* FW) than
the camalexin amounts detected 9 dpi (9.29 pg g FW) in Hpa inoculated leaves (Figure 20.E).
No significant differences were identified between the camalexin amounts in Hpa treated
leaves sampled 3 dpi and 6 dpi or 6 dpi and 9 dpi (Figure 20.E). Since ICA was not detected in
H,O inoculated A. thaliana leaves, the detected ICA level was significantly higher in Hpa than
in H20 treated leaves at all testes sampling timepoints (Figure 20.F). In Hpa inoculated leaves
the ICA level showed no significant differences between 3 dpi and 9 dpi and reaches a

maximum amount of 0.096 pug g*FW ICA 9 dpi in Hpa inoculated leaves (Figure 20.F).
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Summarizing, these results indicate an accumulation of the indolic compounds camalexin and

ICA upon a Hpa infection in A. thaliana.
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Figure 20: Accumulation of defense related metabolites in Arabidopsis thaliana induced by a Hyaloperonospora
arabidopsidis (Hpa) infection. Five-week-old A. thaliana Col-0 plants were spray inoculated with a Hpa spore
solution (50 spores/ul) or H,0 as a control treatment. Samples were taken 3 dpi, 6 dpi and 9 dpi for the GGMS
analyses whereat three fully grown, inoculated leaves of one plant were sampled as one biological replicate. In
total four biological replicates per sampled timepoint and treatment were sampled and analyzed via GC-MS. In
the GC-MS results total and relative amounts of (A) SA, (B) SAG, (C) SGE, (D) Pip, (E) camalexin, (F) ICA, (G) NHP,
(H) NHPG and (I) NHPGE were quantified. Mean values + standard deviation are represented by the bars. Not
detected (n.d.) metabolites are indicated as such. Statistical differences between tested timepoints and
treatments were determined in SPSS with a Kruskal-Wallis and are indicated by letters above bars.
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3.2.1.2. ... the hemibiotrophic bacteria Pseudomonas syringae

To study the A. thaliana defense reaction against pathogens of various lifestyles on a
metabolite level, a GC-MS analyses of an infection time course of A. thaliana leaves inoculated
with the hemibiotrophic bacteria Psm was performed. Therefore, three leaves of
five-week-old A. thaliana Col-0 plants were infiltrated with MgCl, as a control treatment or a
Psm solution (ODgoo = 0.005). Sampling was performed 1 dpi, 2 dpi and 3 dpi and local as well
as systemic samples were collected. Thereby, potentially important metabolites in SAR in
A. thaliana were investigated.

In local MgCl; infiltrated A. thaliana leaves a maximum basal level of 0.28 pg g* FW SA (3 dpi)
were detected (Figure 21.A). However, in local, Psm infiltrated leaves a significant higher
amount of SA was detected than in MgCl; infiltrated leaves at all sampling timepoints (Figure
21.A). The maximum amount of SA was detected 1 dpi in Psm infiltrated leaves with
3.22 ug g FW, which is significantly higher than the SA amounts detected 2 dpi
(1.70 ug g* FW) and 3 dpi (1.71 pg g FW) (Figure 21.A). In systemic leaves of local MgCl,
infiltrated leaves equal basal SA levels like in local leaves were observed with a maximum
detection of 0.31 ugg* FW SA (Figure 21.B). In systemic leaves of local Psm infiltrated
A. thaliana leaves 2 dpi (0.85 pg g* FW) a significantly higher amount of SA was detected than
2 dpi in systemic leaves of local MgCl; infiltrated leaves (0.14 pg g* FW) (Figure 21.B). Equal
amounts of SA were detected in systemic leaves of MgCl, and Psm infiltrated A. thaliana plants
1 dpi and 3 dpi (Figure 21.B).

The SA glucoside SAG was detected in significantly higher amounts in Psm than in MgCl,
infiltrated A. thaliana plants 1 dpi, 2 dpi and 3 dpi (Figure 21.A). In local Psm infiltrated leaves
1.dpi (29.95 ug g FW) a significantly lower SAG amount was detected than 2 dpi, and
2dpi(126.15 ug g FW) a significantly lower SAG amount was detected than
3 dpi(171.82 pg g FW) in local leaves (Figure 21.A). In local MgCl; infiltrated leaves a basal
SAG level between 0.95 pg g FW (1 dpi) and 4.37 ug g* FW (3 dpi) was detected (Figure 21.A).
In the systemic leaves of local MgCl; infiltrated plants the basal SAG level reached a maximum
of 1.82 pug g FW (3 dpi) (Figure 21.B). The SAG amounts detected in systemic leaves of Psm
infiltrated plants 2 dpi (4.73 pg g1 FW) and 3 dpi (22.22 ug g* FW) were significantly higher
than the detected SAG amount in the control treatments at these sampling timepoints
(Figure 21.B). However, equal SAG levels were detected in the systemic leaves MgCl, and Psm

infiltrated plants 1 dpi (Figure 21.B).
75



The SA glucoside SGE was not detected in local MgCl, infiltrated leaves 1 dpi and 2 dpi but
3 dpi 0.16 ug g FW SGE were detected in MgCl, infiltrated leaves (Figure 21.A). In Psm
infiltrated leaves a significantly higher SGE level was detected than in MgCl; infiltrated
A. thaliana leaves at all sampling timepoints whereat significantly higher SGE amounts were
detected in Psm infiltrated leaves 1 dpi (15.23 ug g* FW) and 2 dpi (19.03 pg g FW) than in
Psm infiltrated leaves 3 dpi (7.43 pg g* FW) (Figure 21.A). In the systemic leaves of MgCl,
infiltrated plants no SGE was detected at any sampling timepoint (Figure 21.B). In the systemic
leaves of Psm infiltrated plants 1 dpi equally no SGE was detected while a significantly higher
SGE amount was detected in systemic leaves of Psm infiltrated plants 2 dpi and 3 dpi than in

systemic leaves of MgCl; infiltrated plants at those sampling timepoints.
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Figure 21: Local and systemic accumulation of SA and SA derivates in Arabidopsis thaliana after a Pseudomonas
syringae (Psm) infection. Three fully grown leaves of five-week-old A. thaliana Col-0 plants were pressure
infiltrated with a Psm solution (ODeoo = 0.005) or a 10 mM MgCl; solution as a control treatment. Samples of local
and systemic leaves were taken 1 dpi, 2 dpi and 3 dpi for the GC-MS analyses. In the resulting chromatograms of
(A)local and (B) systemic leave samples of four replicates per treatment (n =4) SA, SAG, SGE and total SA amounts
were quantified and are expressed in pg g FW. Not detected (n.d.) metabolites are marked as such. Bars
represent mean values * standard deviation. The statistical differences between tested timepoints and
treatments were investigated with a Kruskal-Wallis test in SPSS and are represented by letters above bars. If no
letters are given, no statistical differences were identified between the tested treatments and/or timepoints.

76



The total SA levels were estimated by summing up the detected amounts of SA, SAG and SGE
for each tested timepoint and treatment. Hence the total SA levels show high standard
deviation (Figure 21.A, 21.B). Only in local Psm infiltrated leaves 2 dpi (146.87 pg g* FW) a
significantly higher amount of total SA was detected in comparison to the detected total SA
amounts 2 dpi in MgCl; infiltrated leaves (1.36 pg g FW) (Figure 21.A). In local Psm and MgCl,
infiltrated leaves 1 dpi and 3 dpi equal amounts of total SA were detected (Figure 21.A).
Likewise, no significant differences were found between the total SA levels in systemic leaves
of Psm and MgCl; infiltrated plants at any sampling timepoint (Figure 21.B). In summary, these
results might point to a SA accumulation and a following accumulation of its glucosides SAG
and SGE in A. thaliana after a Psm infection. Moreover, this SA accumulation was not
restricted to Psm treated leaves but was also observed in systemic leaves.

In addition to the phytohormone SA, the defense relevant metabolites Pip, NHP and NHP
glucosides were quantified in local and systemic leaves of Psm or MgCl; infiltrated A. thaliana
plants. The results revealed a basal Pip level between 0.27 pg g* FW (2 dpi) and 1.47 pg g* FW
(3 dpi) in local MgCl; infiltrated leaves between the tested sampling timepoints 1 dpi and 3 dpi
(Figure 22.A). In local Psm infiltrated A. thaliana leaves significantly higher Pip amounts were
detected than in MgCl, infiltrated leaves at all sampling timepoints (Figure 22.A). The
statistical analyses also revealed significantly lower Pip amounts in local Psm infiltrated leaves
1dpi(16.19 ugg* FW) than in local Psm infiltrated leaves that were sampled
2 dpi (75.85 pug g FW) and 3 dpi (77.35 pug g FW) (Figure 22.A). In systemic leaves of Psm
infiltrated plants only 3 dpi (17.13 pug g* FW) a significantly higher Pip level was detected than
in systemic leaves of MgCl, infiltrated plants (1.27 ug g* FW) (Figure 22.B). Systemic leaves of
Psm or MgCl; infiltrated plants that were sampled 2 dpi and 3 dpi showed equal Pip amounts
(Figure 22.B). In the systemic leaves of MgCl, infiltrated plants basal Pip levels up to
1.27 ug g'* FW (3 dpi) were detected, which is comparable to the basal Pip levels detected in
local MgCl; infiltrated leaves (Figure 22.B).

The NHP was not detected in local and systemic leaves of MgCl; infiltrated plants and was
detected in significantly higher amounts in local and systemic leaves of Psm infiltrated plants
1 dpi, 2 dpi and 3 dpi (Figure 22.A, R.B). In local Psm infiltrated leaves a significantly higher
NHP level was detected 1 dpi (19.76 pg g* FW) and 2 dpi (26.43 pg g FW) than in local Psm
infiltrated leaves 3 dpi (7.52 pg g* FW) (Figure 22.A). In contrast, the NHP level detected in

systemic leaves of Psm infiltrated plants was 2 dpi (3.53 pg g FW) significantly higher than
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1 dpi (0.49 pg g FW) and 3 dpi (1.41 pg g* FW) (Figure 22.B). The quantified NHP amounts in
systemic leaves of Psm infiltrated plants 3 dpi additionally showed significantly higher NHP
levels than in systemic leaves of Psm infiltrated plants sampled 1 dpi (Figure 22.B).

As well as NHP, the investigated NHP glucosides NHPG and NHPGE were not detected in MgCl;
infiltrated A. thaliana leaves or in systemic tissue (Figure 22.A, R.B). In local Psm infiltrated
leaves the NHPG level was determined as significantly higher than in local MgCl; infiltrated
leaves, revealing significantly higher NHPG amounts 2 dpi (210.70 pg g FW) than
1dpi(11.82 pug g* FW), and 3 dpi (645.55 pg g* FW) significantly higher NHPG amounts than
2 dpi in local Psm infiltrated leaves (Figure 22.A). In systemic leaves of Psm infiltrated A.
thaliana plants no NHPG was detected 1 dpi, but significantly higher NHPG amounts were
detected in systemic leaves of Psm infiltrated plants sampled 2 dpi (1.42 pg g* FW) and 3 dpi
(7.15 pg g* FW) than in systemic leaves of MgCl, infiltrated plants at the same sampling
timepoints (Figure 22.B). The statistical analyses also revealed significantly higher NHPG levels
in systemic leaves of Psm infiltrated plants 3 dpi than in systemic leaves of Psm infiltrated
plants 2 dpi (Figure 22.B).

The NHP glucoside NHPGE was detected in significantly higher levels in local Psm treated
leaves than in local MgCl, treated leaves at all sampling timepoints (Figure 22.A). Thereby the
NHPGE level in Psm infiltrated leaves was 2 dpi (26.43 ug g* FW) determined as significantly
higher than 1 dpi (5.28 pg g FW) and 3 dpi (17.72 ug g* FW) (Figure 22.A). In addition, 3 dpi
significantly higher NHPGE levels were quantified in local Psm infiltrated leaves than 1 dpi in
local Psm infiltrated leaves (Figure 22.A). In the systemic leaves of Psm infiltrated plants no
NHPGE was detected 1 dpi (Figure 22.B). However, 2 dpi and 3 dpi significantly higher NHPGE
levels were detected in systemic leaves of Psm infiltrated plants than in systemic leaves of
MgCl; infiltrated plants (Figure 22.B). Equal NHPGE levels were determined in systemic leaves
of Psm infiltrated plants that were sampled 2 dpi (2.61 ug g* FW) and 3 dpi (2.70 pg g* FW)
(Figure 22.B). In summary the NHP biosynthesis pathway seems to be activated in A. thaliana
upon a Psm infection in local and systemic leaves, indicating an elevation of the Pip, NHP,
NHPG and NHPGE level in local and systemic tissue over time.

The tryptophan derived metabolites camalexin and ICA were as well quantified in A. thaliana
after an infection with the hemibiotrophic Psm to investigate the role of the indolic secondary
metabolism on the local and systemic pathogen response of A. thaliana. The phytoalexin

camalexin was detected in significantly higher amounts in local Psm than in MgCl; infiltrated
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leaves at all sampled infection timepoints between 1 dpi and 3 dpi (Figure 22.A). Thereby, in
local Psm infiltrated leaves the estimated camalexin levels were 1 dpi (6.00 pg g FW)
significantly lower than 2 dpi(91.86 ug g* FW), and 2 dpi significantly lower than 3 dpi
(165.82 ug gt FW). In local MgCl; infiltrated leaves in contrast no camalexin was detected

1 dpi and 2 dpi but 3 dpi a basal level of 0.44 ug g'* FW camalexin was quantified (Figure 22.A).

A B

local systemic
NHP Pip NHP
_ 25 5 3 a
] d E =]
] 20 7 4 7
- a ] ]
. E 15 3 1
] b ] =
] T 2 7
] g ] ]
] 5+ 1 o
4 0 ] 0 3
1 2 3
dpi
NHPGE
1000 40 - 12 5 4 7 a
2 ] a ] @ E a ] a
E 800 4 = a t 10 3 1
g ] 30 1 g g 3 3 =
£ 600 1 b = E .
g ] 20 = ® 6 4 2 ]
> 400 A ] g ] -
b= : b 1o = b :
%200;d d d 10 1 4 d d & S juE c 11pbb bl b
= IndC ndfl nd ndm nd M g 2 1 hd n.d 1 _nd n.d.
0 0 0 A 0 -
1 2 3 dpi 1 2 3 dpi 1 2 3 dpi 1 2 3 dpi
Camalexin ICA Camalexin ICA
200 - a 08 - 0.05 - -
i ] a 5
3 150 ] 0.6 ] = Al
T ] o Not 0.03 7 o
Lo 100 3 0.4 ; Y detected D W
] ] 0.02 4
3 50 1 0.2 ] 2 1
] 7 0.01 +
0 ] 0.0 ] 0.00 1
dpi
1 mgcl, B Pseudomonas syringae pv. maculicola

Figure 22: Accumulation of defense related metabolites in Pseudomonas syringae (Psm) infected and uninfected,
systemic Arabidopsis thaliana leaves. Experimental procedures were performed as described in Figure 21. In the
resulting chromatograms of (A) local and (B) systemic leave samples of four replicates per treatment (n = 4) Pip,
NHP, NHPG, NHPGE, camalexin and ICA total and relative amounts were quantified and are expressed in ug g™ FW.
If a metabolite was not detected (n.d.) it is labelled as such. Bars represent mean values + standard deviation. The
statistical differences between tested timepoints and treatments investigated with a Kruskal-Wallis test in SPSS
are represented by letters.
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However, no camalexin was detected at any sampling timepoint in the infection time course
in systemic leaves of Psm or MgCl; infiltrated A. thaliana plants (Figure 22.B).

The ICA was not detected in local MgCl; infiltrated leaves 1 dpi but 0.007 ug g* FW ICA were
detected 2 dpi and 0.003 pg g FW ICA 3 dpi in local MgCl; infiltrated leaves (Figure 22.A).
Compared to the detected ICA amounts in MgCl, infiltrated A. thaliana leaves, in local Psm
infiltrated leaves significantly higher amounts ICA were detected (Figure 22.A). The statistical
analyses revealed significantly higher ICA levels in local Psm infiltrated leaves
2 dpi (0.32 ug g FW) than 1 dpi (0.13 ugg*FW), and 3 dpi (0.53 pg g FW) significantly
higher ICA levels than 2 dpi (Figure 22.A). In the systemic leaves of MgCl; infiltrated plants no
ICA was detected between 1 dpi and 3 dpi (Figure 22.B). As a probable result of high standard
deviations, no significant differences in the ICA level in the systemic leaves of Psm and MgCl,
infiltrated plants were detected 1 dpi and 2 dpi (Figure 22.B). Nevertheless, 3 dpi significantly
higher ICA amounts were quantified in systemic leaves of Psm infiltrated A. thaliana plants
(0.03 pg gt FW) than in systemic leaves of MgCl; infiltrated plants (0.00 pg g* FW) (Figure
22.B). These results might indicate that indoles like camalexin accumulate in A. thaliana after

a Psm infection in local leaves but not or only in late infection stages in systemic leaves.

3.2.1.3. ... the hemibiotrophic fungi Colletrotrichum higginsianum

The hemibiotrophic lifestyle is widely distributed among phytopathogens and comes along
with diverse strategies of growth and survival (Glazebrook 2005, Horbach et al. 2011). To
compare the metabolite changes in A. thaliana after infections with hemibiotrophic
pathogens of different kingdoms, in this study the effect of an infection with the
hemibiotrophic fungi Chig on the A. thaliana metabolite profile was investigated. Therefore
four- to five-week-old A. thaliana plants were inoculated with droplets of a solution containing
500 Chig conidia/pl or H,0 as a control treatment. Samples were taken 2 dpi, 4 dpi, 6 dpi, 8 dpi
and 10 dpi for the GC-MS analyses of selected defense related metabolites. To verify the
successful Chig infection in A. thaliana, at each sampling timepoint additional samples were
taken for the macro- and microscopic investigation of Chig caused disease symptoms and
infection structure in planta (Suppl. Figure 4).

In the control treatments, analyzed leaves revealed a maximum basal SA level of

0.06 pug g FW (10 dpi) between 2 dpi and 10 dpi (Figure 23.A). The Chig inoculated leaves
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revealed significantly higher amounts of SA than H,0 inoculated leaves between 4 dpi and 10
dpi, but 2 dpi in Chig and H,0 inoculated A. thaliana leaves equal SA amounts were detected
(Figure 23.A). In Chig treated leaves 4 dpi (0.08 pg g FW) significant lower SA amounts were
detected than in Chig treated A. thaliana leaves 6 dpi (0.24 ug g* FW), 8 dpi (0.44 pg g* FW)
and 10 dpi (0.42 pg g* FW) (Figure 23.A).

To overview the total SA amounts in infected A. thaliana leaves, SAG and SGE were quantified
in A. thaliana leaves after a Chig infection as well. The SA glucoside SAG was detected in
amounts between 0.06 pug g FW (4 dpi) and 0.96 pg g* FW (10 dpi) in H20 inoculated leaves
sampled between 2 dpi and 10 dpi (Figure 23.B). Equal SAG amounts were measured in H,0
and Chig inoculated leaves 2 dpi, but between 4 dpi and 10 dpi the SAG amounts in Chig
inoculated leaves were significantly higher than the detected SAG amounts in H,O inoculated
leaves (Figure 23.B). In Chig inoculated leaves 4 dpi (1.04 ug g** FW) a significantly lower SAG
level was detected than in Chig inoculated leaves 6 dpi (4.64 pug g FW), 6 dpi a significantly
lower SAG level was detected than 8 dpi (31.12 pg g* FW), and 8 dpi a significantly lower SAG
level was detected than in Chig inoculated leaves 10 dpi (80.54 ug g FW) (Figure 23.B). The
SGE was 2 dpi not detected in H,0 or Chig inoculated A. thaliana leaves. Between 6 dpi and
10 dpi the SGE level in H,0 treated plants reached 10 dpi a maximum of 0.17 pg g* FW
(Figure 23.C). The statistical analyses revealed significantly higher SGE level in Chig inoculated
leaves than in H,0 inoculated leaves between 4 dpi and 10 dpi (Figure 23.C). Thereby, the SGE
amounts in Chig inoculated A. thaliana leaves sampled 4 dpi(0.54 pgg!FW) and
6 dpi (0.71 pg g FW) was determined as significantly lower than the detected SGE levels
8dpi(3.12 ug gt FW) and 10 dpi (4.95 ug g1 FW) in Chig inoculated leaves (Figure 23.C).
Summarizing these results indicate an accumulation of SA and its storage forms SAG and SGE
in A. thaliana upon a Chig infection with an observed elevation of the SA level during the
progression of the Chig infection.

In the A. thaliana - Chig infection time course, the Pip, NHP and the NHP glucosides NHPG and
NHPGE were quantified to investigate the NHP biosynthesis after an infection with the
hemibiotrophic fungi. In H,0 inoculated leaves basal Pip level between 0.07 pug g* FW (4 dpi)
and 0.25 ug g FW (10 dpi) was detected (Figure 23.D). Between 4 dpi and 10 dpi, in Chig
inoculated leaves a significantly higher Pip amount was quantified than in H,O inoculated
leaves while 2 dpi similar amounts were detected in Chig and H,O inoculated leaves (Figure

23.D). In Chig inoculated leaves 4 dpi (0.36 ug g* FW) a significantly lower Pip level was
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detected than In Chig inoculated A. thaliana leaves that were sampled 6 dpi (3.02 pug g FW),
8 dpi (3.64 pug g FW) and 10 dpi (5.89 pg g FW) (Figure 23.D). The NHP was not detected in
A. thaliana leaves that were treated with H,O at any investigated timepoint of the infection
(Figure 23.G). Moreover, no NHP was detected in Chig inoculated plants that were sampled
2 dpi (Figure 23.G). In Chig inoculated leaves that were sampled between 4 dpi and 10 dpi in
contrast a significantly higher NHP level was detected than in H,O inoculated leaves (Figure
23.G). The statistical analyses showed that in Chig inoculated plants 4 dpi (0.06 ug g* FW) a
significantly lower NHP level was detected than in Chig inoculated plants sampled between
6 dpi and 10 dpi, and in Chig inoculated leaves 6 dpi (0.37 ug g** FW) a significantly higher NHP
level was detected than in Chig inoculated leaves 8dpi(0.13 ugg!FW) and
10 dpi (0.15 pg gt FW) (Figure 23.G).

The NHP glucosides NHPG and NHPGE were like NHP not detected in H;0 treated plants at
any sampling timepoint (Figure 23.H). In Chig inoculated A. thaliana leaves in contrast
significantly higher NHPG levels were detected than in MgCl; inoculated leaves between 6 dpi
and 10 dpi whereat a significantly lower NHPG level was detected in Chig inoculated leaves
6dpi(3.33 ugg*FW) than in Chig inoculated leaves 8 dpi(20.09 ugg?*FW) and
10 dpi (16.93 pg g* FW) (Figure 23.H). In Chig inoculated leaves that were sampled 4 dpi mean
NHPG amounts of 0.25 pg g* FW were quantified which revealed no significant differenced to
the detected NHPG amounts in H,0 inoculated leaves 4 dpi (Figure 23.H). As mentioned, the
NHP glucoside NHPGE was not detected in MgCl, inoculated A. thaliana between 2 dpi and
10 dpi (Figure 23.1). Furthermore, NHPGE was not detected in Chig inoculated leaved between
2 dpi and 6 dpi. However, in Chig inoculated leaves that were sampled 8 dpi (0.53 ug g* FW)
and 10 dpi (0.52 pg g* FW) a significantly higher NHPGE level was detected than in MgCl,
inoculated leaves at the same sampling timepoints (Figure 23.1). In conclusion, these results
indicate an accumulation of Pip and NHP in A. thaliana after a Chig infection starting 4 dpi and
a slightly time delayed accumulation of NHP glucosides starting 6 dpi.

The tryptophan derived metabolites camalexin and ICA were as well investigated during the
Chig infection progression in A. thaliana. The phytoalexin camalexin was not detected in H,0
inoculated leaves sampled 2 dpi and 4 dpi but was detected in low levels up to 0.22 pg g* FW
between 8 dpi and 10 dpi (Figure 23.E). However, in H,O treated plants no significant
differences in the camalexin levels were determined between the five sampling timepoints

(Figure 23.E). Compared to the detected camalexin amounts in H,O inoculated leaves, in Chig
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inoculated leaves significantly higher camalexin amounts were quantified
6 dpi (12.16 pg g FW), 8 dpi(34.43 pgg* FW) and 10 dpi (27.09 pg g* FW) while equal
camalexin amounts were detected 2 dpi and 4 dpi in H,O and Chig inoculated leaves
(Figure 23.E). The ICA was detected in similar amounts at all sampling timepoints in H,O

inoculated leaves reaching a maximum of 0.01 ug g* FW 10 dpi. In Chig inoculated A. thaliana
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Figure 23: Defense related metabolites accumulate in Arabidopsis thaliana after a Colletotrichum higginsianum
(Chig) infection timepoint-specific. Five-week-old A. thaliana Col-0 plants were used for the droplet inoculation
of three fully grown leaves with a Chig spore solution (500 spores/ul) or H,0 as a control treatment. Samples were
taken 2 dpi, 4 dpi, 6 dpi, 8 dpi and 10 dpi for the GC-MS analyses whereat the inoculated leaves of one plant were
sampled as one biological replicate. Total and relative amounts of (A) SA, (B) SAG, (C) SGE, (D) Pip, (E) camalexin,
(F) ICA, (G) NHP, (H) NHPG and (I) NHPGE were quantified via the GC-MS analyses in four biological replicates per
sampled timepoint and treatment (n = 4). Bars represent mean values + standard deviation. If a metabolite was
not detected with the here used GC-MS analyses method, it is indicated as not detected (n.d.). Letters above bars
indicate the statistical differences between tested timepoints and treatments which were investigated with a
Kruskal-Wallis test in SPSS.
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leaves significantly higher ICA levels than in H,O inoculated leaves were only detected 8 dpi
(0.07 ug g* FW) and 10 dpi (0.11 pg g FW) (Figure 23.F). Between 2 dpi and 6 dpi equal
amounts of ICA were quantified in Chig and H,O treated leaves (Figure 23.F). These results
might point to a camalexin accumulation after Chig infection in A. thaliana starting 6 dpi and

an ICA accumulation after Chig infection in A. thaliana starting 8 dpi.

3.2.1.4. ... the hemibiotrophic fungi Sclerotinia sclerotiorum

The hemibiotrophic lifestyle of pathogens is hard to identify since the duration of the
biotrophic and necrotrophic phases can vary dependent on the host-pathogen interaction and
genus of the pathogen (Kabbage et al. 2015). In this study, the effects on the A. thaliana
metabolite level after an infection with the hemibiotrophic fungi Sclero, which has a rather
short biotrophic phase and fast switch to necrotrophy while maintaining biotrophy at the edge
of colonization, were investigated. Therefore five-week-old A. thaliana plants were inoculated
with droplets of a Sclero inoculum or H,O as a control treatment. For the GC-MS analyses of
selected defense related metabolites samples were collected 1 dpi, 2 dpi, 3 dpi and 4 dpi.

The defense related phytohormone SA and its glucosides were selected for quantification in
H20 and Sclero inoculated leaves. In H20 inoculated A. thaliana leaves a basal SA level between
0.68 pug g FW (4 dpi) and 0.78 pg g* FW (2 dpi) were detected between 1 dpi and 4 dpi (Figure
24.A). Compared to the detected SA amounts in H,0 inoculated leaves statically equal SA
amounts were detected in Sclero inoculated leaves between 1 dpi and 3 dpi, although slightly
higher SA levels were observed in Sclero than in H,O inoculated leaves that were sampled 2
dpi and 3 dpi (Figure 24.A). Only 4 dpi a significantly higher SA level was detected in Sclero
inoculated leaves (1.76 pg g* FW) than in H,0 inoculated leaves (0.68 pg g* FW) (Figure 24.A).
The SA glucoside SAG was as well detected in significantly higher amounts in
Sclero (8.89 pg g FW) thanin H,0 (0.14 pg g FW) inoculated leaves 4 dpi (Figure 24.B). Equal
amounts of SAG were detected between 1 dpi and 3 dpi in Sclero suspension and H;O
inoculated A. thaliana leaves (Figure 24.B). Between 1 dpi and 3 dpi SAG amounts between
0.78 ug g FW (1 dpi) and 0.94 pg g FW (2 dpi) were detected in Sclero inoculated leaves and
SAG amounts between 0.39 pg g FW (3 dpi) and 0.49 pg g* FW (1 dpi) were detected in H,0
inoculated leaves (Figure 24.B). The SA glucoside SGE was not detected in H,O treated leaves

between 1 dpi and 4 dpi (Figure 24.C). In Sclero inoculated leaves no SGE was detected 1 dpi
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and 2 dpi as well (Figure 24.C). However, a significantly higher SGE level was detected in Sclero
inoculated leaves sampled 3 dpi(0.18 pg g FW) and 4 dpi (0.42 ug g* FW) than in H>0
inoculated leaves that were sampled at the same timepoint (Figure 24.C). Summarizing these
results indicate a significant accumulation of SA and SAG in A. thaliana starting 4 dpi with
Sclero and a SGE accumulation starting 3 dpi in Sclero inoculated leaves.

In this study the metabolites Pip, NHP, NHPG and NHPGE were additionally selected for
guantification in A. thaliana after a Sclero infection. In H,O inoculated leaves Pip levels
between 0.28 pug g FW (2 dpi) and 0.37 pug g* FW (3 dpi) were detected in leaves that were
sampled between 1 dpi and 4 dpi (Figure 24.D). In Sclero inoculated leaves a slightly higher Pip
amount than in H>0 inoculated leaves 2 dpi (1.08 ug g FW) and 3 dpi (2.15 pg g FW) were
detected, while 1 dpi equal amounts of Pip were detected in H,0 and Sclero inoculated leaves
(Figure 24.D). However, compared to the detected Pip level in H,O inoculated leaves a
significantly higher Pip level was only detected in Sclero inoculated leaves 4 dpi
(3.91 ug gt FW) (Figure 24.D). The NHP and its glucosides NHPG and NHPGE were not
detected in H,0 treated leaves between 1 dpi and 4 dpi (Figure 24.G, T.H, T.I). In Sclero
inoculated leaves no NHP was detected 1 dpi as well, but significantly higher NHP amounts
were detected in Sclero inoculated leaves 2 dpi (0.09 ug g* FW), 3 dpi (0.11 pg g FW) and 4
dpi (0.06 pg g* FW) than in H,O inoculated leaves at the same sampling timepoints
(Figure 24.G).

The NHP storage form NHPG was not detected in H,0 inoculated leaves as mentioned and was
only detected 3 dpi in Sclero inoculated leaves (0.03 pg g FW) (Figure 24.H). The statistical
analyses revealed a significantly higher NHPG level in Sclero than in H,O inoculated A. thaliana
leaves 3 dpi (Figure 24.H). The NHP glucoside NHPGE was only detected in Sclero inoculated
leaves 2 dpi (0.04 pg g FW) and 3 dpi (0.05 pug g* FW) and therefore showed significantly
higher NHPGE amounts in Sclero than in H,O treated leaves at these sampling timepoints
(Figure 24.1). Summarizing the GC-MS analyses suggests an accumulation of NHP in A. thaliana
starting 2 dpi with Sclero attended with a NHPG and NHPGE accumulation between 2 dpi and
3 dpi and a significant Pip accumulation in A. thaliana after a Sclero inoculation 4 dpi.

Further selected defense related metabolites for quantification are the indoles camalexin and
ICA. The phytoalexin camalexin was not detected in H,O treated A. thaliana leaves between
1 dpi and 4 dpi (Figure 24.E). However, significantly higher camalexin levels were quantified in

Sclero than in H,0 inoculated at all sampling timepoints (Figure 24.E). In Sclero inoculated
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leaves the statistical analyses additionally revealed a significantly lower camalexin level
1 dpi (0.15 ug g* FW) than 2 dpi (19.01 pg g* FW) and 3 dpi (27.09 pg g* FW) while equal
camalexin levels were detected in Sclero inoculated leaves 1 dpi and 4 dpi (10.22 pg g* FW)
(Figure 24.E). Moreover, no significant differences in the camalexin level of Sclero inoculated
leaves between 2 dpi and 4 dpi were observed (Figure 24.E). The ICA was also not detected in

H,0 inoculated leaves at any sampling timepoint (Figure 24.F). Between 1 dpi and 4 dpi a
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significant higher ICA level was detected in Sclero than in H,0 inoculated A. thaliana leaves
(Figure 24.F). In Sclero inoculated leaves thereby the quantified ICA level was 1 dpi
(0.02 ug g* FW) significantly lower than in Sclero inoculated leaves that were sampled

2 dpi (0.06 pg g* FW), 3 dpi (0.13 pgg* FW) and 4 dpi (0.23 pg g* FW) (Figure 24.F). These
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Figure 24: Time dependent accumulation of metabolites in Arabidopsis thaliana after an infection with Sclerotinia
sclerotiorum (Sclero). Three fully grown leaves of five-week-old A. thaliana plants were droplet inoculated with
a Sclero mycelium solution or H20 as a control treatment. The inoculated leaves of one plant were sampled as
one biological replicate 1 dpi, 2 dpi, 3 dpi and 4 dpi for the GC-MS analyses. In the GC-MS generated
chromatograms total and relative amounts of (A) SA, (B) SAG, (C) SGE, (D) Pip, (E) camalexin, (F) ICA, (G) NHP, (H)
NHPG and (I) NHPGE were quantified. Mean values + standard deviation for three biological replicates per
sampled timepoint and treatment (n = 3) are represented by bars. If a metabolite was not detected, itis indicated
as not detected (n.d.). Statistical differences were determined with a Kruskal-Wallis test in SPSS and are indicated
by letters above bars.
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results point to a camalexin and ICA accumulation in A. thaliana after a Sclero infection starting

1 dpi.

3.2.1.5. ... the necrotrophic fungi Botrytis cinerea

To investigate the A. thaliana defense at the metabolite level after an infection of pathogens
with different lifestyle strategies, the infection of A. thaliana with the necrotrophic fungi Bcin
was investigated in this study. Therefore, four- to five-week-old A. thaliana plants were
inoculated with Mathur’s medium as a control treatment or droplets of a Bcin solution
(50 spores/ul). Samples were taken 1 dpi, 3 dpi and 5 dpi for the GC-MS analyses. To verify a
successful Bcin infection in A. thaliana, at each timepoints additional samples were taken for
the macro- and microscopic investigation of Bcin caused disease symptoms and infection
structure in planta (Suppl. Figure 5).

In the GC-MS runs of Bcin and H;O inoculated leaf samples, selected defense related
metabolites like SA and SA glucosides were quantified. During the Bcin infection time course
in A. thaliana, equal amounts of SA between 0.08 pgg!FW (H,0, 3 dpi) and
0.20 ug gt FW (Bcin, 1 dpi) were detected in Mathur’s medium and Bcin treated leaves
(Figure 25.A). The SAG was detected in equal amounts of maximum 0.76 pg g FW (5 dpi) in
Mathur’s medium inoculated leaves between 1 dpi and 5 dpi (Figure 25.B). In Bcin inoculated
leaves 1 dpi equal amounts as in Mathur’s medium inoculated leaves were detected
(Figure 25.B). However, in Bcin inoculated leaves that were sampled 3 dpi (1.95 pg g FW) and
5 dpi (3.90 pg g FW) a slightly higher SAG level was detected than in Mathur’s medium
inoculated leaves, but no significant differences were determined between the treatments
(Figure 25.B). The SGE was not detected in H,O treated A. thaliana plants at any sampling
timepoint and in Bcin treated plants 1 dpi (Figure 25.C). In Bcin inoculated leaves, SGE was
detected in significantly higher amounts 3 dpi (0.20 pg g™ FW) and 5 dpi (0.12 pg g FW) than
in Mathur’s medium inoculated leaves at the same sampling timepoints (Figure 25.B).
Summarizing, these results indicate no accumulation of SA, but a slight accumulation of the
investigated SA glucosides in A. thaliana after a Bcin infection.

Further selected for quantification in A. thaliana were the defense related metabolites Pip,
NHP and the NHP glucosides NHPG and NHPGE. The Pip was detected in basal levels between
0.11 pgg*FW (1 dpi) and 0.23 pg g' FW (5 dpi) in Mathur’'s medium inoculated leaves
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(Figure 25.D). In comparison to Mathur’s medium inoculated leaves a significantly higher Pip
level was detected in Bcin inoculated leaves 3 dpi (1.96 ug g* FW) and 5 dpi (0.62 pug g™* FW)
while 1 dpi equal amounts of Pip were detected in Mathur’s medium and Bcin inoculated

leaves (Figure 25.D). The NHP and its glucosides NHPG and NHPGE were not detected in
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Figure 25: The plant’s accumulation of defense related metabolites in the Arabidopsis thaliana - Botrytis
cinerea (Bcin) pathosystem is time dependent. Three leaves of 4,5 weeks old A. thaliana Col-0 plants were
droplet inoculated with a Bcin spore solution (50 spores/ul) or Mathur’s medium as a control treatment.
Samples were taken 1 dpi, 3 dpi and 5 dpi for the GC-MS analyses whereat all treated leaves of one plant
were pooled for one biological replicate. After the GC-MS analyses total and relative amounts of (A) SA, (B)
SAG, (C) SGE, (D) Pip, (E) camalexin, (F) ICA, (G) NHP, (H) NHPG and (I) NHPGE were quantified. Bars
represent mean values * standard deviation for four biological replicates per sampled timepoint and
treatment (n = 4). If a metabolite was not detected with the here used GC-MS analyses method, it is
indicated as not detected (n.d.). Statistical differences are indicated by the letters above bars and were
investigated with a Kruskal-Wallis test in SPSS. If no letters are given, no statistical differences were
identified between the tested treatments and/or timepoints.
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Mathur’s medium treated leaves between 1 dpi and 5 dpi (Figures 25.G, 25.H, 25.1). The NHP
was not detected in Bcin treated plants 1 dpi and 5 dpi either but was detected in Bcin
inoculated leaves 3 dpi(0.09 ugg*FW) in significantly higher amounts than in
Mathur’s medium inoculated leaves at the same sampling timepoint (Figure 25.G). The NHPG
was only quantified in Bcin inoculated leaves that were sampled 3 dpi (0.66 pg g* FW) and
5dpi (0.18 ug gt FW), revealing a significantly higher NHPG level in Bcin then in
Mathur’s medium inoculated leaves only 3 dpi (Figure 25.H). The NHP glucoside NHPGE was
only detected in Bcin inoculated leaves 3 dpi (0.12 pg g FW) but no significant differences to
the Mathur’s medium treatment were determined at this sampling timepoint (Figure 25.1).
These results suggest a Pip accumulation in A. thaliana after a Bcin infection starting 3 dpi and
a NHP accumulation only 3 dpi with Bcin. The quantification of the NHP glucosides points to a
slight accumulation of NHPG and NHPGE in A. thaliana after a Bcin infection starting 3 dpi.

In Mathur’s medium treated plants no camalexin was detected 1 dpi, but camalexin was
detected 3 dpi (0.20 ug g* FW) and 5 dpi (0.15 pg g FW) in Mathur’s medium treatments.
Compared to the detected camalexin amounts in Mathur’s medium inoculated leaves, in Bcin
inoculated leaves a significantly higher camalexin level was quantified at all sampling
timepoints. Thereby, in Bcin inoculated leaves 1 dpi (0.77 pug g* FW) significant lower levels of
camalexin were detected than 3 dpi (34.78 pug g* FW) and 5 dpi (11.27 pg g FW). The ICA was
detected in similar amounts of approximately 0.01 pg g* FW in H,0 inoculated leaves that
were sampled between 1 dpi and 5 dpi, and in Bcin inoculated leaves sampled 1 dpi. In Bcin
inoculated leaves that were sampled 3 dpi(0.29 ugg*FW) and 5 dpi(0.07 ug g FW)
significantly higher ICA amounts were detected than in the control treatments. The analyses
of the selected indoles summarizing suggests a camalexin accumulation in A. thaliana after a

Bcin inoculation starting 1 dpi and an ICA accumulation starting 3 dpi.

3.2.2. Comparison of the Arabidopsis thaliana metabolite profile after infections with
pathogens of different lifestyles

To compare the A. thaliana defense reaction against pathogens with biotrophic,
hemibiotrophic and necrotrophic lifestyles on a metabolite level, GC-MS analyses of infection

time courses were performed. Therefore A. thaliana plants were infected with the biotrophic

oomycete Hpa, the hemibiotrophic bacteria Psm, the hemibiotrophic fungi Chig and Sclero,
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and the necrotrophic fungi Bcin. For a better comparison, the accumulation of selected
defense related metabolites in A. thaliana after infections of pathogens with various lifestyles
was compared at the timepoint of the highest detected amounts of each metabolite in each
A. thaliana — pathogen infection time course (Table 1).

The comparison revealed similarities of the A. thaliana metabolite profile after infections with
biotrophic and hemibiotrophic pathogens, since in interactions with Hpa (3 dpi), Psm (1 dpi),
Chig (8 dpi) and Sclero (4 dpi) significantly higher SA amounts were detected in pathogen
inoculated leaves than in the control treatments (Table 1). In control treatments Bcin
inoculated leaves (5 dpi) equal SA levels were detected (Table 1). Compared to the
investigated SA amounts detected in all other A. thaliana — pathogen interaction systems, in
A. thaliana infections with the hemibiotrophic Psm (1 dpi) the highest SA amounts were
detected (Table 1). The SA glucoside SAG was detected in significantly higher amounts in
A. thaliana leaves infected with Hpa (9 dpi), Psm (3 dpi), Chig (10 dpi), Sclero (4 dpi) and Bcin
(5 dpi) than in the respective control treatments at the same sampling timepoints (Table 1).
Thereat, the highest SAG levels were as well detected in infections with the hemibiotrophic
Psm (3 dpi) compared to the investigated SA levels detected in all other investigated infection
systems (Table 1). Approximately 100 pg g* FW more SAG was detected in A. thaliana leaves
infected with Psm than in leaves that were infected with Hpa or Chig, and the detected SAG
levels in leaves infected with Hpa and Chig was approximately 10 times higher than the
detected SAG levels in leaves infected with Sclero and Bcin (Table 1). The SA glucoside SGE
was in control treatments only detected in Chig controls (10 dpi) but not in control treatments
of other A. thaliana infection systems (Table 1). Compared to the investigated SGE levels
detected in all other investigated infection systems the highest SGE levels were again detected
in infections with Psm (2 dpi) (Table 1). Furthermore, the detected SGE amounts in leaves
infected with Hpa and Chig were approximately 10 times higher than the SAG amounts
detected in Sclero and Bcin infected leaves (Table 1). Taken together these results indicate a
SA accumulation in A. thaliana infections with biotrophic and hemibiotrophic pathogens
accompanied by an accumulation of SAG and SGE. In A. thaliana infections with the
necrotrophic fungi Bcin no SA accumulation was observed and synthesized SA seemed be
converted to SAG and SGE. Noticeably, the detected SAG and SGE amounts in A. thaliana
infections with hemibiotrophic Sclero, which has a rather short biotrophic phase, were only

slightly higher than the detected SA glycosides in A. thaliana infections with necrotroph Bcin.
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The biosynthetic NHP precursor Pip was detected in significantly higher amounts in
A. thaliana infections with biotrophic, hemibiotrophic and necrotrophic pathogens than in
control treatments. In infections with Psm (3 dpi) the highest Pip levels were quantified
compared to all other four infection systems (Table 1). Equal levels of Pip were detected in
infections with the biotrophic Hpa (9 dpi) and the hemibiotrophic Chig (10 dpi) and Sclero (3
dpi) while in Bcin (3 dpi) infections only half of this Pip level was reached (Table 1). The defense
inducer NHP was as well detected in significantly higher amounts in A. thaliana infections with
biotrophic, hemibiotrophic and necrotrophic pathogens than in control treatments.
Accurately, in control treatments of all five investigated A. thaliana infection systems no NHP
was detected (Table 1). In comparison of all tested infection systems the highest NHP level
was detected in Psm (2 dpi) infected plants (Table 1). Similar amounts of NHP were quantified
in Sclero (3 dpi) and Bcin (3 dpi) infected A. thaliana plants and approximately twice of these
NHP amounts were detected in Hpa (9 dpi) infections. Additionally, twice of the in Hpa
infections detected NHP amounts were detected in Chig infections (6 dpi) (Table 1).

The NHP glucosides NHPG and NHPGE were as well as NHP not detected in control treatments
of all investigated A. thaliana infection systems but were detected after the infections in A.
thaliana leaves (Table 1). The lowest NHP glucoside amounts were detected in A. thaliana
infections with Sclero (3 dpi) and only slightly higher amounts of NHPG and NHPGE were
detected after infections with Bcin (3 dpi) (Table 1). Compared to the quantified NHPG
amounts in A. thaliana after infections with Sclero and Bcin, in infections with Hpa (9 dpi) and
Chig (8 dpi) more than 30 times higher NHPG amounts were quantified in infected leaves
(Table 1). Additionally, the detected NHPGE levels in A. thaliana leaves after infections with
Hpa (9 dpi) and Chig (8 dpi) were 2 — 10 times higher than the detected NHPGE levels in Sclero
(3 dpi) and Bcin (3 dpi) infected leaves (Table 1). In comparison of all investigated A. thaliana
infection systems, the by far highest NHPG and NHPE amounts were detected in Psm infected
plants with 645.55 pg g FW (3 dpi) NHPG and 26.43 ug g* FW (3 dpi) NHPGE (Table 1). In
summary these results indicate the activation of the NHP biosynthesis pathway in A. thaliana
after infections with biotrophic, hemibiotrophic and necrotrophic pathogen. However,
lifestyle and pathogen specific mechanism might influence the degree of induction of the NHP

biosynthesis and glycosylation.
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The antimicrobial compounds camalexin and ICA were also selected for quantification in
control treatments and infections with Hpa, Psm, Chig, Sclero and Bcin. In control treatments
of Hpa and Sclero inoculations no camalexin and ICA was detected, while in the control
treatments of Psm, Chig and Bcin inoculations a basal camalexin and ICA level was detected
(Table 1). These differences are most likely caused by the varying sensitivity of the used GC-MS
at different experimental timepoints. In A. thaliana leaves that were infected with Hpa, Psm,
Chig, Sclero or Bcin significantly higher amounts of camalexin and ICA were detected than in
leaves of the respective control treatments (Table 1). In A. thaliana infections with the
biotroph Hpa (9 dpi) the lowest camalexin levels were detected compared to the detected
camalexin levels in all other investigated A. thaliana infection systems (Table 1). After
infections with Chig (8 dpi), Sclero (3 dpi) and Bcin (3 dpi) similar amounts of camalexin of
approximately 30 ug g* FW were detected and in A. thaliana leaves that were infected with
Psm (3 dpi) five times more camalexin was detected than in leaves infected with Chig, Sclero
and Bcin (Table 1). Similarly, the highest amounts of ICA were detected in leaves infected with
Psm with 0.53 pgg!FW (3 dpi) compared to the ICA amounts that were detected in

A. thaliana after the infection of all other investigated pathogens (Table 1). Only half of the

Table 1: Comparison of accumulating defense related metabolites in the Arabidopsis thaliana after the infection
with Hyaloperonospora arabidopsidis, Pseudomonas syringae, Colletrotrichum higginsianum, Sclerotinia
sclerotiorum and Botrytis cinerea (Bcin). Infection time courses were performed as described in Figures 20-25. The
accumulation of selected defense related metabolites in A. thaliana after infections of pathogens with various
lifestyles (+) and the respective control treatment (-) was compared at the timepoint of the highest detected
amounts of each metabolite in each A. thaliana — pathogen infection time course.
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ICA amounts that were detected in Psm infected leaves were detected in leaves that were

infected with Sclero (4 dpi) or Bcin (3 dpi) (Table 1). Approximately half of the ICA amounts
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that were detected in Sclero or Bcin infected leaves were detected in leaves that were infected
with Hpa (9 dpi) or Chig (10 dpi) (Table 1). These results indicate an ICA and camalexin
accumulation in A. thaliana after the infection with Hpa, Psm, Chig, Sclero or Bcin with

tendencies of a lifestyle specific degree of accumulation.

3.2.3. The NHP induced resistance in Arabidopsis thaliana against pathogens with

various lifestyles

Recent studies have demonstrated the resistance inducing effect of NHP in mono- and
dicotylous plant after an infection with biotrophic or hemibiotrophic bacteria and fungi
(Holmes et al. 2019, Schnake et al. 2020, Zhang et al. 2021). However, if NHP induces
resistances in plants against infections with necrotrophic pathogens has not been studied yet.
To investigate the NHP effect in A. thaliana on pathogens with a necrotrophic lifestyle and
compare it to the resistance inducing effect against biotrophic and hemibiotrophic pathogens,
four- to five-week-old A. thaliana plants were watered with a 1 mM NHP solution or H,0 as a
control treatment and afterwards infected with the biotrophic oomycete Hpa, hemibiotrophic
Psm bacteria, the hemibiotrophic fungi Chig and Sclero and the necrotrophic fungi Bcin.
Samples were taken 6 dpi with Hpa, 2 dpi with Psm lux, 7 dpi with Chig, 3 dpi with Sclero and
2 dpi with Bcin to assess the A. thaliana resistance. Additionally, the progression of the
pathogen induced symptoms on A. thaliana leaves were documented photographically. The
NHP induced resistance in A. thaliana after an infection with Sclero was only investigated once
while the NHP induced resistance after an infection with Hpa, Psm, Chig and Bcin were
investigated at least 3 times with similar results.

To assess the A. thaliana resistance against Hpa, H.0 and NHP pretreated and Hpa inoculated
leaves were stained with trypan blue whereby the oomycetes infection structures were
visualized in planta and the length of IH was quantified. The H.O pretreated plant revealed a
mean IH length of 636 mm per cm? and in the macroscopic analyses downy white patches
were observed on the leaves (Figure 26.A, 26.F). After a pretreatment with NHP and an
infection with Hpa of A. thaliana no IH were observed in the inoculated leaves and no downy
white patches were visible on the leaves (Figure 26.A, 26.F). Hence, the statistical analyses
revealed significantly higher length of IH in plants that were pretreated with H,0 than in plants

that were pretreated with NHP (Figure 26.A).
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The A. thaliana resistance against hemibiotrophic Psm lux bacteria was assessed by measuring
the luminescence of the bacteria in a luminometer. The number of quantified Psm lux bacteria
in the leaves was approximately 16 times higher in H,0 than in NHP pretreated plants which
was determined as a significant difference between the pretreatments (Figure 26.B).
Macroscopically, H,O pretreated leaves seemed dehydrated and showed chlorosis, while NHP
pretreated leaves only showed slight chlorosis or no infection symptoms (Figure 26.F).

To assess the A. thaliana resistance against Chig, Sclero and Bcin the mean necrotic area per
inoculation site was determined on the leaves of H,O and NHP pretreated plants in mm?
(Figure 26.C, 26.D, 26.E). On NHP pretreated and Chig inoculated leaves a significantly smaller
necrotic area per inoculation site was measured than on H,0 pretreated and Chig inoculated
leaves whereat the measured necrotic area on NHP pretreated leaves (3.07 mm?) was only
half the size of the measured necrotic area on H,0 pretreated leaves (5.67 mm?) (Figure 26.C).
While on H,0 pretreated and Chig inoculated leaves necrotic lesions were observed at the 4
sites of droplet inoculation on the leaves, after NHP pretreatment and Chig inoculation smaller
necrotic lesions and sometimes only water-soaked lesions were observed at the sites of
inoculation (Figure 26.F).

The quantified necrotic area on NHP pretreated and Sclero inoculated leaves (9.17 mm?) was
almost half the size of the measured necrotic area on H,0 pretreated and Sclero inoculated
leaves (15.82 mm?) and thereby a significantly larger necrotic area was measured in H,O
pretreatments than in NHP pretreatments (Figure 26.D). This effect was verified visually. At
the two Sclero droplet inoculation sites of NHP pretreated leaves smaller necrotic area were
observed than on H,0 pretreated leaves (Figure 26.F). The investigation of the NHP induced
resistance in A. thaliana after an infection with the necrotrophic Bcin revealed significantly
smaller necrotic lesions on leaves of NHP pretreated plants compared to the lesion size on
leaves of H,O pretreated plants (Figure 26.E). The necrotic lesion size on leaves on H,0
pretreated and Bcin inoculated leaves was with 5.39 mm? approximately twice as large as the
necrotic lesions that were measured on leaves of NHP pretreated plants (2.45 mm?) (Figure
26.E). Macroscopically this NHP resistance inducing effect against Bcin was verified since NHP
pretreated plants showed smaller necrotic lesions than H,O pretreated plants (Figure 26.F).

Additionally, the necrotic lesions caused by Bcin showed clear edges on leaves of H,0 treated
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plants while after NHP pretreatments the edges of the necrotic lesions seemed blurred

(Figure 26.F).
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Figure 26: The NHP induced resistance in Arabidopsis thaliana against pathogens of various lifestyles. Four-
to five-week-old Col-0 wildtype plants pre-treated with NHP or H20 via the soil. One day later three fully grown
leaves were inoculated with Hyaloperonospora arabidopsidis (Hpa) (50 spores/ul) via spray inoculation (n =
6), with Pseudomonas syringae lux (Psm lux) (OD = 0.001) via infiltration (n = 6), with Sclerotinia sclerotiorum
(Sclero) via spray inoculation (n = 5), or with Botrytis cinerea (Bcin) (50 spores/ul) via droplet inoculation (n =
8). Droplet inoculation with Colletotrichum higginsianum (Chig) (500 spores/ul) were performed 4 hours after
the NHP or H20 pre-treatments (n = 8). The resistance of A. thaliana plants was assessed (A) via the
determination of length of internal hyphae (IH) of Hpa in leaves in mm 6 dpi, (B) via the determination of the
number of Psm lux bacteria in a leave with a luminometer in relative luminescence units (rlu) 2 dpi, or via
measurements of the necrotic area per inoculation site in mm? on the leaves (C) 7 dpi with Chig, (D) 3 dpi with
Sclero and (E) 2 dpi with Bcin infections. Bars represent mean values + standard deviations (A, B) or + standard
error of the mean (C, D, E). Statistical differences were investigated with a two-tailed t test and asterisks (p =
*<0.05, **<0.01, *** <0.001) are indicated above bars. (F) Pictures were taken of NHP and H,O pre-treated
plants which were leave-inoculated with biotrophic Hpa, hemibiotrophic Psm, Chig or Sclero and necrotrophic
Bcin pathogens to visualize immune inducing effects of NHP on the plant.

In Summary, the NHP resistance inducing effect in A. thaliana was observed to be effective
against the infection with the investigated biotrophic, hemibiotrophic and necrotrophic
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pathogens. The degree of effective resistance induction by NHP in A. thaliana however may
rely on pathogen specific lifestyle strategies. To investigate the involvement of defense
associated signaling pathways in the A. thaliana NHP induced resistance against
hemibiotrophic and necrotrophic fungi, the effect of a NHP pretreatment and a Chig or Bcin
infection was studied in mutants with defects in the SA, NHP, JA, ABA and phytoalexin
biosynthesis pathways and compared to the Col-0 wildtype.

Although the role of EDS1 and PAD4 in plant defense against pathogens is not fully elucidated,
studies have shown their direct interaction and activation of camalexin, tocopherol, SA and
NHP biosynthesis (Feys et al. 2001, Stahl et al. 2019, Hartmann et al. 2018). After a H,0
pretreatment and a Chig infection, A. thaliana eds1 and pad4 mutants showed a significantly
larger necrotic lesion size than Col-0 plants (Figure 27.A). In comparison to H,O pretreated and
Chig infected eds1, pad4 and Col-0 plants, a significantly smaller necrotic lesion size was
measured on NHP pretreated plants of these investigated genotypes (Figure 27.A). After a Bcin
infection, Col-0, eds1 and pad4 plants that were pretreated with NHP similarly showed
significantly smaller necrotic area than H,O pretreated plants of the respective genotype
(Figure 28.A). After a H20 pretreatment and a Bcin infection an equal necrotic lesion size was
observed on the Col-0 wildtype and the eds1 and pad4 mutant plants (Figure 28.A).

To further investigate the influence of the interaction of the SA and NHP signaling pathways
influence on the NHP induced resistance in A. thaliana the sid2, fmol mutants and the double
mutant sid2/fmol were challenged with NHP and infected with Chig or Bcin. The assessment
of resistance revealed a similar necrotic lesions size on H,0 pretreated and Chig infected Col-0
and sid2 plants which was significantly smaller than the detected necrotic lesion size on H,0
pretreated an Chig infected fmo1 and sid2/fmo1 plants (Figure 27.B). The NHP pretreated and
Chig infected Col-0, fmol and sid2/fmol plants however showed a significantly smaller
necrotic lesion size than the H,O pretreated and Chig infected plants of the respective
genotype (Figure 27.B). In sid2 mutant plants, NHP pretreatments only resulted in slightly, but
statistically not significant smaller necrotic lesions compared to the H,O pretreatments after
Chig infections (Figure 27.B). The assessment of the A. thaliana resistance against a Bcin
infection revealed significantly smaller necrotic lesions on NHP pretreated Col-0, sid2, fmo1l
and sid2/fmo1 plants than on the H,0 pretreated and Bcin infected plants of these genotypes

(Figure 28.B). Although the necrotic area on H,0 pretreated and Bcin infected sid2, fmol and
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sid2/fmol plants seemed to be slightly smaller than the observed necrotic area on Col-0

plants, no significant differences were determined between the genotypes (Figure 28.B).

A _ 10 4 B __ 10 4 a a
™ a ™
~E g1 : “E 1. =
— 8 ] = 8 ]
g _'CI_.'J 1 b @ 2 ] £ bec g .b.c.
o2 67 c o2 67 p
o 1] ‘ B 9 ]
g8 4. SE 4]
€3 ] ] ]
e 7 2 27
0 1 0+ .
S N ‘ y N
Q ,}\‘\
&
C 8 - a D 10 -
] E a
T g ] be T&81bv A
e E ] = E 7 be b
2 v 1 ¢ o 67
©G 47| |de s% (¢ 7
2o B L2 - ]
58 ] 506 44
E 5E
g 27 €3 2]
[} 1 8 ]
£ ] £
D 1 Q O 3 : n : n
/ Q o c)
Y & %
[e) ;
e, (JO O o\x
¢
H,0 pre-treatment+ NHP pre-treatment+
] U

Colletotrichum higginsianum Colletotrichum higginsianum

Figure 27: The NHP induced resistance in Arabidopsis thaliana mutants with defects in defense related
signaling pathways against Colletotrichum higginsianum (Chig). 4,5-week-old A. thaliana Col-0 wildtype plants
were watered with 1 mM NHP or H20 and were one day later droplet inoculated with a Chig solution (500
spores/ul). In independent experiments, NHP and H20 pre-treatments of Col-0 were compared to NHP and
H20 pre-treatments of (A) the pad4 and eds1 mutants; (B) the sid2, fmo1 and sid2/fmol mutants; (C) the dcc,
wrky33 and pad3 mutants, and (D) the dcc and coil-35 mutants. Sampling was performed 2 dpi and the size
of necrotic area per inoculation site in mm? was determined 5 dpi with Chig (n = 8) using Imagel. Bars
represent mean values * standard error of the mean for the quantified necrotic area. Kruskal-Wallis test
performed in SPSS was used to determine statistical differences between the pre-treatments and results are
indicated with letters above bars.

The influence of indole derived phytoalexins on the A. thaliana basal and NHP induced
resistance was investigated with the cyp79b2/cyp79b3 (dcc) double mutant and the pad3
mutant. In the biosynthesis of phytoalexins like camalexin and ICA, CYP79B2 and CYP79B3
facilitate the first step from Trp to IOAx and PAD3 catalyzes the last synthesis step from DHCA
to camalexin (Stahl et al. 2019). A knock-out mutant of the transcription factor WRKY33 was
as well studied in this matter since it has been shown that WRKY33 has a positive influence on

the PAD3 activity (Thomma et al. 1999). However, transcriptional analyses revealed that the
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WRKY33 transcription factor influences several other signaling pathways and thereby
regulates the accumulation of SA, JA, ET and ABA (Liu et al. 2015). In this study, NHP treated
and Chig infected A. thaliana dcc, pad3 and wrky33 mutants showed significantly smaller
necrotic lesions than H,O pretreated and Chig plants of the respective genotypes like the
wildtype Col-0 (Figure 27.C). After a H,0 pretreatment and Chig infection A. thaliana dcc and
pad3 mutants developed an equal size of necrotic lesion. However, the statistical analyses
revealed a significantly larger necrotic area on H;0 pretreated and Chig infected dcc plants
than on H,0 pretreated and Chig infected Col-0 plants while the detected necrotic area in H,0
pretreated and Chig infected Col-0 and pad3 plants was statistically determined as equal
(Figure 27.C). The wrky33 mutants showed significantly smaller necrotic lesion sizes after a
H,O treatment and a Chig infection than the Col-0 wildtype and the dcc and pad3 mutants
after the same treatments (Figure 27.C).

After a Bcin infection NHP pretreated Col-0, wrky33, pad3 and coil-35 plants showed
significantly smaller necrotic area than H,0 pretreated and Bcin infected plants (Figure 28.C).
In H20 pretreated and Bcin infected plants the largest necrotic area was measured on leaves
of wrky33 plants, which was significantly larger than the quantified necrotic area on leaves of
Col-0, dcc, coil1-35 and pad3 plants (Figures 28.C, 28.D). The quantified necrotic lesion size on
leaves of H,O pretreated and Bcin infected dcc mutant plants was significantly smaller than
the detected lesions on wrky33 plants, but significantly larger than the detected lesion size on
leaves of Col-0 plants (Figure 28.D). On leaves of H,0 pretreated and Bcin infected pad3 plants
significantly smaller necrotic lesions were observed than on Col-0 and wrky33 plants

(Figure 28.Q).

To investigate the influence of the JA signaling on the NHP induced resistance in A. thaliana
against Chig, the NHP resistance inducing effect was tested in the coi1-35 mutant. COI1 is part
of the JA receptor complex which enables the induction of JA dependent gene expression in
A. thaliana (Feys et al. 1994, reviewed in Staswick 2008). Compared to the quantified necrotic
area on H,0 pretreated and Chig infected coil-35 plants, after NHP treatments coi1-35 plants
showed a wildtype-like reduction of necrotic area (Figure 27.D). After H,O treatments and
Chig infections Col-0 and coi1-35 plants showed an equal necrotic lesion size which were
significantly smaller than the quantified necrotic lesion size on H,O pretreated and Chig
infected dcc mutants (Figure 27.D). After a Bcin infection NHP pretreated Col-0 and coi1-35

plants showed significantly smaller necrotic area than H,0 pretreated and Bcin infected plants
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of the respective genotypes (Figure 28.C). The leaves of H,0 pretreated and Bcin infected
coi1-35 plants showed significantly larger necrotic lesions than leaves of H,O pretreated and
Bcin infected Col-0 plants but significantly smaller necrotic lesions than leaves of H;0

pretreated and Bcin infected wrky33 plants (Figure 28.C).

A T B 67 .
N e | M B
‘;E 6; a 2 -;_E E 3 a a
g ] T
=g E s 2 ]
ve 30 b B g | | .
52 3 22 ] he
o = 22 g2 2 t
= 3 £ 3 ]
2 17 g
0 0
S > > S >
& & & (63 o ¢ m\‘\({\
C D ®
10: a 20j
E g b E 1 ?
~ £ &7 . = E 15 ] b
28 oo s g i
S'G : d S'G ] C 5
= £ . de -;r:10— e
0.2 g1 de o .2 ]
S & ] e S & 1M
23 5 =3 5
o - o i
£ . £ ]
0 0 1
Q %) % 0 Q e %
\ % & & \ ¢ &
o W) © @ &
< o & N &

[ H,0 pre-treatment + Botrytis cinerea [l NHP pre-treatment + Botrytis cinerea

Figure 28: The NHP induced resistance in Arabidopsis thaliana mutants with defects in defense related signaling
pathways against Botrytis cinerea (Bcin). Plants (4,5-week-old) were watered with 1 mM NHP or H20 and were
droplet inoculated with a Bcin solution (50 spores/pl) one day later. In independent experiments, NHP and H20
pre-treatments of Col-0 WT plants were compared to NHP and H20 pre-treatments of (A) the pad4 and eds1
mutants; (B) the sid2, fmo1 and sid2/fmo1 mutants; (C) the coi1-35, wrky33 and pad3 mutants; and (D) the dcc
and wrky33 mutants. Samples were taken 2 dpi and the size of necrotic area per inoculation site was quantified
in mm? 2 dpi with Bcin (n = 8) using ImageJ. Mean values + standard error of the mean were calculated for the
guantified necrotic area and are represented by the bars. Statistical differences were determined with a
Kruskal-Wallis test in SPSS and are indicated above bars.

3.2.4. Toxicological effects of NHP on Ascomycetes

To verify that NHP induces resistance in planta and thereby reduces disease symptoms of
Ascomycetes in A. thaliana, the toxicological effect of NHP on the investigated Ascomycetes

was tested. Therefore, Mathur’s agar plugs with grown Chig or Bcin mycelium were grown on
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fresh Mathur’s agar plates supplemented with NHP or with NH4Cl + HCl as control. After 3 days

the radial mycelium growth was quantified.

The radial Chig mycelium growth remained equal on NHP and NH4Cl + HCl supplemented
Mathur’s agar plates after 3 days of growth. On plates with both supplements approximately
5.5 cm? mycelium were observed (Figure 29.A). On Mathur’s agar plates which contained NHP
or NH4Cl + HCl a similar radial Bcin mycelium growth of approximately 13 cm? was observed
(Figure 29.B). No statistical differences in the radial growth of Chig and Bcin was determined
between NHP and NH4Cl + HCI supplemented plates (Figure 29). These results indicate, that

NHP has no direct toxicological effect on the investigated Ascomycetes Chig and Bcin.
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Figure 29: Toxicological effects of NHP on Ascomycetes. Mathur’s agar plugs with 10 days grown (A)
Colletotrichum higginsianum (Chig) or (B) Botrytis cinerea (Bcin) mycelium were propagated on fresh Mathur’s
agar plates supplemented with NHP or with NH4Cl + HCl as control. After 3 days the radial mycelium growth was
measured and mean values * standard deviations were calculated in cm?. For each tested medium and pathogen
three replicates were performed (n = 3). Statistical differences were investigated with a two-tailed t-test
(p=%*<0.05, **<0.01, *** <0.001).

3.2.5. Chemical induction of callose deposition in Arabidopsis thaliana

It has been demonstrated that SA treatments induce callose deposition at plasmodesmata in
A. thaliana and pathogen growth might thereby be hindered (Wang et al. 2013). To investigate
if the NHP resistance priming in A. thaliana relies on similar mechanisms, the deposition of
callose was investigated. For NHP priming experiments prior to Chig infections, A. thaliana
plants were pretreated with H,O and NHP and four hours later inoculated with a Chig spore
solution or were mock treated with H;O. Samples were taken 2 dpi and de-stained from

chlorophyl. For NHP priming experiments prior to Bcin infections, A. thaliana plants were
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pretreated with H,O and NHP and one day later inoculated with a Bcin spore solution or were
mock treated with liquid Mathur’s medium. Samples were taken 1 dpi with Bcin and likewise
de-stained from chlorophyl. All bleached leaf samples were stained with aniline blue and
callose deposits were visualized via fluorescence microscopy.

The quantified fluorescent area in leaves of NHP pretreated A. thaliana plants was significantly
larger than the quantified fluorescent area in H,O pretreated plants independent of a
following mock, Chig or Bcin inoculation (Figure 30, ZB). However, after a H,0 pretreatment
and a H20 mock control inoculation (0.19 pm?/mm?) a significantly smaller fluorescent area
was detected compared to the quantified fluorescent area after a H,O pretreatment and a
Chig inoculation (1.91 pum?/mm?2) (Figure 30.B). After NHP pretreatments likewise a
significantly smaller fluorescent area was quantified in H,O mock control inoculated leaves
(27.19 pm?/mm?) than in Chig inoculated leaves (58.03 um2/mm?) (Figure 30.B). These results
agree with the visual observations under the microscope of small fluorescent dots in the
leaves which were rare in H,0 pretreated and mock inoculated leaves, a few fluorescent dots
were observed on leaves of H,0 pretreated and Chig inoculated plants, some more were
observed on leaves of NHP pretreated and mock inoculated leaves and the most fluorescent

dots were visible on leaves of NHP pretreated and Chig inoculated plants (Figure 30.A).
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Figure 30: The induction of callose deposition in NHP primed and Colletotrichum higginsianum (Chig) infected
Arabidopsis thaliana plants. 4,5-week-old plants were watered with a 1 mM NHP solution (ll1, IV) or H20 (1, 1) as
control treatment. Chig (500 spores/ul) (Il, 1V) and H20 control (I, lll) droplet inoculations were performed 4 h
after the pre-treatments and samples were taken 2 dpi (n = 4). (A) Leaf samples were stained with aniline blue
and callose deposits were visualized at the site of inoculation via fluorescence microscopy and the Zen Software.
(B) Using ImageJ, fluorescent areas were quantified per mm?. Statistical differences between the treatments
were calculated with the Kruskal-Wallis Test in SPSS and are indicated above bars. Bars indicate mean values
standard deviations.
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After a H,O pretreatment and a Bcin inoculation a significantly larger fluorescent area was
guantified than in leaves of H,0 pretreated and mock (Mathur’s medium) inoculated plants
(Figure 31.B). Similarly, NHP pretreatment and a Bcin inoculated plants showed a significantly
larger fluorescent area compared to the quantified fluorescent area in leaves of NHP
pretreated and mock inoculated plants (Figure 31.B). The microscopical visual analyses
supports these results and revealed small fluorescent dots in the leaves. The fewest
fluorescent dots were observed in leaves of H,0 pretreated and mock inoculated plants, some
more were observed on leaves of NHP pretreated and mock inoculated leaves, even more
fluorescent dots were visible on leaves of H,0 pretreated and Bcin inoculated plants and the
most fluorescent dots were observed on leaves of NHP pretreated and Bcin inoculated plants
(Figure 31.A). Summarizing these results indicate an induction of callose deposition after an
NHP treatment. Moreover, these results suggest that callose depositions are also induced by

the attacking pathogens Chig and Bcin.
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Figure 31: The induction of callose deposition in NHP primed and Botrytis cinerea (Bcin) infected Arabidopsis
thaliana plants. 4,5-week-old plants were watered via the soil with a 1 mM NHP solution (l1I, IV) or H20 (1, Il) as
control treatment. Droplet infections with Bcin (50 spores/ul) (II, IV) or Mathur’s medium (1, Ill) as control
treatment were performed one day after the pre-treatments and samples were harvested 1 dpi (n = 3). (A)
Samples were stained with aniline blue and callose deposits were evaluated at the site of inoculation using a
fluorescence microscope and the Zen Software. (B) Fluorescent areas were quantified per mm? using Image)
and statistical differences between the treatments were determined with the Kruskal-Wallis Test in SPSS. Bars
indicate mean values * standard deviations and statistical results are indicated with letters above bars.
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3.2.6. SAR induction by biotrophic, hemibiotrophic and necrotrophic pathogen in

Arabidopsis thaliana

The induction of SAR in A. thaliana by and against the hemibiotrophic bacteria Psm is widely
studied but only little is known about the SAR induction in A. thaliana by and against fungi
with hemibiotrophic and necrotrophic lifestyles. To gain further insight into the mechanisms
of SAR in A. thaliana, plants were challenge inoculated (1° leaf) with the hemibiotrophic
bacteria Psm, the hemibiotrophic fungi Chig, the necrotrophic fungi Bcin or a respective
control solution used in the inoculum preparation. Systemic leaves (2° leaf) of Psm or mock
control challenged plants were inoculated with the biotrophic oomycete Hpa, Psm, Chig or
Bcin. The systemic leaves (2° leaf) of Chig or Bcin or mock control challenged plants were
inoculated with Psm lux, Chig or Bcin. The A. thaliana resistance in systemic leaves was
assessed with pathogen specific methods. The length of internal Hyphae (IH) was measured
to assess the A. thaliana resistance against Hpa. To assess the A. thaliana resistance against
Psm lux bacterial numbers were quantified in the inoculated systemic leaves via luminometer,
while the resistance of A. thaliana against Chig and Bcin was determined by the quantification
of the necrotic area per inoculation site.

The presented results revealed that Hpa developed significantly longer IH in systemic leaves
of mock control (MgCl;) than in systemic leaves of Psm challenged A. thaliana plants
(Figure 32.A). Likewise, a significantly higher number of Psm lux bacteria was determined in
systemic leaves of mock control than in systemic leaves of Psm challenged A. thaliana plants
(Figure 32.B). Furthermore, the quantified necrotic area on systemic Chig or Bcin inoculated
leaves of mock control challenged plants was significantly larger than the quantified necrotic
area on systemic Chig or Bcin inoculated leaves of Psm challenged plants (Figures 32.C, 32.D).
These results indicate that a local Psm challenge can induce resistance in systemic leaves
against Hpa, Psm, Chig and Bcin in A. thaliana.

A. thaliana plants that were challenged with a mock control solution (H,0) revealed a
significantly higher number of Psm lux bacteria in systemic leaves compared to the detected
number of bacteria in the systemic leaves of Chig inoculated local leaves (Figure 32.E). The
mock challenge inoculated plants also showed larger necrotic area on the systemic Chig or
Bcin inoculated leaves than the systemic Chig or Bcin inoculated leaves of Chig challenged
local A. thaliana leaves (Figure 32.F, 32.G). Summarizing these results might indicate that a

local Chig inoculation induces resistance against Psm, Chig and Bcin in A. thaliana.
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Figure 32: The Psm, Chig and Bcin induced SAR in A. thaliana against pathogens with various lifestyle strategies.
Local leaves of five- week-old A. thaliana Col-0 wildtype plants were challenge infiltrated with Psm (ODsoo = 0.005)
or 10 mM MgClz as mock treatment and systemic leaves were (A) spray inoculated with a Hpa spore solution (50
spores/ul), (B) infiltrated with Psm lux (ODeoo = 0.001), droplet inoculated with (C) a Chig spore solution (500
spores/ul) or (D) a Bcin spore solution (50 spores/pl) two days later. For the Chig induced SAR, local leaves of five-
week-old A. thaliana Col-0 plants were challenged with a Chig (500 spores/pl) or mock (H20) droplet inoculation
and five days later systemic leaves were (E) infiltrated with Psm Jux (ODeoo = 0.001), droplet inoculated with (F) a
Chig spore solution (500 spores/ul) or (G) a Bcin spore solution (50 spores/ul). To induce SAR with Bcin, local leaves
of five- week-old A. thaliana Col-0 plants were challenged with a Bcin (50 spores/ul) or mock (Mathur’s medium)
droplet inoculation and two days later systemic leaves were (H) infiltrated with Psm lux (ODsoo = 0.001), droplet
inoculated with (1) a Chig spore solution (500 spores/ul) or (J) a Bcin spore solution (50 spores/pl). The Hpa growth
in A. thaliana was quantified via measurements of the length of IH in mm/cm? 7 dpi and mean values are given
with SD. The luminescence of Psm lux bacteria in systemic leaves was determined in cfu 2 dpi (n = 6) and mean
values and SD were calculated for detected bacterial numbers. The size of necrotic area per inoculation site on
systemic inoculated leaves was quantified in mm? 7 dpi with Chig (n = 6) and 2 dpi with Bcin (n = 6) and mean
values and SEMs were calculated for the quantified Chig and Bcin caused necrotic area on A. thaliana leaves. Grey
bars mark significant reduction of pathogen growth in comparison to the respective control treatment of a
genotype determined with a two-tailed t test (p = * < 0.05, ** < 0.01, *** <0.001).



In contrast to that, after a local Bcin or respective mock control treatment an equal number
of Psm lux bacteria was measured in systemic leaves (Figure 32.H). Likewise, the Chig or Bcin
mediated necrotic area in systemic leaves was similar in size after a local Bcin or mock
inoculation (Figures 32.1, 32.J). These results indicate that a local Bcin inoculation in contrast
to a local Psm or Chig inoculation cannot induce resistance in systemic A. thaliana leaves

against Psm, Chig or Bcin.

A B
] * %k 4 %
— b & ]
T E 3]
~ E ] ";g 3
$e 47 58 23
S ] Le
85 21 82 17
o ] o m ]
EE 58 7
c 3 ] €3 | L L L L L .
e 0 o O = e ==
£ 1°mock{ 1° Psm |1° mock| 1° Psm |1° mock| 1° Psm £ 1°mock| 1° Psm |1° mock] 1° Psm |1° mock| 1° Psm
2°Chigl 2°Chig| 2°Chig| 2°Chigl 2°Chigl 2°Chig 2°Bcin| 2°Bcin| 2°Bcin| 2°Bcin| 2°Bcin 2°Bcin
Col-0 sid2 fmo1 Col-0 sid2 fmo1
Cc
10000 3
é > i * %
S 1000 3
| = ]
52 1
S = ]
-g E 100 | I L | I | I | I | - Il
& 1" mock | I°Chig |1°mock | 1°Chig |1°mock | 1°Ch
2°Psm [2°Psm | 2°Psm |2°Psm | 2°Psm |2°Psm
Tux Tuxe Tuxe Tux Tux Tux
Col-D sid2 fmo1

Figure 33: The influence of SA and NHP signaling defects on the Psm and Chig induced systemic acquired
resistance against hemibiotrophic and necrotrophic fungal pathogens. Local leaves of five- week-old A. thaliana
Col-0, sid2 and fmol plants were challenge infiltrated with Psm (ODsoo = 0.005) or 10 mM MgCl, as mock
treatment and systemic leaves were droplet inoculated with (A) a Chig spore solution (500 spores/ul) or (B) a
Bcin spore solution (50 spores/ul) two days later. The size of necrotic area per inoculation site on inoculated
leaves was quantified seven dpi with Chig (n = 6) and two dpi with Bcin (n = 6). Mean values and SEMs were
calculated for the quantified Chig and Bcin caused necrotic area on A. thaliana leaves. (C) Local leaves of five-
week-old A. thaliana Col-0 WT and sid2 and fmol mutant plants were challenged with a Chig or H,O droplet
inoculation and 5 dpi systemic leaves were infiltrated with Psm lux (ODsgo = 0.001). The luminescence of Psm lux
bacteria in systemic leaves was determined two days later (n = 6). Mean values and SD were calculated for
detected bacterial numbers. Statistic differences between the challenge inoculations were determined with a
two-tailed t test (p = * < 0.05, ** < 0.01, *** < 0.001). Grey bars mark significant reduction of pathogen growth
in comparison to the respective control treatment of a genotype.

The mechanisms of the indicated resistance inducing effect in systemic leaves after a local
Psm or Chig infection were further investigated. Using the A. thaliana sid2 and fmol mutants
the influence of the SA and NHP signaling on the Psm induced SAR against Chig and Bcin, and

the Chig induced SAR against Psm lux was studied.
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The Psm challenged A. thaliana Col-0 plants showed significantly smaller necrotic area on
systemic Chig infected leaves than mock (MgCl,) challenged and Chig infected Col-0 plants
(Figure 33.A). On systemic Chig infected leaves of mock and Psm challenged sid2 and fmo1
mutant plants, area of necrosis equal in size were detected (Figure 33.A). Similarly, systemic
Bcin infected leaves of Psm challenged Col-0 plants revealed significantly smaller necrotic area
than the systemic Bcin infected leaves of mock challenged Col-0 plants, but the quantified
necrotic area on systemic Bcin infected leaves of mock or Psm challenged sid2 and fmol
mutant plants were statistically equal in size (Figure 33.B). However, systemic Bcin infected
leaves of Psm challenged sid2 and fmo1 plants developed slightly larger necrotic area than the
systemic Bcin infected leaves of mock challenged sid2 and fmo1 plants.

After a Chig challenge of A. thaliana Col-0 plants systemic Psm lux infected leaves showed a
significant lower number of bacteria than the systemic leaves of mock (H,0) challenged Col-0
plants (Figure 33.C). In contrast, an equal number of bacteria was measured in systemic
Psm lux infected leaves of Chig and mock challenged sid2 and fmo1 plants (Figure 33.C). In
summary, these results show an induction of SAR by a local infection with Psm or Chig against
hemibiotrophic and necrotrophic pathogens in the Col-0 wildtype, but not in the sid2 and
fmol mutants. This indicates a dependency of the Psm and Chig induced SAR in A. thaliana

on a functional SID2 and FMO1 protein.
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3.3. Discussion

3.3.1. NHP is an important mediator of resistance towards infections with pathogens of various

lifestyles in Arabidopsis thaliana

A. thaliana serves as a model organism in understanding plants defense responses like SAR
against pathogens (Meinke et al. 1998). In the last years the small metabolite NHP was found
to accumulate in local and systemic A. thaliana leaves after an infection with hemibiotrophic
Psm bacteria and that this systemic NHP accumulation is essential for SAR establishment
(Hartmann and Zeier 2019, Zeier 2021). Furthermore, an exogenous treatment with NHP was
sufficient to induce resistance in A. thaliana towards infections with the biotrophic oomycete
Hpa and the hemibiotrophic bacterium Psm (Hartmann et al. 2018). About the role of NHP in
defense responses against necrotrophic pathogen however little is known yet. A recent study
suggests NHP might play a role in A. thaliana defense responses against necrotrophic
pathogens since the establishment of an egg extract induced SAR against infections with the

necrotrophic Bcin was observed to be fmol dependent (Alfonso et al. 2021).

This study shows the accumulation of NHP and its metabolic precursor Pip in A. thaliana upon
the infections with the biotrophic oomycete Hpa, the hemibiotrophic bacterium Psm, the
hemibiotrophic fungi Chig and Sclero and the necrotrophic fungi Bcin in time course analyses
(Table 1). Additionally, the here presented exogenous treatments of A. thaliana plants with
NHP induced resistance against infections with the same pathogens (Figure 26). These results
further support a role for NHP in defense responses against necrotrophic pathogens.
Consistently, a recent study demonstrated that infections in peanut seeds with the fungus
Aspergillus flavus, which is described as necrotrophic fungus (Liu et al. 2021), induce Pip
accumulation in seeds of resistant peanut varieties but not in seeds of susceptible varieties
(Sharma et al. 2021), indicating that high Pip levels are associated with resistance to the
necrotrophic pathogen. The same study additionally showed that exogenous Pip and lysine
treatments of peanut seeds induced resistance towards A. flavus infections (Sharma et al.
2021), further supporting a role for the NHP biosynthesis metabolite in resistance of plants
against necrotrophs. In agreement, Zhang and colleagues (2020) revealed that Pip treatments
of tomato plants confer an enhanced resistance against infections with the necrotrophic fungi
Bcin. In A. thaliana Pip likewise induces resistance against Psm, but this Pip induced resistance
is dependent on a functional fmo1 gene, revealing NHP as the resistance mediating metabolite
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and not Pip (Bernsdorff et al. 2016). It is hence likely that NHP and not Pip induces the in
previous studies observed resistance in plants against necrotrophic pathogens as
demonstrated in this study by the NHP induced resistance against Bcin infections in

A. thaliana.

Detected NHP and Pip levels only slightly varied in A. thaliana plants infected with Hpa, Chig,
Sclero and Bcin whereat in infections with Psm the highest levels of all investigated
metabolites in this study were detected (Table 1). These differences might be caused by the
used application method for the respective inoculum in the infections. Since the full leave was
infiltrated with a Psm solution but in droplet inoculations with Chig, Sclero and Bcin or spray
inoculations with Hpa only small parts of a leaf were initially infected, the area in the leave
that responds to infections and produces defense related metabolites was thus not uniform
in the infections with different pathogens. On the other hand, NHP derivates, such as NHPG
and NHPGE, accumulated in all five tested infection systems. Given that NHPG and NHPGE are
thought to control the NHP homoeostasis in A. thaliana (Mohnike et al. 2021) and significantly
higher NHPG and NHPGE amounts were detected in Hpa, Psm, Chig, Sclero and Bcin infected
leaves than in the respective mock control leaves, a low cellular NHP level might be sufficient
to activate NHP dependent defense responses. In the systemic leaves of Psm infected
A. thaliana plants NHP amounts between 1 and 4 pgg!FW have been detected in this
(Figure 22) and previous studies 2 dpi (Yildiz et al. 2021, Hartmann et al. 2018). Noticeably, at
this infection stage a local Psm infection is sufficient to induce SAR in A. thaliana (Figure 32,
Bernsdorff et al. 2016) and it has been demonstrated that these low amounts of NHP trigger
resistance responses like the expression of PR genes (Yildiz et al. 2021). Furthermore, these
low levels of NHP in systemic leaves of Psm infected A. thaliana plants induced the expression
of the UGT76B1 gene, which encodes for the enzyme that converts NHP to NHPG (Yildiz et al.
2021, Bauer et al. 2021). The rapid conversion of systemically accumulating NHP into NHP
derivates based on NHP homeostasis indicates that even smaller amounts of in planta
accumulating NHP than detected in systemic leaves of Psm infected plants are sufficient to
induce defense responses in A. thaliana. In support, Chig infections of A. thaliana leaves
induced SAR in systemic leaves, whereat in local A. thaliana leaves maximal detected NHP

amount of 0,37 ug seemed to be efficient to induce SAR (Figures 23, 32).
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The total NHP amounts (NHP + NHPG + NHPGE) that were triggered by a pathogen in
A. thaliana leaves however seem to be lifestyle dependent since higher amounts of total NHP
were detected in leaves infected with biotrophic and hemibiotrophic pathogens, like Hpa, Psm
and Chig than in leaves that were infected with pathogens that exhibit a rather necrotrophic
lifestyle like Sclero or Bcin (Table 1). The hemibiotrophic Sclero represents an exception since
it maintains a biotrophic and necrotrophic phase in parallel and is to assume that necrotrophy
occurs early in the infection of A. thaliana plants (Kabbage et al. 2015). In agreement, NHP
deficient fmol1 mutants are more susceptible to hemibiotrophic Chig infections than the Col-0
wildtype, while A. thaliana leaves of Col-0 and fmol plants that were infected with the
necrotrophic Bcin revealed similar disease symptoms (Figure 27). In infections with the
necrotrophic Bcin accumulating NHP hence does not mediate effective immune responses
against the spread of the Bcin infection, while it likely does against Chig infections. However,
an exogenous pretreatment of A. thaliana plants with NHP was sufficient to induce resistance
towards Chig and Bcin, indicating that NHP primes the plant for defense responses that

effectively reduces the growth of both fungi.

In infection time courses of A. thaliana with the here investigated biotrophic and
hemibiotrophic pathogens SA and NHP accumulated in leaves in parallel (Figure 20.T). This is
in line with the parallel accumulation of SA and NHP after the infection with biotrophic or
hemibiotrophic pathogens in several plant species like cucumber, tobacco or tomato (Schnake
et al. 2020). In contrast, only NHP but no SA accumulation was observed in A. thaliana leaves
infected with the necrotrophic Bcin (Figure 25). In infections with Sclero, which maintains a
biotrophic and necrotrophic phase in parallel (Kabbage et al. 2015), a significant SA
accumulation was only detected in later infection stages (4 dpi) in A. thaliana leaves, but NHP
accumulation was observed 2 dpi already (Figure 24). This agrees with previous studies that
showed that the JA signaling is activated in response to necrotrophic and SA signaling to
biotrophic and hemibiotrophic pathogens (Glazebrook 2005, Wasternack and Hause 2013).
Following the rules of the SA-JA antagonism, SA signaling is suppressed in plants that are
infected with pathogens that exhibit a predominantly necrotrophic lifestyle (Glazebrook
2005). Since SA and NHP trigger the expression of each other’s biosynthesis genes (Hartmann
and Zeier 2019), NHP accumulation might be supported in infections with biotrophic and

hemibiotrophic pathogens that show SA accumulation and vice versa. The presented results
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however suggest that the infection with true necrotrophic fungi like Bcin successfully suppress

SA accumulation in A. thaliana.

This suppression of SA accumulation in Bcin infected A. thaliana leaves is further supported
by the accumulation of the SA derivates in the performed infection time course. The
accumulation of SAG and SGE in parallel with SA was observed in A. thaliana leaves after the
infection with the investigated biotrophic and hemibiotrophic pathogens, whereat the SA
derivates likely accumulate to achieve SA homeostasis. SA homeostasis is critical for responses
against pathogens of A. thaliana plants and is achieved by chemical modification of SA,
including the formation of SAG and SGE (Dempsey et al. 2011). After Bcin infections however
no SA and only a slight SAG and SGE accumulation was observed, indicating that bioactive
accumulation SA is converted into its inactive derivate forms to achieve complete suppression.
Furthermore, total SA levels in A. thaliana leaves were lower after Bcin infections than after
infections with all other tested pathogens, indicating a suppression of the SA biosynthesis
pathway (Figure 25). In support, it was shown that infections with necrotrophic pathogens
activate the JA signaling pathway in plants and that accumulating JA induces the modification
of SA to support the SA-JA antagonism by depleting the pool of bioactive SA (Wasternack and
Hause 2013, Koo et al. 2007). The activation of the JA signaling is moreover associated with a
more effective defense against necrotrophic pathogens than the SA signaling (Spoel et
al. 2007). In agreement, this study shows that JA mediated defense responses contribute to
A. thaliana defense responses against Bcin since the JA signaling mutant coi1-35 revealed
higher disease symptoms than Col-0 or the SA deficient mutant sid2 after Bcin infections

(Figure 28).

3.3.2. Mechanisms of the NHP induced resistance against hemibiotrophic and necrotrophic

fungi in Arabidopsis thaliana

This study demonstrates the accumulation of NHP after the infection with hemibiotrophic Chig
and necrotrophic Bcin fungi (Table 1). Additionally, the resistance inducing effect of NHP in
A. thaliana plants was shown to significantly reduce the infection symptoms caused by Chig
and Bcin (Figure 26). To gain further insight into the mechanisms of the NHP induced
resistance towards these hemibiotrophic and necrotrophic fungi, NHP was applied to

A. thaliana Col-0 and mutant plants with defects in resistance associated signaling pathways
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via the soil. Noticeably, NHP induced resistance in all tested NHP, SA, JA and indole signaling
mutants (Figures 27, 28), indicating that the mechanisms of the NHP induced resistance are

not disrupted by these signaling pathways in A. thaliana.

The response of unprimed Col-0 and mutant plants however reveled pathogen specific
responses to the defects of defense associated signaling pathways. A. thaliana fmo1 plants for
example revealed a susceptibly towards infections with Chig when compared to the infection
symptoms of Col-0 plants, indicating that the accumulating NHP in response to the
hemibiotrophic fungi is contributing to A. thaliana immune responses against it (Figure 27).
Since the fmol mutation in A. thaliana plants does not affect the susceptibility towards Bcin
(Figure 28), it is unlikely that the in the metabolite analyses detected accumulation of NHP
after Bcin infections contribute to defense responses against the necrotroph. However, the
exogenous treatment of A. thaliana plants with NHP seems to reduce the growth of the
necrotrophic Bcin in planta in comparison to control treated plants. To rule out that NHP has
a direct toxicological effect on the here investigated ascomycetes, Chig and Bcin were grown
on plates supplemented with NHP and control plates. The toxicological assay demonstrated
similar growth of both fungi on NHP and control plates (Figure 29). Thus, NHP has no direct

effect on the growth of Chig and Bcin and induces resistance in the plant.

The immune inducing effect of NHP in A. thaliana plants against hemibiotrophic pathogens
has previously been demonstrated in infections with Psm (Hartmann et al. 2018). After a Psm
infection, NHP and SA accumulation at the site of infection is crucial to activate defense
responses in A. thaliana and fmol and sid2 plants are highly susceptible to Psm infections
(Hartmann and Zeier 2019). In this study the SA deficient sid2 mutant though revealed
wildtype like disease symptoms after infections with the hemibiotrophic Chig (Figure 27),
indicating that a SA accumulation in A. thaliana leaves does not initiate efficient defence
responses against Chig infections. In contrast, previous studies described the susceptibility of
A. thaliana sid2 mutants against infections with two other Chig pathovars (Liu et al. 2007,
Gebauer et al. 2017). The Chig strain WT063A used in this study was not investigated in this

matter before and therefore might show deviant results.

It was further demonstrated that SA and NHP support the transcriptional activation of each
other’s biosynthesis genes and are partially regulated by the same set of genes, including pad4
and edsl (Hartmann and Zeier 2019). Hence, A. thaliana pad4 and edsl mutants are
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insufficient in SA and NHP accumulation and therefore more susceptible to infections with the
hemibiotrophic Psm (Feys et al. 2001, Jing et al. 2011, Rietz et al. 2011, Hartmann et al. 2018,
Zeier et al. 2021). In infections with Chig, A. thaliana pad4 and eds1 mutants likewise showed
an increased susceptibility when compared to the Col-0 wildtype (Figure 27). In agreement
with these results, the increased susceptibility of A. thaliana pad4 (Liu et al. 2007, Hiruma et
al. 2011) and eds1 (Birker et al. 2009) mutants towards Chig was demonstrated before and
was mainly associated with defects in SA biosynthesis and signaling. In the here investigated
A. thaliana - Chig infection system, defects in the SA biosynthesis did however not affect the
growth of Chig in planta and the susceptibility of pad4 and eds1 plants can therefore only be
explained by defects in the NHP signaling in pad4 and eds1 mutants. In agreement, pad4, eds1,
fmol mutants and the double mutant sid2/fmo1 revealed a similar degree of susceptibility

towards Chig when compared to Col-0 plants.

In A. thaliana infections with Bcin, the SA and NHP signaling mutants sid2, fmo1, sid2/fmol,
pad4 and edsl showed comparable or even slightly decreased disease symptoms in
comparison to Bcin infected Col-0 plants (Figure 28). Hence, the SA and NHP signaling
pathways do not seem to contribute to efficient defense reactions of A. thaliana to the
necrotrophic fungi. Although, an exogenous NHP treatment was sufficient to prime the plants
resistance against a Bcin infection, indicating that NHP activates mechanisms in A. thaliana,
that confer resistance to the necrotroph. A recent study demonstrated that exogenous NHP
treatments of wheat plants prime for callose deposition and induces resistance against
infections with hemibiotrophic F. graminearum fungi (Zhang et al. 2021). In line with these
recent results, this study shows that NHP treatments of A. thaliana plants induce the
deposition of callose and induces resistance towards hemibiotrophic Chig and necrotrophic
Bcin fungi (Figures 30, 31). These results further suggest that NHP induced callose
accumulation contribute to the A. thaliana resistance against these hemibiotrophic and

necrotrophic fungi.

Callose deposition have been demonstrated to be pathogen induced but can also be induced
by treatments with priming substances like SA (Wang et al. 2021). Previous studies revealed
that exogenous SA treatments induce callose deposition in Arabidopsis, and mutants impaired
in SA biosynthesis, consistently show reduced defense responses associated with callose

deposition (Wang et al. 2013). Since NHP accumulation promotes the SA biosynthesis
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(Hartmann and Zeier 2019) it is imaginable that this phenomenon induced the here presented
callose accumulation after NHP treatments. However, the NHP induced resistance against
Chig and Bcin in A. thaliana is independent on mutations in the SA biosynthesis pathway,
demonstrating that this induction of resistance by NHP is SA-independent. In agreement, in
the results of previous performed transcriptome analyses of A. thaliana Col-0 plants that were
exogenously treated with NHP, the upregulation of the A. thaliana CALLOSE SYNTHASE1
(CALS1) gene was observed in comparison to control treatments (Yildiz et al. 2021). Likewise,
CALS1 is upregulated in systemic leaves of Psm challenged A. thaliana plants (Bernsdorff et al.
2016). In exogenous treatments with SA, A. thaliana cals1 mutants showed no induction of
callose deposition at plasmodesmata, indicating that SA mediated callose accumulation is
CALS1 dependent (Cui and Lee 2016). Since accumulating SA and NHP promote the
transcriptional activation of each other’s biosynthesis genes (Hartmann and Zeier 2019), it is
however possible that cals1 mediated callose accumulation is SA and NHP induced or only
NHP-induced by an SA promotion of the NHP biosynthesis. Future studies of A. thaliana sid2

mutants might be able to clarify the role of SA in the NHP induced deposition of callose.

Independent of the conducted pre-treatments Bcin infection induced noticeably higher
amounts off callose in A. thaliana leaves than Chig infection (Figures 27, 28). When A. thaliana
plants were treated with NHP and one of the pathogens an additive effect in the callose
accumulation was observed (Figures 27, 28). In fact, previous studies have shown the
induction of callose deposition by Bcin and Chig infections (You et al. 2010, Shimada et al.
2007). Further, Shimada and colleagues presented evidence that the penetration of plants’
epidermis cells by avirulent Colletotrichum isolates triggers callose formation underneath the
infection peg to prevent infection. In comparison, virulent Colletotrichum isolates, like the
here used Chig pathovar, triggered a reduced deposition of callose and it is hypothesized that
plants induce callose formation by the recognition of PAMPs (Shimada et al. 2007). Likewise,
in infections of tomato with Bcin, a correlation between the induction of resistance and the
level of callose accumulation was observed recently (Oukala et al. 2021). Hence, the level of
pathogen induced callose deposition in a plant seem to be dependent on the specific plant-

pathogen interaction.

In support, avirulent P. syringae strains were found to induce callose deposition in A. thaliana,

while virulent strains, like the here used Psm, do not. These virulent P. syringae strains exhibit
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an effector protein which was identified to suppress the deposition of callose to achieve
unhindered growth (Hauk et al. 2003). Moreover, the Phytophthora brassicae RxLR3 effector
was identified to inhibit plant induced callose deposition at plasmodesmata to promote cell-
to-cell trafficking (Tomczynska et al. 2020). In A. thaliana infections with haustoria forming
pathogens it was likewise demonstrated that adapted pathogens like Hpa induce less callose
deposition in host plants than non-adapted pathogens like B. graminis. In the defence against
haustoria forming pathogens callose encasements have been observed to form around
haustoria, indicating this structural barrier might block the pathogens nutrient resource
(Meyer et al. 2009). This demonstrates that plants induce callose deposition as a defense
response against bacteria, oomycete and fungi of diverse lifestyles, but the level of callose
accumulation in a plant is dependent on the virulence of the attacking pathogen. Since
pathogens exhibit mechanisms to interrupt these defense responses, callose formation seems
to be a crucial factor in the establishment of the host plant’s resistance. However, the
pathogen induced accumulation of callose in A. thaliana is facilitated by several callose
synthases, which are regulated by different signaling pathways in the immune response
(Nishimura et al. 2003, Jacobs et al. 2003, Cui and Lee 2016). Hence, the role of NHP in the
defense associated induction of callose deposition has to be elucidated. Moreover, cell wall
based defense is in addition to callose depositions also achieved by lignification or
suberination in plants (Prasannath 2017) and it is not clear how NHP affects these cell wall
based responses or how they contribute to the A. thaliana resistance. Thus, the contribution
of NHP induced callose deposition to the observed NHP induced resistance in A. thaliana

should be further investigated in the future.

3.3.3. Infections with hemibiotrophic pathogens trigger SAR in Arabidopsis thaliana, but an

infection with the necrotrophic Botrytis cinerea does not

An infection of A. thaliana leaves with hemibiotrophic Psm bacteria has been demonstrated
to confer resistance to systemic leaves against a following pathogenic attack (Mishina and
Zeier 2007) which is a phenomenon broadly referred to as SAR. Previous research
demonstrated that the Pseudomonas induced SAR in A. thaliana is sufficient to induce
systemic resistance against biotrophic and hemibiotrophic pathogens like Hpa and Psm

(Hartmann et al. 2018). SAR is predicted to be an effective defense response to infections of
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biotrophic and hemibiotrophic pathogens, whereas it is thought to play no role in defenses
against necrotrophic pathogens (Glazebrook 2005). However, in tomato plants a mycorrhiza
inoculation establishes sufficient defense responses against following infections with
necrotrophic Bcin fungi (Sanmartin et al. 2020). Additionally, a recent study showed that
treatments of A. thaliana leaves with egg extract induces SAR in systemic leaves against a Bcin
infection, indicating SAR is sufficient to induce resistance against necrotrophic pathogens. In
agreement, this study demonstrates that a challenge inoculation with hemibiotrophic Psm
bacteria and hemibiotrophic Chig fungi of A. thaliana leaves enhance the resistance in
systemic leaves against infections with the necrotroph Bcin significantly (Figure 32). These
results finally show proof that SAR is sufficient to induce resistance against necrotrophic

pathogens.

In the Psm induced SAR against biotrophic and hemibiotrophic pathogens in A. thaliana the
accumulation of SA and NHP in systemic leaves is essential for the full establishment of
systemic resistance (Hartmann and Zeier 2019, Zeier 2021). In support, this study
demonstrates that the establishments of the Psm induced SAR in A. thaliana against Chig and
Bcin fails in sid2 and fmol mutants. Moreover, the Chig induced SAR against Psm lux failed in
sid2 and fmol mutants, verifying the crucial role for SA and NHP in SAR. This is further in line
with the observed accumulation of SA and NHP after infections with Psm and Chig in A.
thaliana leaves in the metabolite analyses (Table 1). In contrast, no SA accumulation and only
a weak NHP accumulation was observed after Bcin infections in A. thaliana leaves (Figure 25).
Consequently, A. thaliana challenge infections with the necrotrophic Bcin did not establish
SAR against a following Psm, Chig or Bcin infections (Figure 32). In fact, the failing
establishment of SAR in plants like A. thaliana after challenge inoculations with Bcin was

previously revealed in several studies (Govrin and Levine 2002, de Cremer et al. 2013).

The compare the Psm induced SAR effect on the infection with pathogens of different
lifestyles, systemic leaves were infected with Hpa, Psm, Chig and Bcin. The comparison
demonstrated that the pathogen induced SAR is more effective against the biotrophic
oomycete Hpa and hemibiotrophic Psm infections than against infections with hemibiotrophic
Chig or necrotrophic Bcin fungi. Similar effects were observed in this study when A. thaliana
plants were pretreated with NHP and infected with same pathogens and Sclero (Figure 26).

The measured bacterial numbers in Psm infected leaves of H,O pre-treated A. thaliana plants
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were 16 times higher than in Psm infected leaves of NHP pre-treated plants. In Chig, Sklero or
Bcin infection NHP treatments only reduced the necrotic area on leaves 1.5 - 2-fold in
comparison to the H,O control pre-treatments (Figure 26). These results indicate that the
immune responses activated by NHP in Arabidopsis are more effective against the infection
strategies of Hpa and Psm than against the infection strategies of the here investigated
hemibiotrophic Chig and Sclero, and necrotrophic Bcin fungi. Similarly, a study by Lenk and
her team (2019) discovered that the Pip induced systemic resistance in barley is more
sufficient in the defense against biotrophic B. graminis fungi and hemibiotrophic Xtra bacteria

than against necrotrophic P. teres fungi.

Yildiz et al. (2021) demonstrated that SAR and NHP priming activate the same set of genes in
A. thaliana, explaining these similar after SAR and NHP priming experiments. Since the here
observed establishment of SAR against these biotrophic, hemibiotrophic and necrotrophic
pathogens requires FMO1, NHP seems to mediate defense responses in A. thaliana more
effective against Hpa or Psm than against the fungal infections. Hpa and Psm have been
demonstrated to be SA sensitive pathogens in previous studies (Hartmann et al. 2018),
whereas defects in the SA signaling did not influence the A. thaliana resistance against the
here used Chig and Bcin isolates (Figures 27, 28). Since NHP promotes the SA biosynthesis
(Hartmann and Zeier 2019, Zeier 2021), the NHP induced resistance and SAR is likely more
effective in the defense against the SA sensitive pathogens Hpa and Psm. In addition to these
SA dependent defense responses, NHP seems to induce SA independent defense responses
that facilitate the induction of resistance in local and systemic leaves against SA insensitive
pathogens like Chig and Bcin. Moreover, the A. thaliana sid2 mutant failed to establish the
Psm induced SAR against Bcin, indicating that the systemic SA amplification loop (Hartmann

and Zeier 2019) is required to promote the NHP biosynthesis and establish defense responses.

3.3.4. Indolic compounds reveal pathogen specific roles in the Arabidopsis thaliana resistance

against Colletotrichum higginsianum and Botrytis cinerea

In the defence against attacking pathogens plants rapidly accumulate secondary metabolites
to mediate defence responses (Glazebrook 2005). In A. thaliana this pathogen induced
accumulation of secondary metabolites includes Trp derived indolic compounds such as

camalexin or ICA (Stahl et al. 2016). Previous studies demonstrated that the accumulation of
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the phytoalexin camalexin and other small indolic metabolites like ICA in A. thaliana is
triggered by the infections of a broad spectrum of pathogens including bacteria, fungi and
oomycetes with diverse lifestyles (Glawischnig 2007, Stahl et al. 2016). In agreements, in this
study an accumulation of camalexin and ICA was detected in A. thaliana leaves after the
infection with the biotrophic oomycete Hpa, hemibiotrophic Psm bacteria, the hemibiotrophic
fungi Chig and Sclero, and the necrotrophic fungi Bcin. The conducted growth assays however
indicate a different role for the accumulating indolic compounds in A. thaliana defenses

against hemibiotrophic Chig and necrotrophic Bcin fungi (Figure 27, 28).

In A. thaliana infections with Chig the dcc and pad3 mutants were observed to be more
susceptible to the infection than Col-0 plants, while wkry33 mutants showed wildtype like
disease symptoms (Figure 27). In A. thaliana infections with Bcin in contrast, dcc and wrky33
mutants were more susceptible to Bcin infections compared to wildtype plants, while leaves
of pad3 mutants revealed Col-0 like symptoms (Figure 28). The dcc mutant exhibits defects in
the CYP79B2 and CYP79B3 enzymes, which catalyse the first steps of the secondary indolic
metabolism and the dcc mutant can therefore not accumulate indolic compounds including
camalexin and ICA (Mdller et al. 2010). The pad3 mutant plants in contrast is only disabled in
the last step of the camalexin biosynthesis and hence show no pathogen induced camalexin
accumulation (Schuhegger et al. 2006). Since growth assays showed a higher susceptibility of
dcc mutants compared to Col-0 plants after Chig and Bcin infections, it is to assume that indolic
compounds are crucial factors in the A. thaliana defence against both pathogens. A camalexin
deficiency however only increases the susceptibility of A. thaliana plants against Chig
infections, but not against Bcin infections, indicating camalexin is involved in defence
reactions against Chig but not Bcin. This further suggests that other indolic compounds than
camalexin have to be involved in the A. thaliana defence against Bcin potentially involving ICA,

since ICA accumulation after Bcin infection in A. thaliana was observed.

Although several studies report the relevance of camalexin in A. thaliana defence responses
against necrotrophic pathogens (Thomma et al. 1999, Bohman et al. 2004, Ferrari et al. 2007,
Schlaeppi et al. 2010), it was demonstrated that Bcin isolates show differing sensitivity to
camalexin (Kliebenstein et al. 2005). Camalexin-insensitive Bcin isolates produce wildtype like
lesions on camalexin-deficient A. thaliana plants like pad3 mutants demonstrating no effect

of camalexin on the propagation of these camalexin insensitive isolates (Kliebenstein et al.
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2005). Stefanato et al. (2009) classified the used Bcin isolate B05.10 in this study as a
moderately to highly virulent, which rather points to a camalexin insensitivity. Consistently,
the same study showed that A. thaliana pad3 mutants are not significantly more susceptible
to this Bcin isolate than wildtype plants (Stefanato et al. 2009), which supports the here
presented results. Hence, it is to assume that this Bcin isolate is rather insensitive to camalexin
and other indolic compounds that are not produced in the dcc mutant are responsible for this
mutant’s susceptibility. In A. thaliana infections with Chig, in contrast, the dcc and pad3
mutants revealed a similar level of increased susceptibility compared to Col-0 plants,
indicating that camalexin is the indolic compound with the most effects on resistance
responses against Chig (Figure 27). The increased susceptibility of pad3 mutants against Chig
infections was previously observed in several studies (Chanda et al. 2008, Narusaka et al.
2004). In the A. thaliana resistance against non-adapted Colletotrichum species camalexin has
been shown to be involved in post-invasive defense reactions that confer resistance (Hiruma
et al. 2011, Hiruma et al. 2013). However, dcc mutants showed an even more severe
susceptibility than pad3 mutants in infections with non-adapted Colletotrichum
gloeosporioides fungi indicating that in the A. thaliana resistance against Colletotrichum
species yet unknown Trp derived compounds are crucial (Hiruma et al. 2013, Kosaka and
Takano 2018, Schmidt et al. 2020). It was further hypothesized that ICAs might play a role in
the A. thaliana resistance against Colletotrichum species (Schmidt et al. 2020). Noticeably, the
detected ICA amounts in A. thaliana after Chig infections were lower than after Bcin infections,
which might indicate that the infection with the adapted Chig isolate suppresses ICA
accumulation. Thus, camalexin might contribute majorly to the defense responses of A.
thaliana against the here investigated Chig isolate, but resistance can not be established since
Trp derived metabolites like ICA are not efficiently produced by A. thaliana Col-0 plants.
Previous studies reported the accumulation of ICA in the exudates of Arabidopsis roots
infected with the necrotrophic oomycete Pythium sylvaticum and in local and systemic A.
thaliana leaves after a Pseudomonas infection (Bednarek et al. 2005, Stahl et al. 2016), but
the role of ICA in the defense against pathogens is not enlightened yet. The here presented
additional accumulation of ICA in A. thaliana after the infection with biotrophic,
hemibiotrophic and necrotrophic pathogens, indicates that ICA may play a role in A. thaliana

defense reactions against these pathogens. ICA is for example thought to be esterified to
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plants cell walls (Forcat et al. 2010) and might thereby serve as structural barrier against

invading pathogens of all lifestyles.

The last step of the camalexin biosynthesis mediated by PAD3, has been demonstrated to be
regulated by the WRKY33 transcription factor (Mao et al. 2011). Noticeably, the A. thaliana
wrky33 mutant revealed an increased susceptibility towards Bcin, but not towards Chig
infections when compared to Col-0 plants (Figures 27, 28). However, WRKY33 is a regulator of
several defense pathways and is also involved in the pathogen induced accumulation of SA,
NHP, JA, ET and ROS (Birkenbihl et al. 2012, Liu et al. 2015, Sham et al. 2017, Wang et al. 2018).
Furthermore, in the wrky33 mutant enhanced ABA levels were observed in comparison to
wildtype plants demonstrating a negative regulation of ABA by WRKY33 (Liu et al. 2015, Sham
et al. 2017). A strong ABA accumulation, as observed in wrky33 mutants, results in impaired
regulation of the SA and JA signaling, which leads to a hypersensitivity against necrotrophic
pathogens (Sham et al. 2017). Thus, the here observed susceptibility of A. thaliana wrky33
mutants against Bcin infections is likely based on high ABA levels and not on the impaired
transcriptional activation of the camalexin biosynthesis in this mutant. This is further

supported by the wildtype like disease symptoms of pad3 mutants after Bcin infections.

In contrast, wrky33 mutants were observed to be slightly more resistant towards Chig
infections than Col-0 wildtype plants (Figure 27). The accumulation of ABA in wrky33 mutants
was demonstrated to be crucial for the A. thaliana resistance against Bcin (Liu et al. 2015) and
likewise high ABA concentrations have been observed to promote the infection of Chig species
in their hosts (Svoboda et al. 2021). However, the interaction of A. thaliana with the here for
infections used Chig isolate has not been investigated in this matter yet and ABA plays
different roles in plants interactions with biotrophic and necrotrophic pathogens. A. thaliana
mutants with defects in ABA signaling were shown to have an enhanced resistance against
biotrophic and hemibiotrophic pathogens like Hpa and Pst (Mohr and Cahill 2003), while they
are more susceptible to infections with necrotrophic pathogens like P. irregulare (Adie et al.
2007). Thus, the enhanced resistance of wrky33 mutants towards Chig infections might be
based on high ABA levels in this mutant. However, further research is needed to confirm this

assumption.
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3.3.5. Conclusion

This study shows that NHP accumulates in A. thaliana after the infection with biotrophic,
hemibiotrophic and necrotrophic pathogens and induces resistance to the same pathogens. It
was demonstrated that exogenous NHP treatments prime for enhanced callose deposition,
which might contribute to the NHP induced elevated resistance state in A. thaliana. SA
accumulation in A. thaliana leaves was, in contrast to NHP accumulation, only observed after
infections with biotrophic and hemibiotrophic pathogens, but not after infections with
necrotrophic pathogens. Since NHP and SA are both required to establish SAR (Zeier 2021),
SAR was established after a challenge inoculation with hemibiotrophic Psm bacteria and Chig
fungi, but SAR establishment failed after challenge inoculations with necrotrophic Bcin fungi.
This SAR response triggered by hemibiotrophic bacteria or fungi was able to induce resistance
in systemic leaves against the necrotroph Bcin, serving proof that SAR can confer resistance
against necrotrophic pathogens. Noticeably, SAR establishment against hemibiotrophic and
necrotrophic pathogens was found to be dependent on a functional fmo1 gene, indicating that
NHP triggers systemic immune responses that induce resistance to pathogens of all lifestyles.
The sid2 mutants did also fail to establish SAR against hemibiotrophic and necrotrophic
pathogens, demonstrating that the systemic SA-NHP amplification loop is required for the
systemic accumulation of NHP that activates defense responses against those pathogens. SAR
and NHP treatments additionally showed a higher induction of resistance against SA-sensitive
pathogens like Hpa and Psm than against rather SA-insensitive pathogens like Chig, Sclero or
Bcin. This mechanism shows that the categorization of A. thaliana defense responses
depending on the lifestyle of the invading pathogen might not be suitable 2nd pathogen
specific adaptions and virulence mechanism in the interactions must be considered.
Moreover, it was demonstrated that indolic compounds, like camalexin, that accumulate after
the infection with Chig and Bcin have pathogen-specific effects on the spread of disease

symptoms in A. thaliana leaves.
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4. PART Ill: NPR1: A potential NHP receptor in Arabidopsis thaliana

4.1. Introduction

4.1.1 The interaction of NPR1 with SA in the activation of immune responses in plants

Defense responses in plants against biotrophic and hemibiotrophic pathogens require the
accumulation of the small metabolite SA (Hartmann et al. 2018, Hartmann and Zeier 2019).
The pathogen induced accumulation of SA was shown to induce the expression of PR genes,
which encode for small proteins that can reduce disease in pathogen infected host plants (van
Loon et al. 2006, Bernsdorff et al. 2016, Hartmann and Zeier 2019). In a forward genetic
screening NPR1 was identified as regulator of the SA induced PR gene expression, since
transgenic plants did not show PR gene expression upon treatments with the SA analog
2,6-dichloro-isonicotinic acid (INA) (Cao et al. 1994). An equilibrium dialysis further
demonstrated that NPR1 binds SA but does not bind SA analogs like INA (Wu et al. 2012),
revealing NPR1 as the SA receptor in A. thaliana that transmits SA dependent defense
responses. These results were verified in several independent studies using different
experimental setups (Ding et al. 2018, Manohar et al. 2015, Nair et al. 2021) which raised the

interest in the structural mechanism by which NPR1 facilitates the binding of SA.

It was found that NPR1 exists as an oligomer in uninduced A. thaliana plants, while a pathogen
infection and thereby the accumulation of SA causes a redox shift which results in a
monomerization of NPR1 (Mou et al. 2003). Mou and colleagues (2003) further suggested that
monomerized NPR1 is translocated to the nucleus due to an intrinsic nuclear localization
sequence (NLS), where it activates the transcription of PR genes. To gain insight into the
mechanism of the SA activated defense gene expression via NPR1, several residues in the
A. thaliana NPR1 amino acid sequence were investigated. In this matter, the mutation of the
residues 521 and 529 to cysteine in NPR1 were shown to disrupt its binding to a cupper ion in

SA molecules (Wu et al. 2012). The binding to this copper ion in the NPR1 wildtype protein
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was found to cause a conformation change that allows the protein to function as activator of

transcription (Wu et al. 2012).

Ding and colleagues (2018) further reported that the mutation of the NPR1 residue 432 from
arginine to glutamine disrupts the SA binding but not the interaction with TGACG BINDING
FACTOR (TGA) transcription factors. Since the NPR1 protein does not posses a DNA binding
domain, its transcriptional activation of genes is dependent on the interaction with
transcription factors like the TGA transcription factors (Kinkema et al. 2000, Zhou et al. 2000).
In A. thaliana several TGAs were identified, including TGA2, TGA5 and TGA6 which were shown
to have redundant functions in the positive regulation of SA mediated expression of PR genes
(Zhang et al. 2003). Other TGAs, like TGA1, however act independent of NPR1 (Shearer et
al. 2012). Moreover, recent studies revealed that the NPR1 protein exhibits close structural
similarities to two paralogs, NPR3 and NPR4, which like NPR1 interact with TGA transcription
factors and are bona fide SA receptors (Zhang et al. 2006, Ding et al. 2018). Defects in the A.
thaliana NPR3 and NPR4 gene, result in an elevated PR gene expression and resistance,
demonstrating that NPR3 and NPR4 function as negative regulators of the of SA-induced PR

gene expression (Zhang et al. 2006, Ding et al. 2018).

4.1.2 The interplay of NPR1 and NHP in SAR

The NPR1 protein is an essential component for the full establishment of SAR (Ding et al. 2020,
Zeier 2021). Previous research demonstrated that A. thaliana nprl knock-out mutants are
unable to induce SAR upon the exogenous treatments with NHP or its metabolic precursor Pip
(Navarova et al. 2012, Yildiz et al. 2021, Liu et al. 2020). Additionally, the treatment of sid2
mutant leaves with NHP resulted in an impaired but modest establishment of SAR while npr1
mutants and sid2/npr1 double mutants completely failed to establish the SAR response in
systemic leaves (Yildiz et al. 2021). These findings suggest that the NHP induced SAR state is
mostly dependent on SA and NPR1. However, the A. thaliana nprl and sid2/nprl mutants
revealed that for the full establishment of the NHP induced SAR state SA-independent
reactions of a functional NPR1 protein are crucial. Since the exogenous NHP and Pip
treatments induced an increased expression of NPR1 transcripts in A. thaliana, it was further
proposed that NHP mediated defense responses that are dependent on NPR1 are mediated

by the NHP induced activation of NPR1 transcription (Yildiz et al. 2021, Zeier 2021). However,
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basal level of NPR1 transcripts were able to fully establish SAR, demonstrating that the NHP
promotion of the NPR1 transcription is not necessary for SAR (Ding et al. 2020). Hence, other
and yet unknown mechanisms for those NHP induced mechanisms in SAR which are
dependent on NPR1 but independent on SA have to be existent. Another explanation for NHP
induced NPR1 dependent defense reactions in SAR could be a direct interaction of NHP and
NPR1 (Zeier 2021). Since SA and NHP exhibit structural similarities in regard of the
arrangement of the carboxylic acid and hydroxyl group and NPR1 is a bona fide receptor of
SA, it is imaginable that NPR1 serves as in planta receptor for NHP as well. Detailed

information about parallels in the SA and NHP metabolism are given in 1.4.3.

4,1.3. Aims

The establishment of local and systemic defense responses of plants like the plant model
organism A. thaliana against pathogens requires the interplay of the small metabolites SA and
NHP (Hartmann et al. 2018, Hartmann and Zeier 2018). The binding of SA by NPR1 has been
demonstrated in several studies (Wu et al. 2012, Manohar et al. 2015, Ding et al. 2018, Nair
et al. 2021). This study aimed to investigate a possible interaction of NHP with NPR1 in a similar
experimental approach as the aforementioned studies. Therefore, binding reactions with
purified, heterologously expressed, Strep-tagged NPR1-protein were performed in the
presence or absence of NHP, using SA as positive control. Afterwards binding reactions
mixtures including respective controls were applied to size-exclusion chromatography (SEC)
columns and the flowthrough was analyzed via GC-MS to detect and quantify NPR1 bound SA
or NHP amounts. NPR1 bound SA or NHP were compared to input controls to estimate the
amounts bound SA or NHP. Additionally, this study intended to gain further insight into a
potential NPR1 binding to NHP. Therefore, the NPR1R432@ mutant which is not able to bind SA

was generated, and the binding was investigated with the established experimental pipeline.
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4.2. Results

4.2.1. Cloning of Arabidopsis thaliana NPR1 into the pET52b(+) plasmid

To investigate the binding of NPR1 to possible ligands, the A. thaliana NPR1 sequence was
cloned into the pET52b(+) plasmid. Therefore, the plasmid was digested with Xmal and Sacl
restriction enzymes and digestion procedures were evaluated on a 1% agarose gel (Figure
34.A). The calculated size for the double digested plasmid is 5197 bp, which was visually
verified by the gel. The undigested circular pET52b(+) plasmid was visible above the 10 kb
marker of the ladder, verifying that the plasmid was undigested before digestion procedures.
However, since no super-coiled form of the undigested plasmid was identified, it is to expect
that the undigested plasmid was observed in the nicked, circular form where a single-stranded
break in the DNA occurs which can be observed frequently during the purification process. To
assure the activity of both used restriction enzymes the digestion was additionally performed
with only one of the restriction enzymes (Figure 34.A). The Xmal and Sacl single digestions
resulted in a product size between 5 and 6 kb which corresponds to the estimated size of 5227
bp for the single digested plasmid (Figure 34.A). Hence, the Xmal and Sacl single digestion
scenarios resulted in linearized pET52b(+) plasmids, confirming the sufficient digestion of both
used restriction enzymes. The performed agarose gels of the single and double digestion
reactions further show the presence of two bands, revealing that parts of the circular plasmid
template were not digested in the reactions (Figure 34.A). The upper, less prominent band
thereby corresponds to the circular plasmid and the lower band to the digested, linearized
plasmid (Figure 34.A). For further cloning procedures the lower band was cut from the agarose
gel and nucleic acids were purified (Figure 34.A).

For cloning purposes, the full-length A. thaliana NPR1 coding sequence (AT1G64280; NCBI
nucleotide database entry NM_105102.3) was amplified by PCR from a Psm induced
A. thaliana Col-0 cDNA sample (Supplementary Suppl. Figure 8). In the PCR reaction nuclease
free H,0 was used as a negative control. PCR reactions and controls were evaluated on a 1%
agarose gel and revealed a band between 1.5 kb and 2 kb in two tested samples which
corresponds to the estimated NPR1 product size of 1782 bp (Figure 34.B). The performed
water control (negative control) reaction in contrast did not reveal a band on the gel,
demonstrating that no amplification occurred (Figure 34.B). The amplified NPR1 products

were purified from the gel for further cloning procedures.
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Figure 34: Visualization of the linearized pET52b(+) plasmids and the PCR amplified Arabidopsis thaliana
NPR1 sequence on agarose gels prior to cloning procedures. (A) The pET52b(+) plasmid was digested with
SaclHF and Xmal. To assure the activity of both restriction enzymes the digestion was performed with only
one of the restriction enzymes and the circular plasmids was used as a control of the template. (B) The A.
thaliana NPR1 sequence (1782 bp) required for cloning was amplified by PCR from a cDNA sample which
was extracted from a A. thaliana Col-0 plant. In the PCR reaction nuclease free H,0 was used as a negative

control. Digested plasmids and PCR products were applied to 1 % agarose gels and a 1 kb ladder was used
as marker. The gels were run at 90 V for at least one hour in a gel chamber. DNA fragments were visualized
under UC-light.

Cloning reactions were then performed with the linearized pET52b(+) plasmid and the
amplified NPR1 insert using the In-fusion HD cloning Kit (Takara, Kusatsu, Japan), and the
resulting plasmids were transformed into competent E. coli Stellar cells. After plating
potentially positive E. coli transformants, grown on LB medium with appropriate selection
markers, were further tested for the presence of the NPR1 insert by PCR with primers specific
for the pET52b+ T7 promotor and terminator regions (Table 5, Figure 35.A, ZF.C). The
amplified PCR products were visualized on a 1 % agarose gel (Figure 35). The estimated size of
the desired PCR band was 2047 bp, since additionally to the NPR1 sequence of 1782 bp the T7
primers amplify parts of the pET52b(+) plasmid including the sequence for different fusion
tags and the multiple cloning site (Figure 35.C). In the PCR reaction, nuclease free H,0O was
used as a negative control. The agarose gel showed bands of approximately 2 kb length of
several samples of potentially positive clones but did not show any bands in the negative
control (Figure 35.B). PCR products of approximately 2 kb were purified from the gel to verify
correct, in-frame cloning via subsequent sequencing. For the sequencing procedure T7
forward and reverse primers were used in combination with an additional primer which starts

the amplification at position 718 of the NPR1 sequence (Table 6).
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Figure 35: Schematic overview and verification of the cloning of the Arabidopsis thaliana NPR1 sequence
in the pET52b(+) plasmid. (A) The pET52b(+) plasmid with the inserted A. thaliana NPR1 sequence is 6979
bp in length and the correct cloning procedure was verified with PCRs using primers for the T7 promotor
and terminator region. (B) Potentially positive PCR clones were picked after cloning and transformatior
procedures, DNA was purified and PCRs using T7 primers were performed to confirm the correct
integration of the A. thaliana NPR1 sequence in the pET52b(+) plasmid. As negative control nuclease free
H,O was used in PCR reactions. PCR products and 1 kb plus ladder were applied to a 1 % agarose gel and

the gels were run at 90 V for at least one hour in a gel chamber. DNA fragments were visualized using
UV-light. (C) The T7 promotor and terminator region boarder the lac operon, a ribosome-binding site (RBS),
the start codon (ATG), the strep-tag, a protease cleavage site of Human rhinovirus (HRV-3C), digestion
motifs like the used Xmal and Sacl, the multiple cloning site, a stop codon (Stop), and a 10x His tag. Hence,
PCR products with T7 primers of positive NPR1 clones with a length of 2047 bp were expected.

4.2.2. Expression of the Arabidopsis thaliana NPR1 protein in Escherichia coli Lemo21

cells

To test the binding of NPR1 to SA and NHP, the expression of positive tested NPR1 clones was
established in E. coli Lemo21 cells. Bacterial cultures containing heterologously expressed
Strep-NPR1 proteins were lysed by sonification and the further purification of Strep-NPR1
proteins was performed with an AKTA protein purification system via the Strep-tag. The NPR1
expression was visually verified via SDS PAGE, wherefore samples were collected throughout
the expression and purification process. To verify the successful IPTG induction of NPR1
expression in E. coli cells, a control culture was assessed to which no IPTG was added. The
performed SDS PAGE revealed that in the sonicated IPTG induced lysate, the expression of
protein slightly smaller than 70 kDa was induced which showed only weak abundance in the
IPTG uninduced culture (Figure 36.A). As the predicted size of the Strep-NPR1 fusion protein
is 67 kDa, the presence of these bands in IPTG-induced samples strongly suggested the
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successful expression and purification of Strep-NPR1.The nature of the purified band was later
unequivocally confirmed in subsequent immunodetection assays, described in the following
section. During the AKTA purification process samples of the flowthrough (FT), wash fraction
(WF) and three elution fractions (EF1, EF2, EF3) were taken for the SDS-PAGE analyses. In all
fractions the 67 kDa band was identified on the SDS PAGE (Figure 36.A). The detected Strep-
NPR1 in the FT indicates that high amounts of the proteins did not bind to the used column
which might be due to high expression in the here used bacterial culture. Further the SDS
PAGE of the WF sample indicates that fractions of the NPR1 did not bind efficiently to the
column. Since all three elution fractions, in particular EF2, showed a high abundance of the 67

kDa Strep-NPR1 band on the SDS-PAGE the purification process was successful (Figure 36.A).
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Figure 36: Verification of Arabidopsis thaliana NPR1 expression in Escherichia coli Lemo21 cells via antibody
detection of the protein or the cloned Strep-tag. (A) The Arabidopsis thaliana NPR1 protein expression was
induced in starter cultures with IPTG in E. coli Lemo21 cells and uninduced control culture was prepared. Induced
and uninduced cultures were incubated over night at 16°C for expression and afterwards pelleted by
centrifugation. Pellets were resuspended in lysis buffer, sonicated for cell lysis and centrifuged. Aliquots of the
supernatant for the SDS gel were taken (- IPTG lysate, + IPTG lysate). To the supernatant, avidin was added for
biotin blocking and the sample was centrifuged again. The NPR1 proteins were purified from the resulting
supernatant using an AKTA protein purification system. Aliquots of the flowthrough (FT), wash fraction (WF) and
three elution fractions (EF1, EF2, EF3) were taken for subsequent SDS-PAGE analyses. The elution fraction 1-3
were pooled, rebuffered in PBS and concentrated for further analyses. An aliquot of each of the elution fractions
in PBS (EFs PBS) was prepared for the SDS-PAGE analyses. Collected aliquots for the SDS PAGE were combined
with 5 x SDS-PAGE loading buffer, incubated at 95°C for 5 min and applied to an SDS gel consisting of a 5 %
stacking gel and a 12 % separating gel. A prestained protein ladder was used as size marker. Samples were run on
the gel and visualized by Coomassie blue staining (B) To visualize the tagged proteins and their potential
degradation products on the SDS-PAGE, western blots were performed with an antibody for the NPR1 protein
(Anti-NPR1) and a strep-tactin horse radish peroxidase conjugate (strep-tactin-HRP) which binds the N-terminal
cloned strep-tag. Western blots were evaluated by chemiluminescence. Results are shown for the pooled and
concentrated EFs. Red boxes indicate the presence of the NPR1 protein with a size of 67 kDa in the SDS-PAGE and
western blots.
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The EF1, EF2 and EF3 were pooled, rebuffered in PBS and concentrated for further analyses.
However, all investigated EFs revealed contaminations with mostly smaller proteins,
suggesting a partial digestion of the expressed NPR1 protein due to undesired proteolytic

activity during the purification procedure (Figure 36.A).

To visualize the tagged proteins and their potential degradation products on the SDS-PAGE,
western blots were performed with an antibody for the NPR1 protein (Anti-NPR1) and a strep-
tactin horse radish peroxidase conjugate (strep-tactin-HRP) which binds to the C-terminal
cloned Strep-tag. Western blots were evaluated by chemiluminescence and verified the
approximately 67 kDa band detected in the SDS-PAGE analyses as Strep-NPR1 protein since
the NPR1 antibody as well as the strep-tactin-HRP bound to this protein (Figure 36.B). Further,
western blots showed a band between 50 kDa and 55 kDa, indicating an N-terminal fragment
of the Strep-NPR1 caused by digestion (Figure 36.B). Other possible digestion products or
contaminants observed in the SDS-PAGE analyses were either detected by the NPR1 antibody
or by the strep-tactin-HRP, indicating that those detections might be unspecific (Figure 36.B).
The purified, PBS buffered, and concentrated proteins were finally used to test the Strep-NPR1
binding to SA or NHP.

4.2.3. Strep-NPR1 binding studies via size exclusion chromatography

The NPR1 protein binds SA which allows the protein to function as co-activator of
SA-transmitted signaling in pathogen related defense of plants (Wu et al. 2012, Wang et al.
2020, Fu and Dong 2013). However, the lack of SA molecules in plants leads to restricted
establishment for SAR while the lack NPR1 proteins leads to a complete failure of SAR
establishment (Yildiz et al. 2021). These findings suggest that other molecules are involved in
the full establishment of NPR1 dependent defense reactions in SAR. Since NHP and SA
molecules share similar hydroxyl and carboxyl group arrangements and NHP is a central player
in SAR as well as SA it is suggested that NHP interacts with NPR1 in the same manner as SA

(Zeier et al. 2021). Therefore the NPR1 binding to NHP was investigated in this thesis.
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Figure 37: The Arabidopsis thaliana NPR1 protein binds SA, but not NHP under the chosen experimental
conditions. Binding reactions were performed in 50 pl 1 x PBS containing 50 pg of the purified, PBS buffered
NPR1 protein and 200 nM SA or NHP. Two control reactions without NPR1 protein and only SA or NHP input
were performed. Binding and control reactions were incubated for 1 hour at 4 °C and afterwards applied to SEC
columns. (A) In the SEC process small molecules like SA will remain in the columns after a centrifugation step
while larger molecules like NPR1 or SA bound to NPR1 will pass the column and will be collected for the GC-MS
analyses. To compare the potentially NPR1 bound SA or NHP in the collection tube with the input one of the
two prepared control samples is not applied to SEC column and directly analyzed via GC-MS. The other control
sample which is applied to the SEC column assures correct separation of the SEC columns. Buffer containing D4
labeled SA and D9 labeled NHP was added to all binding and control samples before they were analyzed via GC-
MS. A buffer control was additionally run in the GC-MS analyses (+Buffer control; - SEC). (B) In the selected ion
chromatogram of m/z 267 of SA-NPR1 binding assays, SA peaks were identified at a retention time (RT) of 13.32
min in the buffer control (+ Buffer control; - SEC), the SEC control (+ SA; - NPR1; + SEC), the SA input control (+
SA; - NPR1; - SEC) and the SA-NPR1 binding reaction samples (+ SA; + NPR1; + SEC).



(C) In the selected ion chromatogram of m/z 172 of NHP-NPR1 binding assays, NHP peaks were identified at a
RT of 11.77 min in the buffer control (+ Buffer control; - SEC), the SEC control (+ NHP; - NPR1; + SEC), the NHP
input control (+ NHP; - NPR1; - SEC) and the NHP-NPR1 binding reaction samples (+ NHP; + NPR1; + SEC). (D) (E)
Total amounts of SA or NHP were quantified using the added internal standards and detected amounts were
expressed relative to the SA or NHP input, respectively in percent (%). Tables below diagrams indicate the
addition of SA/NHP and the NPR1 protein to a reaction and if the samples were applied to a SEC column (grey
background). Bars indicate the mean values + standard deviations of at least two replicates per reaction
combination. Letters above bars indicate the statistical differences investigated between the reaction

combinations with an ANOVA in SPSS.

To test the binding of the here expressed Strep-NPR1 protein with SA or NHP, a size exclusion
chromatography (SEC) based experimental setup was established, similar to NPR1 binding
experiments performed by Liu et al. (2020) and Ding et al. (2018) with a following GC-MS
analyses to detect bound SA or NHP. Binding reactions were performed in 50 pl 1 x PBS buffer
and contained 50 pg of purified and PBS buffered Strep-NPR1 protein and 200 nM SA or NHP.
For each binding reaction with SA or NHP two control reactions without protein were
performed. Binding reactions were performed for one hour at 4°C and the reactions were
stopped by the application to a SEC column (exclusion limit 5000 M;). Due to the SEC process
small molecules like SA will remain in the columns after a centrifugation step while larger
molecules like NPR1 or SA bound to NPR1 will pass the column and will be collected for the
GC-MS analyses (Figure 37.A). To compare the collected NPR1 bound SA or NHP with the SA
or NHP input one of the two prepared control samples without protein is not applied to SEC
column. After applying the TMS-based derivatization protocol as described in section 5.17. all

samples were analyzed via GC-MS.

The other SA or NHP control sample without protein is applied to the SEC column to assure
correct separation of the molecules by the SEC columns. For SA and NHP quantification, buffer
containing D4 labeled SA and D9 labeled NHP was added to all collected samples and a buffer
control was additionally prepared for the GC-MS run. The buffer control assured that no NHP
or SA residues included in the buffer leads to a misinterpretation of the results. Finally, all
binding reactions, input controls, SEC controls and buffer controls were analyzed via GC-MS

and SA and NHP amounts were quantified.

In SA binding experiments, in the performed buffer control (+ Buffer control; - SEC) and the
SEC control (+ NHP; - NPR1; + SEC) samples similar amounts of SA were detected,
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demonstrating that the used buffer which contains the deuterated internal standards for SA
and NHP quantification contains small amounts of non-labeled SA. To estimate the correct
amounts of Strep-NPR1 bound SA, detected SA in the buffer control were hence subtracted
from the detected amounts in all other investigated SA samples. In the selected ion
chromatogram (m/z 267) of SA binding experiments the highest SA peaks at an RT of 13.32
min were detected in the SA input control (+ NHP; - NPR1; - SEC) that was not applied to a SEC
sample and between this input and the SEC column control the peak of Strep-NPR1 bound SA
(+ NHP; + NPR1; + SEC) was observed (Figure 37.B). This indicates a sufficient binding of SA by
the here expressed Strep-NPR1. It was further calculated that approximately 31% of the
200 nM SA input were bound in the reaction (Figure 37.D). In the flowthrough of the SEC
column control sample, only containing SA, minor amounts of SA which correspond to 1,26%
of the SA input were detected, indicating a small but neglectable error rate of the SEC columns.
In NHP binding experiments in contrast, the selected ion chromatogram (m/z 172) revealed
peaks of similar height at an RT of 11.77 min in the buffer control (+ Buffer control; - SEC), the
SEC control (+ NHP; - NPR1; + SEC) and the NPR1-NHP binding (+ NHP; + NPR1; + SEC) samples
(Figure 37.C). Only in the NHP input controls, which were not applied to a SEC column, NHP
was detected, indicating that the expressed Strep-NPR1 does not bind NPR1 (Figure 37.C,
37.E). Since small amounts of NHP were detected in the buffer control, these amounts were
subtracted from the NHP amounts detected in all other samples to estimate the correct

amounts of Strep-NPR1 bound NHP.

To gain further insight into the binding of SA to the expressed Strep-NPR1 protein, the binding
of SA to the above mentioned generated Strep-NPR1R432Q mutant was investigated. Prior to
the binding experiments, the generation of the desired Strep-NPR1”*32@ mutant was verified
by sequencing of the complete NPR1 coding region (Figure 38.A). Sequences obtained from
putative mutant clones were aligned to the mutagenesis primers, the A. thaliana wildtype
NPR1 sequence, the predicted NPR1f*32Q mutant sequence to identify the correctly amplified
and mutagenized Strep-NPR1R*32Q mutants (Figure 38.A). To assure the successful expression
and purification of the Strep-NPR1f32Q mutant SDS-PAGE with following western blots were

performed (Figure 38.C).

Binding assays were performed as described in the previous section with 50 ug Strep-NPR1,

Strep-NPR1R432Q or Bovine serum albumin (BSA) and 500 nM SA. The BSA reaction was set up
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Figure 38: The direct interaction of SA and Strep-tagged NPR1 is disrupted in the generated NPR1*% mutant.

(A) Generated Strep-NPR17*32@ mutant clones were sequenced and aligned to the used mutagenesis Primers, the
A. thaliana NPR1 WT sequence and the predicted NPR1%*32@ mutant sequence to verify the correct mutagenesis.
(B) Binding assays with 500 nM SA and Strep-NPR1 or the Strep-NPR1f*32@ mutant or bovine serum albumin
(BSA) were performed and analysed via GC-MS as described in Figure 37 with the respective buffer, input and
SEC column controls. In the selected ion chromatogram of m/z 267 of performed binding assays, SA peaks were
identified at a retention time (RT) of 13.57 min in the buffer control (+ Buffer control; - SEC), the SEC control (+
SA; - NPR1; + SEC), the SA input control (+ SA; - NPR1; - SEC) and the SA-protein binding reaction samples (+ SA;
+ NPR1; + SEC, + SA; + R432Q; + SEC, + SA; + BSA; + SEC). (C) Total SA amounts were quantified using the added
D4-SA standards and detected amounts were expressed relative to the SA input in percent (%). Bars indicate the
mean values * standard deviations of two replicates per reaction combination. Letters above bars indicate the
statistical differences investigated between the reaction combinations with an ANOVA in SPSS. The table 2elow
diagrams indicates the combination of SA and Strep-NPR1, Strep-NPR1%432Q or BSA proteins in a reaction and
indicates if the samples was applied to a SEC column (grey background) before GC-MS analyses. The black lined
box shows the results of a western blot analyses of Strep-NPR1 and Strep-NPR1/322 \which was performed as
described in Figure 36 with Strep-tacti HRP for the detection of the used Strep-tag.

to investigate unspecific binding of SA molecules to proteins. In the selected ion
chromatogram of m/z 267 of NPR1-SA binding assays, SA peaks were identified at an RT of
13.57 min (Figure 38.B). The highest amounts were thereby detected in GC-MS runs of the SA
input control (+ SA; - NPR1; - SEC) (Figure 38.B) and the lowest amounts in the runs of buffer
control (+ Buffer control; - SEC) and the SEC control (+ SA; - NPR1; + SEC). To estimate the
correct amounts of protein bound SA, the amount of SA detected in the buffer controls
(+SA/+SEC) was subtracted from the respective, detected amounts of SA in the other samples.

By comparing the selected ion chromatograms of the SA-specific m/z 267, the overall trends
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of the SA-binding experiment can already be observed: The SEC control peak, representing the
total amount of SA in the binding reactions, was the highest peak as expected, while the peak
for SA in the Strep-NPR1 and SA binding reaction was still very prominent, suggesting that a
significant amount of SA was bound to NPR1, whereas the SA input control peaks were
significantly smaller. These observations were confirmed after calculating the total amounts
of SA in the respective assays (Figure 38.B). Detected SA amounts in BSA and Strep-NPR1R432Q
binding reactions were comparable and much lower than Strep-NPR1 binding assays with SA
(Figure 38.C). It was finally estimated that approximately 40 % of the 500 nM SA in the reaction
was bound by the Strep-NPR1 protein, while the Strep-NPR1?32Q@ mutant only bound 6.5 % of
the 500 nM SA (Figure 38.C). In the BSA control reaction 4 % of the 500 nM input SA were
bound, demonstrating a similar affinity of BSA and the Strep-NPR1”4322 mutant to SA when
compared to the Strep-NPR1 wildtype protein (Figure 38.C). In the SEC control reaction 0.8 %
of the 500 nM input SA were detected, indicating a minor but negatable error rate of the used
SEC columns (Figure 38.C). In summary, these results indicate Strep-NPR1 binding of SA but
the generated Strep-NPR1”432@ mutant shows unspecific binding to SA similar to the control

protein BSA.
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4.3, Discussion

4.3.1. NPR1 is not an NHP receptor

The interplay of SA and NHP is crucial for the full establishment of SAR (Hartmann and Zeier
2019). After an infection with a pathogen, plants like A. thaliana accumulate SA and NHP at
the site of infection (Hartmann et al. 2018). As mobile SAR signal, NHP is translocated to
systemic plant parts where it promotes the transcriptional response of its owns biosynthesis
genes and via the mutual amplification loop of NHP and SA induces the transcriptional
response of SA biosynthesis genes (Yildiz et al. 2021, Zeier 2021). The systemic accumulation
of SA results in the transcription of PR genes, which mediate resistance in plants like
A. thaliana (van Loon et al. 2006, Bernsdorff et al. 2016, Hartmann and Zeier 2019). The
perception of SA is thereby facilitated by direct binding to the bona fide SA receptor NPR1
(Wu et al. 2012, Manohar et al. 2015, Ding et al. 2018, Nair et al. 2021). It was further
demonstrated that the NHP induced SAR is mostly dependent on NPR1 and SA, however a
minor part of the NHP induced systemic immune responses was observed to be independent
of SA and dependent on NPR1 (Yildiz et al. 2021). Until today it is not known how the interplay
between NHP and NPR1 is mediated. Given that SA and NHP exhibit structural similarities, it

was recently suggested that NPR1 might serve as NHP receptor (Zeier 2019, Nair et al. 2021).

To investigate the binding affinity of NPR1 to NHP, the A. thaliana NPR1 sequence was cloned
into the pET52b(+) plasmid and the construct was transformed into and expressed in E. coli
Lemo21 cells (Figure 34 — 36). To verify the binding efficiency of the expressed NPR1 protein,
SA binding assays were performed in parallel with NHP binding assays. Binding reactions were
performed in 50 ul PBS buffer, containing 50 ug of the purified NPR1 protein and 200 nM SA
or NHP. As controls two reactions without NPR1 protein and only SA or NHP input were
performed. After one hour reaction time, binding reactions and performed controls were
applied to SEC columns and the flowthrough was analyzed via GC-MS to detect NPR1 bound

SA or NHP amounts.

NPR1 bound SA or NHP were compared to input controls to estimate the amounts bound SA
or NHP. In the SEC process small molecules like SA will remain in the columns after a
centrifugation step while larger molecules like NPR1 or SA bound to NPR1 will pass the column

and will be collected for the GC-MS analyses (Figure 37.A). To compare the potentially NPR1
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bound SA or NHP in the collection tube with the input, one of the two prepared control
samples is not applied to SEC column and directly analyzed via GC-MS. The other control
sample which is applied to the SEC column assures correct separation via the SEC columns.
For SA and NHP quantification, buffer containing deuterium-labeled SA and NHP was added

to all binding and control samples before they were analyzed via GC-MS.

The here conducted binding assays revealed that the expressed Strep-NPR1 protein is not able
to bind NHP but does bind SA (Figure 37, 38). To further investigate the potential binding of
NPR1 to NHP, the Strep-NPR1Rf432Q mutant was generated by PCR using primers with the
R432Q mutational change (Table 5). The binding of SA to the Strep-NPR1R432Q protein was
disrupted as demonstrated in previous studies (Figure 38, Ding et al. 2018). The generated
mutant is not able to bind SA but can still interact with TGA transcription factors (Ding et al.
2018). However, the first binding assays revealed no binding of NHP by unmodified Strep-

NPR1 proteins and a further investigation of this interaction was not prioritized.

In parallel with this study, the binding of NHP by NPR1 was investigated by two different
research groups. Liu et al. (2020) performed mutual binding assays of E. coli expressed NPR1
with 200 nM [3H] labeled SA and a 10 000-fold excess amount of unlabeled SA or NHP. Binding
assays were performed for one hour and applied to SEC columns as described in this study
previously. In the flowthrough tritium-labeled SA was by scintillation counting measured and
the results showed that unlabeled SA is not bound by NPR1 in the presence of SA but is bound
in the presence of NHP (Liu et al. 2020). Hence, the NPR1 protein bound SA but not NHP in the
presence of [3H] labeled SA. These experiments, however, do not completely rule out the
binding of NHP by NPR1, since NHP levels in the flowthrough were not quantified. Additionally,
the NPR1 protein was expressed with a histidine (His) tag and a maltose binding protein (MBP)
tag (Liu et al. 2020), which both combined roughly have a size of 45 kDa. Since NPR1 has a size
of 66 kDa, it is questionable if this tag hinders the binding of NPR1 to a ligand. To minimize the
risk of an interference of the NPR1 binding by a large tag, the used NPR1 protein in this study
was fused to a Strep-tag for purification, which is only eight amino acids long and roughly
1 kDa in size. Furthermore, the here presented NPR1 binding assays were conducted in
individual reactions with SA or NHP without the competitive addition of labeled SA as
performed in recent studies (Ding et al. 2018, Liu et al. 2020) which demonstrates that even

without competing SA, NPR1 does not bind NHP.
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In support a second study that was performed in parallel and cooperation to this work with
the group of Prof. Dr Christiane Gatz (Georg-August-Universitdit GoOttingen), which
investigated the NPR1 binding to SA and NHP with a similar experimental setup to this work
in which unmodified SA and NHP do not compete with labeled SA in the NPR1 binding assays.
Using state-of-the-art technology, Nair et al. (2021) and | used isothermal titration calorimetry
(ITC) to demonstrate in saturation binding assays that insect-cell-expressed Strep-MBP-NPR1
protein is able to bind SA with an equilibrium dissociation constant (Kp) of 7.9 + 0.5 uM.
However, the insect cell expressed NPR1 protein did not show any activity to the NHP provided
by our group (AG Zeier) (Nair et al. 2021). In previous studies E. coli expressed His-MBP-NPR1
showed a Kp of 0.2213 + 0.03885 uM (Ding et al. 2018), indicating that insect cell and E. coli
expressed NPR1 proteins exhibit a high binding affinity to SA. However, the E. coli expressed
His-MBP-NPR1 showed a much stronger binding affinity than the insect cell expressed Strep-
MBP-NPR1 protein. Since a basal level of around 1.4 uM SA was detected in A. thaliana leaves,
the previously reported high binding affinity of E. coli expressed His-MBP-NPR1 would lead to
a saturation of binding at basal SA levels (Kong et al. 2016, Nair et al. 2021). NPR1 dependent
immune responses in A. thaliana are however inducible and therefore a constitutive
saturation of NPR1 binding of SA is unlikely (Kong et al. 2016, Nair et al. 2021). Nair and his
team (2021) thus suggested that the used SEC method in previous studies might not be
accurate enough to estimate realistic binding affinities of NPR1 proteins. Given that two
independent studies revealed that NHP is not bound by NPR1 during the conduction of this
study, the binding affinity of the here expressed Strep-NPR1 protein was not investigated.
However, the established binding assay revealed that the expressed Strep-NPR1 protein is
able to bind 31 % SA at a 200 nM SA input and 40 % at a 500 nM SA input, indicating that the
NPR1 binding is not saturated at these concentrations. This agrees with the results of the

saturation binding assays performed by Ding and colleagues (2018).

Based on a molar 1:1 binding ratio of NPR1 and SA molecules, Nair and his team (2021) were
able to measure that 10% — 14% of Strep-MBP tagged protein bound a SA molecule in
independent binding experiments, while Ding and co-workers (2018) detected that only 0.02%
of the His-MBP-NPR1 protein bound a SA molecule. In this study 1.2% - 3.8% of the E. coli
expressed Strep-NPR1 protein bound a SA molecule (see Suppl. Figure 10 for calculations).
This shows, that when expressed in E. coli, a higher fraction of Strep-tagged NPR1 molecules

binds SA molecules than His-MBP-tagged NPR1 proteins (Ding et al. 2018), which might be
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caused be an interference of the NPR1 binding mechanisms by the large His-MBP tag.
Furthermore, the insect cell expressed Strep-MBP tagged NPR1 protein showed a much higher
ability to bind SA than the Strep-tagged protein in this study (Nair et al. 2021). This might be
based on the fact that the tested A. thaliana NPR1 protein originates from a eukaryotic
organism and the expression in eukaryotic insect cells might be closer to the original than the
expression in procaryotic E. coli bacteria. In summary, the by Nair and co-workers (2021)
performed ITC binding assay with insect cell expressed NPR1 proteins hence seem to predict
a much more accurate binding affinity of NPR1. Nonetheless the binding assays performed by
Lui et al. (2020), Ding et al. (2018) and in this study are still sophisticated enough to identify
interaction partners of NPR proteins. Since in Strep-tagged NPR1 proteins expressed in E. coli
however show that a higher percentage of Strep-tagged NPR1 binds SA molecules than His-
MBP tagged NPR1 in previous studies, it would be interesting to test an insect cell expressed
Strep-tagged NPR1 protein in this matter. Thereby it could be verified if a large tag interferes
with the NPR1 binding of SA that caused abbreviating molar binding ratios of NPR1 and SA

molecules in this and previous studies.

3.3.2. NHP induces SA-independent NPR1-mediated immune responses

Previous studies have demonstrated that the SA deficient A. thaliana sid2 mutant shows a
modest NHP induced SAR against the infection with Psm bacteria, but NHP treatments did not
induce systemic resistance in nprl knock-out mutants (Yildiz et al. 2021). Since this and
previous studies (Liu et al. 2020, Nair et al. 2021) demonstrated that heterologously expressed
NPR1 does not directly interact with NHP, indirect mechanisms must exist by which NHP
mediates the SA-independent activation of NPR1 mediated defense responses in sid2
mutants. Yildiz and her team hypothesized that NHP treatments might elevate NPR1 levels
and thereby enhance the perception of SA. Consequently, NHP treatments of sid2 mutants
would result in the systemic activation of NPR1-dependent immune responses by basal SA
levels. This hypothesis however has to be validated by future research. Since NPR1 is regulated
by a redox shift which is mediated by SA (Mou et al. 2003), Nair and colleagues (2021)
suggested NHP could similarly activate SA-independent NPR1-mediated immune responses by
the induction of a redox shift. However, sid2 mutants that were treated with NHP did not

indicate a redox shift in their performed experiments and recommended to investigate this
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issue with more suitable experimental setups (Nair et al. 2021). Thus, it remains unknown how
NHP contributes to the activation of NPR1 in the absence of SA and further research is needed

to validate current hypotheses in this matter.

4.3.3. Conclusion

This study supports that the A. thaliana NPR1 protein is a bona fide SA receptor in the
mediation of defense responses against pathogens. Since SA and NHP exhibit similar structural
characteristics and NHP was demonstrated to induce SA-independent NPR1 activation it was
investigated if a Strep-NPR1 protein expressed in E. coli can bind NHP by the same mechanisms
as it binds SA. As previously shown by Lui et al. (2020) and Nair et al. (2021) this study
demonstrated that NPR1 does not bind NHP under the chosen experimental conditions. This
suggests the existence of yet unknown mechanisms in the NHP induced activation of SA-
independent NPR1 mediated immune responses that have to be investigated in future studies.
In comparison to previously used methods in the investigation of potential NPR protein
interaction partners, the here established SEC based binding assay with a following GC-MS

detection is a suitable method to identify and exclude NPR1 ligand partners.
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5. Material and Methods

5.1. Cultivation of plants

All plants were grown in environmentally controlled growth chambers on a mixture of soil
(Substrat BP3, Klasmann-Deilmann), vermiculite and sand (8:1:1), if not stated otherwise. The
plants were watered three times a week with tap water. To ensure equal growth conditions
the positions of the individual plant pots was rotated regularly. The described growth
conditions for plants were maintained after all below described treatments, if not stated

otherwise.

Arabidopsis thaliana

A. thaliana plants were cultivated in a controlled plant growth room with a
10-h day (21°C) and 14-h-night (18°C) cycle. The relative humidity was adjusted to 60 %.
Depending on the pathogen treatment experiments were performed with four- to five-week-

old A. thaliana plants.

The following A. thaliana lines were used in this study: Col-0 (Nottingham Arabidopsis Stock
Centre [NASC] ID: N1092), fmo1 (Mishina and Zeier 2006), sid2-1 (sid2; Nawrath and Métraux
1999, Bernsdorff et al. 2016), sid2/fmol (Léwe et al. 2023), coil-35 (Staswick and Tiryaki
2004), wrky33-2 (wrky33; Zheng et al. 2006), pad4-1 (pad4; Jirage et al. 1999), eds1-2 (eds1;
Bartsch et al. 2006), cyp79b2 cyp79b3 (dcc; Zhao et al. 2002), pad3-1 (pad3; Glazebrook and
Ausubel 1994)

Nicotiana tabacum
Nicotiana tabacum cv. Xanthi, Nicotiana tabacum cv. Xanthi and were grown in single pots
with a 16 h light (23 °C) and 8 h darkness (20 °C) day-night-cycle. The relative humidity in the

growth chamber was adjusted to 60%.

Cucumis sativus
Cusumis sativus cv. Wisconsin SMR58 plants were grown with a 16 h light period (25 °C) and

an 8 h darkness period (23 °C) cycle and the relative humidity was set to 60%.

Brachypodium distachyon
Brachypodium distachyon cv. Bd21 seeds were surface sterilized (10 min in bleach, three times

in sterile H,O for 30 sec). Seeds were placed on agar plates containing 0.5 % MS and 0.8 %
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agar incubated for 3 days in darkness at 4 °C. Six-days-old seedlings were grown in single pots
on a mixture of soil (Substrat BP3, Klasmann-Deilmann), sand, vermiculite, and gravel (4:2:1:1)
under 16 h light (25°C) and 8 h darkness (23°C) long day conditions with a relative humidity of
60%.

Hordeum vulgare

The cultivation of Hordeum vulgare cv. Ingrid was performed by Dr. Ulrich Schaffrath
(Department of Plant Physiology, RWTH Aachen University, Germany). Seeds were pre-
germinated for 24 h on wet filter paper. Germlings were then transferred to pots filled with
standard soil (type ED73, Balster Einheitserdewerk GmbH, Froendenberg, Germany). H.
vulgare plants were grown under a 16 h light (20 °C) and an 8 h darkness (20°C) day-night-

cycle and the relative humidity was set to 65 %.

5.2. Cultivation of pathogens

Pseudomonas syringae (Psm, Psm lux, Psl, Pstb)

The Pseudomonas strains Pseudomonas syringae pv. maculicola ES4326 (Psm) (Hartmann et
al. 2018), a modified Pseudomonas syringae pv. maculicola strain carrying the Photorhabdus
luminescens luxCDABE operon (Psm lux) (Hartmann et al. 2018), Pseudomonas syringae pv.
lachrymans (Psl) (Grzegorz Bartoszewski, Warsaw University of Life Sciences) and
Pseudomonas syringae pv. tabaci (DSM 1856) (Pstb) were grown in King’s B medium (20 g I
Bacto Peptone, 1.5 g It K;HPO4 x 3 H20, 10 g It Glycerol, pH = 7.2) containing the appropriate
antibiotics (Psm: 50 pg/ml rifampicin; Psm lux: 50 pg/ml rifampicin, 25 pg/ml kanamycin; Ps/
and Pstb: no antibiotics). The Psm, Psm lux and Ps/ were grown at 28°C and Pstb was grown at

18°Cin King’s B medium containing no antibiotics.

Xanthomonas translucens (Xtra)

The Xanthomonas translucens strain DSM 18974 (Xtra) was cultivated on peptone-sucrose
agar (PSA) (20 g I'* sucrose, 5 g I'* peptone, 0.5 g I KzHPO4, 0.25 g I MgS04x7H20, 15 g |1
agar) at 28°C.

Magnaporthe grisea (Mgri)
The Magnaporthe grisea strain Guyll (Mgri) (provided by Nick Talbot, The Sainsbury

Laboratory, Norwich, United Kingdom) was grown at 18 °C (9 light hours) on cornmeal agar
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(CMA) (15 g cornmeal/L) supplemented with a nitrate salt solution (6 g I NaNOs, 0.5 g I'1 KCl,
X MgSO0g, 1.5 g It KH,PO4) as described by Parker et al. (2008).

Magnaporthe oryzae (Mory)

The Magnaporthe oryzae isolate TH6772 (Institute of Biochemistry, Tamagawa University,
Machida-shi, Tokyo, Japan) (Mory) was grown at 23°C in the dark on oat-meal agar plates
(20 g 't agar, 2 g I yeast extract, 10 g I starch, 30 g I'* oatflakes). The cultivation of Mory was
performed by Ulrich Schaffrath in the Department of Plant Physiology at RWTH Aachen

University (Aachen, Germany).

Botrytis cinerea (Bcin)

The Botrytis cinerea strain B05.10 (Bcin) was grown on Mathur’s agar (2.8 g/l glucose, 1.22 g/l
MgS0,4*7H,0, 2.72 g/l KH,PO,4, 2.18 g/l mycological peptone, 30 g/l agar) in a controlled
growth chamber with a 10-h-d (21°C)/14-h-night (18°C) cycle.

Colletotrichum higginsianum (Chig)
The Colletotrichum higginsianum isolate WT063A (Chig) was grown on Mathur’s agar as well.

However, plates were incubated at 25°C in the dark.

Hyaloperonospora arabidopsidis (Hpa)

The Hyaloperonospora arabidopsidis isolate Noco2 (Hpa) was propagated every week to fresh
two-week-old A. thaliana Col-0 seedlings (50 - 100 seedlings/pot). Spores were washed from
inoculated seedlings 7 dpi with tab water. Fresh two-week-old seedlings were then spray
inoculated with the spore suspension without quantifying the number of spores. The
inoculated seedlings were incubated in sealed trays with transparent lids at 18 °C (9 light

hours).

Sclerotinia sclerotiorum (Sclero)

Sclerotinia sclerotiorum (Sclero) was cultivated by Dr. Ulrike Steiner at the institute of Crop
Science and Resource Conservation at the Rheinische Friedrich-Wilhelms-Universitat Bonn. For
long term stocks, Sclero sclerotia were grown on potato-dextrose-agar (PDA, 1.5 g/l) in petri dishes
for 14 days at 20°C with day-night light conditions. Grown sclerotia were harvested from the plates
and were stored at -20°C until further use. To prepare a Sclero inoculum frozen sclerotia were
transferred to fresh PDA plates and mycelium was grown under the before described conditions

until they were completely grown with fresh Sclero mycelium. For one inoculum, ten circular discs
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(1 cm radius) were stamped out of plates that were completely grown with fresh Sclero mycelium
and were transferred to 500 ml liquid PSA medium (24 g PSA /1) in a schikane flask. The flask was
incubated on a shaker at 80 rpm for eight days. Afterwards the grown culture was homogenized
in a blender, supernatant PSA medium was decanted, and the total volume of the inoculum was
adjusted to 500 ml. The density of the Sclero inoculum was not determined but it was aimed to

reach a similar cloudiness for each prepared inoculum.

5.3. Plant inoculations with bacteria

For experiments, log-phase cultures of the bacteria were grown over night under permanent
shaking (240 rpm). The cultures were washed three times with 10 mM MgCl, and were diluted
to the required final ODeoo levels for leaf inoculations as indicated in the experiments. Unless

stated otherwise mock controls were inoculated likewise with a 10 mM MgCl; solution.

Five-week A. thaliana and four- to five-week-old N. tabacum plants were carefully pressure
infiltrated from the abaxial side of the leaves with a Pstb- or Psm-solution using a needleless
syringe. For metabolite analyses of Psm (ODgoo = 0.001) and mock inoculated A. thaliana plants
samples were taken 1, 2 and 3 days post inoculation (dpi), frozen in liquid nitrogen and stored
at -80°C (n = 4). To induce SAR in A. thaliana plants, local leaves were challenge inoculated
with a Psm solution of ODggo = 0.005. For resistance assays systemic A. thaliana leaves were
infiltrated with Psm lux ODsoo = 0.001 (n > 6) and the luminescence of Psm lux was measured

in the luminometer 2.5 dpi, when visible infection symptoms started to develop.

For the metabolite analyses of four- to five-week-old N. tabacum plants, fully grown leaves
were pressure infiltrated with Pstb ODgoo = 0.005 and were harvested 1, 2 and 3 dpi. The
samples were frozen in liquid nitrogen and stored at -80°C (n = 5). For resistance assays N.
tabacum leaves were infiltrated with a Pstb solution of ODeoo = 0.001 (n = 4) or a Psm solution
of ODeoo = 0.001 (n = 5) and growth assays were performed 3 dpi to determine bacterial

growth.

Three-week-old C. sativus plants were spray-inoculated with Ps/ ODggo = 0.2 (0.005 % silwet)
from the abaxial side of the first true leave. To collect C. sativus phloem sap, filter paper (1 cm
x 1 cm) was prepared, and the weight was determined using a precision scale. After removing

the local, inoculated leaf the escaping sap was soaked up with the filter paper at the site of
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the petiole and weighted again. The filter paper was then transferred into 100 pul MeOH/H>0
(80:20, v/v). The process was repeated for the systemic leaf. Leaf samples were collected in
form of leaf discs that were stamped out of a leaf immediately after it was removed from the
plant. Leaf and phloem sap samples for the metabolite analyses were taken 1 dpi, 3 dpi and 5
dpi, frozen in liquid nitrogen and stored at -80°C (n = 5). C. sativus plants were harvested for

resistance assays 3 dpi (n =4) and 6 dpi (n = 4) and pictures were taken 6 dpi.

To analyze metabolite levels of five-week-old B. distachyon plants post pathogen infection,
leaves were pressure infiltrated with Xtra (ODeoo = 0.05). Local inoculated and systemic
untreated leaved were sampled 1 dpi, 3 dpi and 5 dpi (n = 3) for metabolite analyses. At this
growth stage B. distachyon developed three tillers. The oldest leaf of each tiller was
determined as local leaf and the youngest leaf as systemic leaf (Abb. H.C). The leaf samples
were frozen in liquid nitrogen and stored at -80°C. For resistance assays three-week old
Brachypodium plants were inoculated with a bacterial solution of ODeoo = 0.005. The
assessment of resistance was performed 3 dpi (n = 9) and pictures of Xtra inoculated leaves
were taken 3 dpi and 8 dpi. In both experimental setups a needleless syringe was used to

pressure infiltrate the bacterial solution from the adaxial site of the leaves.

5.4. Plant inoculation with fungi and an oomycete

To inoculate B. distachyon with Mgri, spores were isolated within 15 days of growth on plate
by washing the mycelium with sterile H,0. To increase the spore yield they were scraped of
the plate using a coverslip. The resulting solution was filtered using Miracloth (Merck
Millipore, Billerica, MA, USA) and centrifuged for 4 min (4000 rpm). The spore pellet was
resuspended in 3 ml sterile H,O and the spore concentration was determined using a
Neubauer chamber (NanoEnTek. Inc., Seoul, Korea). For the inoculation of B. distachyon with
Magri the spore suspension was adjusted to 50 spores/ul and applied to three- to four-week-
old plants in the 3-leaf-stage. The spore solution was applied by spray inoculation with an
airbrush until the leaves were evenly covered with fine droplets. Mock control plants were
treated in the same manner with autoclaved water. As described by Parker et al. (2008)
B. distachyon plants were maintained hermitically sealed in autoclave bags after inoculation.

To study the changes in metabolite levels in B. distachyon upon fungal inoculation per sample
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one plant was harvested 2 dpi, 3 dpi and 4 dpi (n 2 4), frozen in liquid nitrogen and stored at -
80°C. To assess the B. distachyon resistance against Mgri the area of necrosis was measured

4 dpi as described below and pictures of B. distachyon leaves were taken 4 dpi (n = 4).

Mory was grown on oat-meal agar plates and sporulation was induced by incubating under
black light for two weeks. Spores were harvested in H,O prior to H. vulgare inoculations and
the spore suspension containing 1 g I gelatin, 0.5 ml I Tween was adjusted to 250 spores/pl.
The plants were kept for 24 h at 24° C and 100% relative humidity in the dark after spray
inoculation and were then transferred to growth chamber conditions with the afore
mentioned conditions. Mock control plants were treated likewise with H,0 containing 1 g I*
gelatin, 0.5 ml I Tween. For metabolite analyses the spray inoculated H. vulgare leaves were
sampled 5 dpi (n = 3), frozen in liquid nitrogen and stored at — 80°C. Treatments of barley
plants were performed by Ulrich Schaffrath in the Department of Plant Physiology at RWTH

Aachen University (Aachen, Germany).

For A. thaliana inoculations with Bcin, spores were washed within 10 days of growth on plate
by washing the mycelium with 5 — 8 ml sterile Mathur’s medium (2.8 g/l glucose, 1.22 g/l
MgS0,*7H,0, 2.72 g/l KH,PO,4, 2.18 g/l myc. peptone). The resulting Bcin spore suspension
was filtered through Miracloth (Merck Millipore, Billerica, MA, USA) and the number of spores
was quantified using a Neubauer improved counting chamber (C-Chip, NanoEnTek. Inc., Seoul,
Korea). Three leaves of 4.5-week-old A. thaliana plants were inoculated with four 3 ul droplets
of a Bcin spore suspension with an adjusted spore concentration of 50 spores/ul. The droplets
were placed at the right and left side of the middle vein, two in the lower part of the leaves
and two in the lower parts of the leaves. Mock control plants were treated likewise with sterile
Mathur’s medium. All plants were maintained at 18 °C (9 light hours) in sealed trays with
transparent lids. For metabolite analysis the three inoculated leaves of one plant represented
one replicate and samples were taken 1 dpi, 3 dpi and 5 dpi (n = 4). To assess the A. thaliana
resistance against Bcin lesions measurements were performed 2 dpi (n = 8) whereat two

leaves of one plant represented one replicate.

To investigate the A. thaliana infections with Chig, spores were harvested within 14 days of
growth on 100 ml Mathur’s agar in a 250 ml Erlenmeyer flask by washing the mycelium with
5 — 8 ml sterile water. This spore suspension was filtered through Miracloth (Merck Millipore,
Billerica, MA, USA), the Chig spore concentration was measured in an improved counting
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chamber (C-Chip, NanoEnTek. Inc., Seoul, Korea) and adjusted to 500 spores/ul. Three leaves
of four- to five-week-old A. thaliana plants were inoculated with four 5 pl droplets of the Chig
spore suspension as described for inoculations with B. cinerea. Mock control plants were
treated in the same manner with sterile water. The infected and control plants were
maintained in sealed trays with transparent lids at 18°C with a 9 h light — 15 h darkness cycle
in an environmentally controlled growth chamber. For metabolite analysis the three
inoculated leaves of one plant represented one replicate, but for resistance assays two leaves
of one plant represented one replicate. Samples were taken 2 dpi, 4 dpi, 6 dpi, 8 dpi and 10
dpi for metabolite analyses (n = 4). Resistance assays were performed 7 dpi (n = 8) and in
parallel to the infection time course of the metabolite analysis (n = 3) to evaluate disease

progression.

For A. thaliana infections with Hpa, spores were washed from Hpa infected two-week-old
A. thaliana seedlings 7 dpi with tab water and the resulting spore solution was filtered through
Miracloth (Merck Millipore, Billerica, MA, USA). The number of spores was quantified using a
Neubauer improved counting chamber (C-Chip, NanoEnTek. Inc., Seoul, Korea) and adjusted
to 50 spores/ul. Four-week-old A. thaliana plants were spray inoculated with the Hpa spore
suspension until fine droplets covered all leaves. Mock control plants were treated likewise
with tab water. The inoculated plants were maintained in sealed trays with transparent lids at
18 °C (9 light hours). For metabolite analyses samples were harvested 3 dpi, 6 dpi and 9 dpi (n
= 4) whereat three leaves of one plant represent one replicate. Resistance assays were

performed 6 dpi (n = 6).

The Sclero inoculum was set up by Dr. Ulrike Steiner (The Institute of Crop Science and
Resource Conservation, Rheinische Friedrich-Wilhelms-University Bonn) and provided by
Philip Bischof. Three leaves of Five-week-old A. thaliana plants were inoculated at the middle
vein of the leaf with two 3 ul droplets of a Sclero suspension (one in the middle of the top half
of the leaf and one at the middle of bottom half of the leaf). Mock control plants were treated
in the same manner with tab water. To examine the changes in metabolite levels in A. thaliana
upon a Sclero infection, infected and control leaves per plant were harvested 1, 2, 3 and 4 dpi
(n =3). The leaves of one plant represent one replicate. The resistance of A. thaliana against

Sclero was evaluated 3 dpi (n =5).
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All samples harvested for metabolite analysis frozen in liquid nitrogen and stored at — 80°C

until further processing.

5.5. Plant treatments with N-Hydroxypipecolic acid

The chemical synthesis of N-hydroxypipecolic acid was performed as described by Hartmann
et al. (2018). Aqueous NHP solutions were always freshly prepared at the day of the

experiment using H,0 as solvent.

Treatments with NHP of N. tabacum and different A. thaliana Genotypes were performed
following the established procedure described in Schnake et al. 2020. Individually cultivated
plants were watered with 10 ml of a 1 mM solution of NHP by pipetting. As a control treatment
10 ml H,O were applied to the soil by pipetting. The inoculation of N. tabacum with Pstb or
Psm and the inoculation of A. thaliana with Hpa, Psm, Bcin and Sclero were performed 24 h
after the application of the pretreatment. The inoculation of A. thaliana with Chig was

performed 4 h after the application of the pretreatment.

To test the effect of NHP on the immunity of C. sativus in a subsequent pathogenic attack,
using a syringe with a needle approximately 1 ml of a 1 mM NHP solution was directly injected
into the plant stem. Injection of sterile H,O served as a control. The spray inoculation of all

true C. sativus leaves with a Ps/ solution was performed 24 h later.

For the NHP treatment of B. distachyon plants, a 1 mM NHP solution was infiltrated thoroughly
from the adaxial site into the leaves using a syringe. B. distachyon plants were inoculated with
Xtra or Mgri 24 h after the application of the pretreatment. As control treatment plants were

infiltrated in the same manner with H;0.

5.6. Establishment of systemic acquired resistance

To investigate the ability of a pathogen to trigger SAR in A. thaliana, three fully grown leaves
of five-week-old Col-0 plants were challenge inoculated with Psm, Chig or Bcin as described
before or were treated likewise with the respective mock solution (see 5.4. - 5.5.). Systemic
leaves of Psm (n = 6) and mock (n = 6) challenged plants were 2 dpi in individual experiments

inoculated with Hpa, Psm, Chig or Bcin as described before. The systemic leaves of Chig and
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mock pretreated plants were 2 dpi inoculated with Psm, Chig or Bcin in individual experiments.
These Psm, Chig and Bcin inoculations were also performed on systemic leaves of Bcin or mock

challenged Col-0 plants 2 days post the Bcin or mock pretreatment.

To investigate the influence of defects in the SA and NHP signaling pathways on the
establishment of SAR in A. thaliana against pathogens with a necrotrophic lifestyle, Col-0
wildtype and mutant plants were either challenge inoculated with Psm and systemic leaves
were inoculated with Psm or Chig, or wildtype and mutant plants were challenge inoculated
with Chig and the systemic leaves were inoculated with Psm as described above for the
wildtype. The A. thaliana resistance was assessed for each pathogen as described below (see

5.7) to investigate differences between the pathogen and mock control pretreatments.

To test the establishment of SAR in the monocot gras B. distachyon, the first and second grown
leave of three-week-old seedlings, which did not start to tiller yet (see Figure 17.A), were
pressure infiltrated with an Xtra solution (ODego = 0.05) (n = 6) or 10 mM MgCl; (n = 6) as a
control using a needles syringe. Two days after the Xtra challenge the youngest fully grown
systemic leaf of each plant was infiltrated with Xtra (ODeoo = 0.005) (Figure 17.A). The
B. distachyon resistance of mock and Xtra pretreated plants was determined in systemic

leaves three days later as described below (see 5.7).

5.7. Assessment of resistance

Growth assays were used to determine the infection level in the differently treated plants
allowing conclusion about the degree of infection and therefore the effect of NHP or SAR on

plant resistance.

To assess the resistance of A. thaliana against Hpa infections harvested plants were incubated
at 37°Cin a trypan blue staining solution (trypan blue (1 mg/ml), 25 % lactic acid, 25 % phenol,
25 % glycerol) while shaking at 200 rpm overnight. The next day the trypan blue solution was
replaced with a chloral hydrate solution (2.5 g/ml). The leaves were incubated at 37°C while
shaking at 200 rpm overnight again to destain the trypan blue stained leaves. The destaining
procedure was repeated at one more time but, if necessary, until the destaining was sufficient.

For further analysis the leaves were stored in 50 % glycerol and fixated on glass slides. Pictures
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of the stained leaves on glass slides were taken on a light table 2nd the length of internal

hyphae (IH) was quantified in Imagel.

To determine the resistance of A. thaliana against Psm lux which carries the Photorhabdus
luminescens luxCDABE operon the luminescens was quantified in leaf discs of infected
A. thaliana plants using a luminometer as described by Hartmann et al. (2018). To assess the
A. thaliana resistance against Chig, Bcin and Sclero the infected leaves were harvested in 50 %
Glycerol and pictures of the disease symptoms were taken of planar leaves on a light table.
The necrotic leaf area was measured for all infection sites using ImageJ and the mean necrotic
area was determined for each leaf individually. Afterwards the mean and the standard error
of the mean (SEM) were calculated with the mean values of the necrotic area of each leaf.
Significant differences were determined using the students t-test in experiment with Col-0
only whereas an ANOVA was performed using SPSS for the statistical analysis of more than

one genotype in an experiment.

To determine bacterial growth in N. tabacum, C sativus and B. distachyon, leaf discs were cut
out of inoculated leaf material and homogenized in 10 mM MgCl,. Each sample was diluted to
an appropriate ratio and plated on solid medium. For Pstb and Psl growth assays KB plates
was used, whereas PSA plates was used in Xtra growth assays. The plates were incubated for
two to four days at 28 °C before the number of bacterial colonies was counted and significant

differences between both treatments were determined using the students t-test.

To test whether NHP has an immunity enhancing effect on B. distachyon against infections
with Mgri the youngest, fully grown leaf at the time of inoculation was removed and bleached
in an ethanol-chloroform-solution (4:1) containing 1.5 % trichloroacetic acid. After at least two
days of incubation at room temperature the bleaching solution was replaced with H,0 and
the leaves were photographed on a light table. Using Imagel, the percentage of the necrotic
area of the leaf was quantified. To determine significant differences between pretreatments

the students t-test was used.

5.8. Toxicological assays

To investigate a potential direct toxicological effect of NHP on Chig or Bcin during the NHP

induced resistance in A. thaliana, toxicological assays were performed. Therefore, Mathur’s
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agar plates containing 50 mM NHP or 50 mM NH4Cl + HCl were prepared. Since NH4Cl + HCI
are generated in the chemical biosynthesis of NHP in equimolar amounts to NHP, NH4Cl + HCI
supplemented plates were used as controls. Agar plugs of equal sizes were taken from fully
grown Chig or Bcin Mathur’s agar plates and placed on fresh Mathur’s agar plates
supplemented with 50 mM NHP or 50 mM NH4Cl + HCI. Radial mycelium growth on these

plates was documented photographically 3 days later and quantified using Imagel.

5.9. Aniline blue staining and quantification of callose deposits in Arabidopsis

thaliana

To determine if NHP induces callose deposition in A. thaliana and thereby increases
resistance, 4,5-week-old plants were watered with a 1 mM NHP solution or H,0 as control
treatment. The Chig infections and water control treatments of three fully grown leaves were
performed 4 h after the pretreatment and samples were taken 2 dpi. Infections with Bcin and
Mathur’s medium control treatments of three fully grown leaves were performed one day
after the pretreatment and samples were harvested 1 dpi. Sampled leaves were destained
from chlorophyll in an acetic acid / ethanol (1:3) solution. Transparent leaves were washed in
150 mM K;HPO4 for 30 min 24 h later. Afterwards the leaves were stained with an anillin blue
staining solution (150 mM K;HPQO4, 0.01 % anillin blue) over night at darkness while shaking
(240 rpm). The stained leaves were washed in 150 mM K;HPO4 for 30 min to remove the
staining solution. Callose deposits were evaluated via fluorescence microscopy (Zeiss Axiophot
light microscope, Filter-Set Cyan GFP, F31-044) using the Zen Software. Fluorescent areas per
mm? were quantified using ImageJ and statistical differences between the treatments were

determined with the Kruskal-Wallis Test in SPSS.

5.10. Analysis of plant metabolites by gas chromatography-mass spectrometry

A GC-MS-method based on trimethylation of carboxyl-, hydroxyl- and amino-groups of the
sample analytes was used to quantify the accumulation of the targeted plant metabolites (Pip,

NHP and SA) upon pathogen attack as previously described in Hartmann et al. (2018).
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Therefore, 40-60 mg pulverized frozen leaf tissue were extracted with 1 ml MeOH/H,0 (80:20,
v/v) or MeOH/NaPO4 (pH = 6) (80:20, v/v) extraction buffer supplemented with internal
standards, including D9-NHP (1 ug) for the quantification of NHP, D9-Pip (1 pg) for the
guantification of Pip and D4-SA (0.5 ug) for the quantification of SA. During the extraction step
the samples were mixed thoroughly with the extraction buffer by vortexing for 30 sec and
then incubated in a shaker at 4 °C for at least 5 min. The samples were then centrifuged (4
min, 14000 rpm) and the resulting pellet was extracted with 1 ml MeOH/H,0 (80:20, v/v)
extraction buffer without internal standards. The extraction step was repeated, and the
supernatants of both extraction steps were pooled. Aliquots of 400 uL of the extract were
evaporated (ScanSpeed vacuum centrifuge, Labogene ApS, Denmark) and dried for
subsequent derivatisation. The derivatisation was started by adding 20 ul Pyridine, 20 ul N-
Methyl-N-trimethylsilyltrifluoroacetamide (MSTFA) and mixing the samples thoroughly after
pipetting. The samples were diluted with 60 pl N-hexane and incubated at 70 °C for 30 min.
After cooling (to room temperature) for 30 min the samples were 1:5 diluted with N-hexane

and transferred into GC-vials.

Due to liquid raw material in the metabolite analyses of C. sativus phloem sap, the extraction
and derivatisation methods were adjusted. Metabolite extraction from C. sativus phloem sap
samples was performed as described above using 500 pul MeOH/H,0 (80:20, v/v) extraction
buffer supplemented with internal standards and 400 pl MeOH/H,0 (80:20, v/v) extraction
buffer without internal standards. The resulting 1 ml phloem sap extract was evaporated, and
derivatisation was performed as describes with minor exception. Instead of 60 N-hexane, 20
ul N-hexane were used in the derivatisation procedure. For GC-MS analyses samples were 1:2

and 1:3 diluted with N-hexane and transferred to GC-vials.

In a gas chromatograph (GC 7890A; Agilent Technologies) 2 ul samples were separated using
a silica capillary column (Phenomenex ZB-35; 30 m x 0.25mm x 0.25mm). The following GC
oven program was used: initial temperature of 70 °C for 2 min, followed by a gradient to 320
°C at a rate of 10 °C/min, followed by final hold time of 5 min. For the detection of Pip, NHP
and SA ion fragments, the mass spectrometer (5975C mass spectrometric detector; Agilent
Technologies) was set to electron-ionisation (El) mode. For the quantification of the individual
metabolites peaks from selected chromatograms of a specific m/z ratio were integrated and

guantified by relating their peak areas to the peak area of the corresponding internal standard
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using the MSD ChemStation software version E.02.01.1177 (Agilent Technologies). Analyzed

metabolites and internal standards are summarized in table 2.

Table 2: List of analysed metabolites with retention time, analyzed masses (m/z), and correction factors (CF) for
the used internal standard (IST).

Metabolit / IST Retention time m/z Used IST CF
D9-Pip 9.15 165 X X
Pip 9.24 156 D9-Pip 0.8
D9-NHP 10.4 181 X X
NHP 10.49 172 D9-NHP 0.82
D4-SA 11.75 271 X X
SA 11.77 267 D4-SA 0.54
Salicin 21.05 268 X X
NHPG 21.15 172 salicin 1*
NHPGE 21.54 172 salicin 1*
SAG 21.87 267 salicin 0.68
SGE 21.93 193 salicin 0.18
Camalexin 21.24 272 salicin 0.25
2,x-2,X-DHBA-Gly1 27.30 267 salicin 1*
2,x-2,X-DHBA-Gly2 27.64 267 salicin 1*
IPA 18.38 202 X X
ICA 17.98 246 IPA 0,49
Norvaline 7.41 144 X X
Serotonin (3 TMS) 22.68 290 norvaline 1*
Serotonin (4 TMS) 24.83 290 norvaline 1*
PBTS 16.36 293 norvaline 1*

*CFs were not calculated and since were set to 1. For these metabolites thus a relative quantification was

performed.

5.11. RNA extraction and cDNA synthesis

To study the influence of a Psl infection in C. sativus on the C. sativus ALD1 and FMO1 gene
expression in semi-quantitative PCRs RNA extractions, following cDNA synthesizes were

performed with the same frozen leaf material that was used for metabolite analyses. RNA
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extractions and cDNA synthesizes were performed with Psm inoculated A. thaliana leaves

sampled 2 dpi to provide a template for the NPR1 cloning procedure.

The frozen leaf material was ground in a beat mill (Tissuelyser I, Qiagen, Hilden, Gemany) and
approximately 70 mg of pulverized leaf material was used for the subsequent RNA extraction.
The frozen leave material was solved in 1 ml RNAMagic buffer (Bio-Budget Technologies,
Krefeld, Germany) by vortexing and incubated at RT for 4 min. Afterwards 200 pl pre-cooled
chloroform were added and the samples was shaken by hand for 15 sec and centrifuged for
15 min (12 000 rpm, 4°C) for phase separation. The upper phase was mixed with 500 pl pre-
cooled isopropanol by inverting and incubated at RT for 10 min to precipitate the RNA. After
another 10 min centrifugation step (12 000 rpm, 4°C) the resulting RNA Pellet was washed two
times with 1 ml 75 % Ethanol by vortexing for 15 sec and subsequent centrifugations (5 min,
12 000 rpm, 4°C). The supernatant was discarded, and the RNA Pellet was dried in a Speedvac
for 5 min and then incubated in 50 ul RNase and nuclease free water at 58°C to resolve the
pellet. To evaluate the quality of the extracted RNA, all samples were incubated with RNA
loading buffer and evaluated on an agarose gel (0.5 x TAE Puffer, 1% Agarose, 5 pl Midori
Green/100 ml) (Supp. Fig. 1).

RNA concentrations were determined with a Nanodrop 2000 (Thermo Scientific,
Massachusetts, USA) and 1000 ng were aliquoted for cDNA Synthesis. The RNA samples were
treated with DNase | for 30 min at 37°C to avoid contamination with genomic DNA. The DNase
was inactivated with an incubation at 70°C for 15 min with 1 pul 25 mM EDTA. The cDNA was
synthesized using the GoScript Reverse Transcription Kit (Promega, Wisconsin, USA) according
to instructions. Therefore, per reaction 4 ul Nuclease-Free Water, 4 ul GoScript™ Reaction
Buffer, Oligo(dT) and 2 pl GoScript™ Enzyme Mix were combined to a master max of which
10 ul were added to each DNase treated 1000 ng sample aliquot. The reactions were mixed
by pipetting and incubated in a thermocycler at 25°C for 5 min for annealing of the primers,
at 42°C for 60 min for cDNA extension, at 70°C for 15 min for enzyme inactivation and were
then cooled to 4°C. All cDNA samples were diluted in a 1:10 ratio with nuclease free water for

subsequent procedures.
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5.12. PCR

To confirm the cDNA synthesis control PCRs with the A. thaliana housekeeping gene
POLYPYRIMIDINE TRACT-BINDING PROTEIN 1 (PTB, At3g01150) or the C. sativus housekeeping
gene ACTIN (ACT, Csa_2G301530) housekeeping genes were performed using the 2 x GoTaq®
Green Master Mix (Promega). PCR reaction consisted of 10 ul 2 x GoTaq® Green Master Mix,
1 pl of 10 uM upstream primer, 1 pl of 10 uM downstream primer, 1 ul DNA template (100 ng)
and 7 pl nuclease free water. For amplification by PCR the DNA was initially denaturized for 2
min at 95°C. Subsequent PCR cycles were performed with 30 sec denaturation at 95°C, 30 sec
annealing at specific temperatures (Table 3) and 1 min extension for every kb at 72°C. Finial
extension of the PCR products was achieved at 72°C for 5 min. Afterwards the samples were

cooled at 4 °C and evaluated on a 1 % agarose gel.

To study the ALD1 (Csa_4G179090) and FMO1 (Csa_018944) gene expression in C. sativus in
an infection time course with Ps/, semi-quantitative PCRs were performed with the 2 x GoTaq®
Green Master Mix (Promega). The light intensity was measured for each band using Image)
and relative light intensities to the highest band intensity were calculated. Mean values were

visualized in Excel.

To amplify the A. thaliana NPR1 (AT1G64280) sequence for subsequent cloning or sequencing
procedures PCRs were performed using Phusion Polymerase (NEB, Massachusetts, USA). The
20 pl reactions consisted of 4 ul 5x Phusion HF Buffer, 0.4 pul 10 mM dNTPs, 0.2 ul Phusion DNA
Polymerase, 100 ng cDNA template, 1 pl 10 uM Forward Primer and 1 pl 10 uM Reverse Primer
(Table 4). Thermocyclers were programmed for an initial denaturation for 30 sec at 98°C. The
following PCR cycles were performed with 10 sec denaturation at 98°C, 15 sec annealing at
specific temperatures (Table 4) and 30 sec extension for every kb at 72°C. The finial extension
of the PCR products was performed at 72°C for 5 min. The samples were cooled at 4 °C in the

thermocycler until further visual evaluation on a 1 % agarose gel.
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Table 3: Primer sequences and PCR conditions for investigated Cucumis sativus and Arabidopsis thaliana genes
in this study. PCR cycles were repeated 35 times for PTB, ACT and FMO1 amplification and 33 times for ALD1
amplification.

Primer Primer Annealing Product
Organism Primer sequence (5°- 3") length  temperature length
name o
[bp] [c] [bp]
PTB_for A. thaliana GATCTGAATGTTAAGGCTTTTAGCG 25 . 61
PTB_rev A. thaliana GGCTTAGATCAGGAAGTGTATAGTCTCTG 29
ACT_for C. sativus GCATCGCTCAGTACCTTCCA 20 60 189
ACT _rev C. sativus GACCCGTATCTGAGCTCAACC 21
FMO1_for  C. sativus GACTATGCGAAGCTCGACCA 20 5o 266
FMO1_rev  C. sativus AGGAGGCCTTGATTAGGGGT 20
ALD1_for C. sativus CCAAATTCGCTGGCTTCACC 20 59 168
ALD1=rev C. sativus TGGAAAGGCAAGCAAGACCA 20

5.13. Cloning of NPR1

Cloning of NPR1 (AT1G64280, NCBI nucleotide database entry NM_105102.3) into the
PET52b(+) plasmid (Novagen, Madison, Wisconsin, USA) was performed with the In-fusion HD
cloning Kit (Takara, Kusatsu, Japan) according to manufacturer’s instructions. For in-frame
cloning the Xmal and Sacl restriction sites of the plasmid were chosen for introduction of the
A. thaliana NPR1 gene. The 50 ul digestion reaction consisted of 1 ug plasmid DNA, 5 ul 10X
rCutSmart Buffer (New England Biolabs, Massachusetts, USA), 10 units or 1 pl Xmal (New
England Biolabs, Massachusetts, USA), 20 units or 1 pl Sacl (New England Biolabs,
Massachusetts, USA) and nuclease free water. The digestion was performed at 37°C for 30
min and the restriction enzyme were afterwards heat inactivated at 65°C for 29 min. The
digestion was visually verified on a 1% agarose gel. The calculated size for the double digested
plasmid is 5197 bp and 5227 bp for the single digested plasmid, which was visually verified by
the gel. The Xmal+Sacl digested plasmid was purified from the gel using QlAquick Gel

Extraction Kit (Qiagen, Hilden, Gemany).

To amplify the A. thaliana NPR1 gene, five-week-old A. thaliana plants were infected with Psm
ODeoo = 0.001 as described before. Leaf samples were harvested 2 dpi, shock frozen in liquid
nitrogen and stored at -80°C. RNA extractions and cDNA synthesis was performed as
described. The NPR1 Primers were designed using the provided Takara online primer design
tool (https://www.takarabio.com/learning-centers/cloning/primer-design-and-other-tools,

Table 4).
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Table 4: Primer sequences used for NPR1 cloning. Primer design was performed with the Takara online primer
design tool. PCR cycles were repeated 35 times.

Annealing
Length
Primer name Primer sequence (5°- 3") [bp] Temperature
bp
[°cl
nprl_F1_Inf CGTGGCACCAGAGCGAGCTCATGGACACCACCATTGATGGATTCG 45 64
nprl_R1_Inf CTTTCAGGGACCCGGGTCACCGACGACGATGAGAGAG 37 64

The PCR was performed using Phusion polymerase as described above. The NPR1 PCR
fragments with a predicted length of 1812 bp (15 bp for each overhang created by the primers
and 1782 bp for NPR1) were purified from a 1% agarose gel using the QlAquick Fel Extraction
Kit (Qiagen, Hilden, Gemany).

Ligation using the In-fusion HD Cloning Kit

The ligation was performed using the In-fusion HD cloning Kit (Takara, Kusatsu, Japan)
according to the manufacturer’s instructions. To ligate the purified NPR1 PCR product and the
linearized pET52b(+) plasmid the In-fusion cloning procedure was performed as
recommended in a 2:1 ratio using 100 ng of purified PCR product and 50 ng of linearized
PET52b(+) plasmid. The purified PCR product and linearized plasmid were combined with 2 ul
of the provided 5x In Fusion HD Enzyme Premix and the reaction volume was filled up to 10 pl
with deionized water. A positive control with a in the kit provided control insert and control
plasmid and negative control was performed without an insert but with the linearized
pPET52b(+) plasmid. All reactions were incubated at 50°C for 15 min. The resulting ligated

plasmids were stored on ice and transformed immediately.
Transformation

The ligated plasmids were transformed into competent E. coli Stellar cells (Takara). The cells
were removed from the -80°C freezer and thawed on ice for 5-10 min before use. In fresh
sterile tubes 50 ul of the thawed cells and 2.5 ul of the ligation mix was combined, mixed by
flicking and incubated on ice for 30 min. Subsequently the cells were exposed to a heat shock
at 42°C for exactly 45 sec and placed on ice for 1-2 min. SOB-Medium (Takara, Kusatsu, Japan)
was prewarmed at 37°C and 450 ul were added to each reaction. Afterwards the
transformation reactions were incubated at 37°C while shaking at 200 rpm for 1 h and plated

on LB plates containing chloramphenicol (35 pg/ml) to select for the pET52b(+) plasmid and
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ampicillin (50 pg/ml) to select for the competent Stellar cells. The control reactions were
plated on LB containing only ampicillin since the control plasmid carries an ampicillin
resistance. The plates were incubated at 37°C overnight and colonies were visible on the
NPR1-pET52b(+) transformant and the positive control, while no colonies were observed on

the negative control plates.

Colonies of were picked and grown in LB (35 pg/ml chloramphenicol, 50 pg/ml ampicillin)
overnight while shaking (240 rpm). On the next day the plasmids were purified using the
PureYield™ Plasmid Miniprep System (Promega, Wisconsin, USA) and concentration were
measured using a Nanodrop 2000 (Thermo Scientific, Massachusetts, USA). To determine the
presence of an insert PCRs using T7 primers were performed (Figure 6) using the Phusion

polymerase as described.

Afterwards a 1 % agarose gel was prepared to evaluate the PCR results. Bands of the size of
NPR1 (1782 bp) were purified from the gel, the concentration was determined using a
Nanodrop 2000 (Thermo Scientific, Massachusetts, USA) and the PCR products were sent for
sequencing at Eurofins Genomics (Ebersberg, Germany). Alignments of the sequencing results

with the NPR1 Sequence identified plasmids with the desired inserted sequence.

5.14. Mutagenesis of NPR1

To generate a point mutation in the cloned NPR1 sequence at the residue 432 which results
in an amino acid change of arginine to glutamine and thereby disrupts SA binding of NPR1
(Ding et al. 2018) the Q5 site directed mutagenesis kit (New England Biolabs, Massachusetts,
USA) was used with minor adjustments to the manufacturer’s instructions. The initial PCR
reaction was performed as recommended. Back-to-back primers carrying the desired point

mutation were designed using the NEBaseChanger (nebasechanger.neb.com) tool (Table 5).

Table 5: Primer Sequences for the mutagenesis of the residue 432 of the A. thaliana NPR1 sequence from
arginine to glutamine. Primer designed was performed using the NEBaseChanger (nebasechanger.neb.com) tool.

Annealing
Length
Primer name Primer sequence (5'-3') [bp] Temperature
bp
[°cl
NPR1R432Q F TCTTGAAAATCAGGTTGCACTTGCTCAACG 30 62
NPR1R432Q R TCGAGCAGCGTCATCTTC 18 62
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The 25 pl PCR reaction consisted of 12.5 ul Q5 Hot Start High-Fidelity 2X Master Mix, 1.25 ul
10 uM forward primer, 1.25 pl 10 uM reverse primer, 10 ngin 1 pl template plasmid DNA, and
nuclease-free water. For amplification the initial denaturation was achieved at 98°C for 30 sec,
following PCR cycles were repeated 25 times and had a denaturation at 98°C for 10 sec, an
annealing temperature of 62°C for 30 sec, and an extension at 72°C for 30 sec for each
amplified kb. The final extension was performed at 72°C for 2 min. The resulting PCR products
is the linearized plasmid carrying the desired NPR1%%322 point mutation which was stored at 4°C

until further use.

To result a circular plasmid and to eliminate the wildtype NPR1 plasmid a KLD (Kinase, Ligase,
Dpnl) treatment of the PCR product was performed. The 10 ul reactions consisted of 1 ul PCR
product, 5 pl 2 x KLD Reaction Buffer, 1 pl 10 x KLD Enzyme Mix and nuclease-free water. To
phosphorylate the linearized point mutation carrying plasmid, ligate it and remove the
wildtype NPR1 plasmid the reactions were incubated at room temperature for 5 minutes and
then directly transformed into competent E. coli Stellar cells as described before. The NPR17432Q

point mutation in the NPR1 Sequence was verified via sequencing.

5.15. Verification of correct cloning

To verify correct cloning of the A. thaliana NPR1 sequence in the pET52b(+) plasmid, 50 pl
Phusion PCRs were performed as described with primers for the T7 promotor and terminator
of the plasmid (Figure 35, Table 6). For documentation and to assure the amplified fragments
are of the expected size of 2047 bp, 5 pl of the PCR products were evaluated on a 1% agarose
gel. The other 45 pl were evaluated on another 1% agarose gel and the bands of 2047 bp size

were cut out of the gel on a light table using as little UV-light as possible to avoid DNA damage.

Table 6: Primer sequences of primers used for A. thaliana NPR1 (wildtype and mutant) sequencing.

Annealing
Length
Primer name Primer sequence (5'-3') Temperature
[bp]

[°cl
T7term CTAGTTATTGCTCAGCGGT 19 58
T7-pET-mod CCCGCGAAATTAATACGACTCAC 23 58
NPR1_Seq_FW-718 TCATTGCCGGAAGAGCTTGT 20 58
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The gel slices were weighted, and the DNA was extracted from the gel using the QlAquick Gel
Extraction Kit (Qiagen, Hilden, Gemany). DNA concentrations were determined with a
Nanodrop 2000 (Thermo Scientific, Massachusetts, USA). For sequencing 15 ul (10 ng/ul)
aliquots were prepared for each sample and 2 pl of a 10 uM primer was added. The primers
for the T7 promotor and terminator were used for sequencing as well as third primer which
started sequencing the middle of the NPR1 (Table 6). The performed NPR1f32Q¢ Mutagenesis

was verified in the same manner.

5.16. Expression and purification of Strep tagged NPR1 protein

To induce protein expression, a starter culture of a single positive Lemo21 clone was grown
overnight at 37°C while shaking in 3 ml LB medium (chloramphenicol (35 pg/ml), ampicillin
(50 pg/ml)). Of the grown culture 1 ml was added to 400 ml fresh LB medium containing 1 %
Ethanol, chloramphenicol (35 pg/ml) and ampicillin (50 pg/ml) in 2 | Erlenmeyer flask. The
culture was grown until ODggo = 0.5 at 37°C while shaking at 240 rpm when the culture was
stored on ice to induce protein expression by adding 400 uM
Isopropyl-B-D-thiogalactopyranosid (IPTG). As a control, a second culture was not treated with
IPTG and was further treated as described for the IPTG induced culture. Proteins were
expressed overnight at 16°C while shaking at 240 rpm. The bacterial pellets were collected by
centrifuging the culture at 3 220 g for 15 min at 4°C in a swing bucket centrifuge (Eppendorf
5810R). The resulting pellet was resuspended in 8 ml Lysis Buffer and sonicated (Digital
Sonifier W-250 D, Branson Ultrasonic Corporation) for 2 min (10% amplitude 20 sec impulse,
20 sec pause) to lyse the E. coli cells. The cell lysate was then centrifuged at 25 000 g for 30
min. At this point aliquots of the IPTG induced an uninduced lysate were taken for a SDS gel
and the uninduced lysate was not used in the further described purification process. For biotin
blocking 1 U Avidin / pg estimated biotin in the lysate (E. coli = 1.75 pg / [I/OD]) was added
and the lysate was centrifuged at 25 000 g for 30 min again. Afterwards the soluble proteinin
the supernatant was filtered through a low protein binding 0.22 um nylon filter and then
purified using a 1 ml Strep-Tactin™XT Superflow™ High Capacity Cartridge (IBA Lifesciences,
Gottingen, Germany) connected to a Biorad NGC system (Bio-Rad Laboratories, Hercules,
California, USA). The cartridge was connected with the chromatography workstation and
washed with 5 column volumes (CV) wash buffer (W: 100 mM Tris/HCI pH 8.0, 150 mM Nacl,
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1 mM EDTA) with a flowrate of 1 ml/min. The cell lysate was applied to the column afterwards
with a flow rate of 0.5 ml/min and the flowthrough was collected for SDS-PAGE analysis. The
Strep-tactin column with bound recombinant protein was washed with 5 CV wash buffer until
Azg0 was stable 2nd all fractions were collected for SDS-PAGE analysis as well. To elute the
protein from the column a gradient of 2 CV elution buffer (EB: 100 mM Tris/HCI, pH 8.0, 150
mM NaCl, 1 mM EDTA, 2.5 mM biotin) from 0 - 100% was applied prior to 5 CV EB and elution
fractions were collected for SDS-PAGE analysis. Aliquots of all collected fractions in the
purification process were mixed with 5 x SDS-PAGE loading buffer (250 mM Tris, pH 7, 0.5 %
(w/v) Bromphenolblue, 10 % (w/v) SDS, 50 % (v/v) glycerin, 25 % (v/v) R-Mercaptoethanol)
and incubated at 95°C for 5 min immediately to break all the disulfide bonds and denature the
protein. Samples were stored on ice or were stored at -80°C until they were loaded on the

SGS-PAGE gel.

The elution fractions containing the protein (fraction 1-3) were combined and centrifuged in
a 5 ml 30 kDA cut-off concentrator (Vivaspin 6, Sartorius Stedim Lab Ltd, Stonehouse, United
Kingdom) according to the manufacturer’s instructions at 4000 g at 4°C until the volume of
the protein solution was reduced to 0.5 ml. The protein solution was transferred to a
0.5 ml 30 kDA cut-off Millipore’s Amicon® Ultra-0.5 centrifugal filter (Merck Millipore,
Burlington, Massachusetts, USA) and centrifuged at 14 000 g at 4°C until the volume was
reduced to 100 pl. For buffer exchange 400 ul 1 x PBS buffer pH = 7.4 was added to the 0.5 ml
concentrator which was subsequently centrifuged at 14 000 g at 4 °C until the volume was
reduced to approximately 100 ul. To the 0.5 ml concentrator 400 pl 1 x PBS buffer are added
again and the procedure is repeated 5 times to assure a sufficient buffer exchange. An aliquot
of the concentrated and rebuffered elution fractions was mixed with 5 x SDS-PAGE loading

buffer and incubated at 95°C for 5 min.

The total protein concentration of the concentrated and rebuffered elution fractions was
determined with a Bradford assay. Therefore, 10 ul of protein sample was diluted with 200 pl
Bradford Reagent (Sigma-Aldrich, Missouri, USA) and absorptions were measured with a
Tecan infinite m200 pro (Tecan Group, Mannedorf, Switzerland) at 595 nm. To verify the NPR1
expression, an SDS-polyacrylamide gel was prepared consisting of a 5 % stacking gel
(5 % polyacrylamide [v/v], 0.5 M Tris pH = 6.8, 0.4 % SDS [w/v], 0.1 % ammonium persulfate
(APS) [w/v], 1 pl ml?! Tetramethylethylendiamin (TEMED)) and a 12 % separating gel
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(12 % polyacrylamide [v/v], 1.5 M Tris pH = 8.8, 0.4 % SDS [w/v], 0.1 % APS [w/v], 1 pl mlI?
TEMED). Protein samples (5 ul) were loaded onto the SDS-PAGE and run in a gel chamber for
30 min at 90 V and 1 h for 150 V in SDS running buffer (0.025 M Tris pH = 8.8, 0.193 M glycine,
0.1 % SDS [w/v]). SDS-PAGE were finally washed with water for three times and afterwards
stained with coomassie blue for at least 30 min while shaking using Fastgene Q stain buffer

(Nippon Genetics Europe GmbH, Diiren, Germany).
Western Blot

To visualize the tagged proteins and their potential degradation products on the SDS-PAGE,
western blots were performed with an antibody for the NPR1 protein and a Strep-Tactin horse
radish peroxidase conjugate which binds the C-terminal cloned Strep tag. The proteins were
blotted to a Hybond-P 0.45 um PVDF membrane (Amersham Biosciences, Amersham, England)
which was incubated for 10 min in 100 % Ethanol before use. The electrotransfer of the protein
from the SDS gel to the membrane was performed for 1 h at 70 V in transfer buffer (25 mM
Tris, 192 mM Glycerin, 15 % Methanol). Afterwards the membrane showed the transferred
pre-stained ladder and was blocked for 30 min in 5% milk powder in TBST (50 mM Tris-HClI,
150 mM NaCl, 0,05 % Tween20, pH = 7.5). The strep-tactin horse radish peroxidase conjugate
(IBA Lifesciences, Gottingen, Germany) was then applied for 1 h in a 1:1000 dilution in 2.5 %
milk powder in TBST. The incubation with the antibody was followed by four wash streps with
TBST. For direct detection of the NPR1 protein the membrane was incubated with 1 : 1000
diluted rabbit anti - NPR1 antibody (Agrisera, Vannds, Sweden) in 2.5 % milk powder in TBST
for 1 h and then washed four 4 times in TBST. Subsequently the membrane was incubated in
1 : 100 000 diluted Anti-rabbit 1gG Antibody (Peroxidase Antibody produced in goat, Sigma-
Aldrich, Missouri, USA) in 2.5 % milk powder in TBST for 1 h. To remove the antibody the
membrane was washed four times with TBST. Before chemiluminescent detection of the
antibody bound NPR1 protein or Strep-tag the membrane was incubated for 5 min with ECL
Prime Western Blotting Detection Reagent (Amersham Biosciences, Amersham, England) and
the luminescence was measured in a FlourChem Q (Proteinsimple™, Sanlose, CA, USA). The
visible bands were finally analyzed using the Alpha View Software (Proteinsimple™, SanJose,

CA, USA).
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5.17. NPR1 binding assays

The NPR1 protein binds SA which allows the protein to function as co-activator of SA
transmitted signaling and system acquired resistance (Wu et al.2012, Fu and Dong 2013). Since
the NHP and SA molecules share similar hydroxyl and carboxyl group arrangements and NHP
is a central player in SAR as well as SA the NPR1 binding to NHP was investigated. To gain
further insight into the binding of SA to NPR1, the binding of SA to the generated NPR1%*32Q

mutant was tested.

To test the NPR1 binding to SA and NHP, binding reactions were performed in 50 pl 1 x PBS
(pH = 7.4) in 1.5 ml tubes. Each binding reaction contained 50 ug of the purified and PBS
buffered NPR1 protein and 200 uM SA or NHP. For each binding reaction a SA or NHP control
without protein was performed. To compare the SA binding of NPR1 to the SA binding of the
generated NPR1%322 mutant, binding reactions were performed in 50 pl 1 x PBS (pH = 7.4) in
1.5 ml tubes as well. To test unspecific binding of SA to proteins a BSA control was included.
The binding reactions contained 50 ug of the purified and PBS buffered NPR1, NPR1732Q protein
or BSA and 500 uM SA. Additionally, a control reaction with 500 uM SA without protein was

set up.

All binding reactions were carefully spined down with a tabletop mini-centrifuged and
incubated at 4°C for one hour. In the meantime, PD MiniTrap G-25 (GE Healthcare Bio-Sciences
AG, Uppsala, Sweden) were equilibrated with 1 x PBS (pH = 7.4) by washing the columns 5
times with 400 pl 1 x PBS Puffer (pH = 7.4) and intermediate centrifugation steps for 1 min at
800 g (4°C) as recommended. After one hour of incubation the binding reaction and described
controls were applied to the center of the size-exclusion columns (SEC) and the columns were
immediately centrifuged for 2 min at 750 g (4°C). For each NPR1 binding reaction a SA or NHP
control reaction without protein was set up and not applied to a SEC to calculate the
percentage of bound SA to the SA input. The SA or NHP control reaction without protein that
was applied to the column assures the efficiency of the SEC method and verified in every
scenario that applied SA or NHP without a protein remained in the column after

centrifugation.

To quantify the amounts SA and NHP in the binding and control reactions via GC-MS a 50 pl
MeOH/H,0 (80:20, v/v) buffer with 1 ug/ml D9-NHP and 0.5 pg/ul D4-SA was added to each
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sample and all liquids were evaporated in a ScanSpeed vacuum centrifuge (LaboGene ApS,
Denmark). For TMS derivatization 10 pl Pyridine and 10 pl MSTFA/(1%)TCMS were added to
each sample and afterwards the samples were vortexed for at least 30 sec. To collect the
liquids in the tube all samples were centrifuged at max. speed for 30 sec. The samples were
incubated at 70 °C for 30 min and subsequently the tubes were centrifuged at max. speed for
30 sec again. The remaining 12 — 15 pl liquid in tube were transferred to a GC-vail and mixed

with 50 ul N-hexane.

The binding reactions and control scenarios were finally analyzed in a gas chromatograph (GC
7890A; Agilent Technologies), which separated 2 ul samples using a silica capillary column
(Phenomenex ZB-35; 30 m x 0.25mm x 0.25mm) with the before described oven program. For
the detection of NHP and SA ion fragments, the mass spectrometer (5975C mass
spectrometric detector; Agilent Technologies) was set to single ion mode (SIM). Only
fragments ions with the m/z of 172, 181, 267 and 271 were detected. Peaks were quantified
as described before using the MSD ChemStation software version E.02.01.1177 (Agilent
Technologies). For quantification ratios between NHP (m/z 172) and its internal standard D9-
NHP (m/z 181) and SA (m/z 267) and its internal standard D4-SA (m/z 271) were calculated.

Statistical differences were determined with an ANOVA in SPSS.

5.18. Statistical analyses

In this study the number of biological replicates as well as the type of performed statistical
tests are indicated in the respective figure legends. The indicated two-tailed Student’s t-tests
were performed in Microsoft Excel, for pairwise comparisons of two distinct treatments. For
comparisons of multiple groups, ANOVA or Kruskal-Wallis tests were performed using the
SPSS statistical software version 26 (IBMVR Corporation, Armonk, NY USA). Comparisons of
multiple groups in growth assays were executed by an analysis of variance (ANOVA) and a post
hoc Tukey’s HSD test (significance level p < 0.05). The comparison of multiple groups in
metabolite analyses, quantifications of Callose deposition and NPR1 binding assays were
performed with a nonparametric one-way ANOVA according to Kruskal-Wallis with a stepwise
step-down comparison (significance level p < 0.05). The here presented experiments were

repeated at least two times showing reproducible results. Only H. vulgare infections with Mory
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and A. thaliana infections with Sclero were, in cooperation with other research groups, just

performed once.
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Suppl. Figure 1: Visual evaluation of extracted Cucumis sativus RNA quality. RNA was extracted from C.
sativus leaves that were treated with a Psl (P) solution or MgCl2 (M) as control and were sampled 1 dpi,
3 dpi and 5 dpi. RNA was extracted using RNAmagic according to the manufacturer's instructions, RNA
samples were mixed with loading buffer in a 1:1 ratio and incubated at 65°C for 5 min. All RNA samples
were stored on ice for 5 min before they were loaded on a 1.5% agarose gel. The loading buffer without
RNA served as negative control. The Quick-Load® Purple 1kb Plus DNA Ladder (New England Biolabs)
was applied as size marker. Bands were visualized under UV-light.
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Suppl. Figure 2: Visual evaluation of Cucumis sativus ACTIN, FMO1 and ALD1 PCR products of Ps/ (P) infected
and MgCl; (M) treatments. Sampling was performed 1 dpi, 3 dpi and 5 dpi, RNA was extracted, and cDNA
syntheses were performed. (A) To ensure transcription, C. sativus ACT PCRs were performed. Additionally, PCRs
for the C. sativus (B) FMO1 and (C) ALD1 genes were performed for semi-quantitative expression analyses. For
each primer pair a negative control (K) was performed using water instead of cDNA as a template. All PCR
products were evaluated on 2% agarose gels and visualized via UV-light. The Quick-Load® Purple 1kb Plus DNA
Ladder (New England BiolLabs) was used as size marker.
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Suppl. Figure 3: Successful establishment of a Magnaporthe grisea (Mgri) infection in Brachypodium distachyon.
Three-week-old B. distachyon plants were sprayed with a Mgri solution (50 spores/ul) or H,0 as a control
treatment. (A) The B. distachyon resistance against Mgri was assessed in leaves 2, 3,4 and 6 dpi. Therefore, the
leaves were destained from chlorophyl, pictures were taken, and the necrotic area was determined per leaf surface
in %. For each investigated sampling timepoint and treatment five individual replicates were used. Mean values +
standard deviations are represented by bars. Letters above bars indicate the statistical differences investigated
with an ANOVA in SPSS. (B) Pictures of the Mgri inoculated and control leaves of B. distachyon plants were
additionally taken before the destaining processes to investigate the disease progression macroscopically. No
necrotic lesions were observed on H0 treated plants, but B. distachyon plants that were sprayed with Mgri spores
developed brownish lesions with dark edges starting 3 dpi which spread until 6 dpi and in even later infection
stages covered the hole leaf (C-F) After the Mgri infected and H20 control leaves were destained and pictures were
taken, leaves were stained with trypan blue to visualize Mgri infection structures microscopically in B. distachyon
leaves (scale bar = 0.02mm). (C) In Mgriinoculated, trypan blue stained leaves that were sampled 2 dpi no disease
symptoms were detected but the microscopic visualization of Mgri infection structures revealed that Mgri conidia
(black arrows) covered the surface of the leaves. (D) In the Mgri sprayed leaves bulbous hyphae (white arrows)
emerging from conidia (black arrows) were first observed 3 dpi. (E) Filamentous Mgri hyphae (red arrow) growing
through cell walls were first observed 4 dpi. (F) Fully developed conidiophores were first observed in Mgri treated
B. distachyon leaves 6 dpi, indicating Mgri has fulfilled its lifecycle in B. distachyon.
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Suppl. Figure 4: Verification of a successful Colletotrichum higginsianum (Chig) infection in
Arabidopsis thaliana. Micro- and macroscopic time-course analyses of the Chig infection in A.
thaliana. 4,5-week-old plants were droplet infected with a Chig spore solution (500 conidia/ul) or
H20 as a control. (A) 2 dpi, 4 dpi and 6 dpi pictures of inoculated leaves were taken before and
after sampling. (B) To determine the necrotic area of the leaves pictures of planar leaves which
were taken after sampling were used. In Chig infected leaves the necrotic area increases while no
necrosis was detected on control leaves at the same sampling time point indicating a successful
Chig infection in the investigated A. thaliana leaves. (A) Harvested leaves were stained with trypan
blue to visualize Chig infection structures in A. thaliana leaves (scale = 20 um). At 2 dpi Chig
conidia (black arrows) were observed on the leaves surface, 4 dpi biotrophic hyphae (red arrow)
start to grow in the cell underneath a conidium (black arrow) and, 6 dpi necrotrophic hyphae (red
arrows) start to grow intra- and intercellularly underneath a conidium (black arrow).
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Suppl. Figure 5: Verification of a successful Botrytis cinerea (Bcin) infection in Arabidopsis thaliana.
Micro- and macroscopic time-course analyses of the Bcin infection in A. thaliana. 4,5-week-old plants
were droplet infected with a Bcin spore solution (50 conidia/ul) or Mathur’s medium as a control. (A)
Pictures of inoculated leaves were taken 1 dpi, 3 dpi and 5 dpi before and after sampling. (B) Pictures
of planar leaves after sampling were used to determine the necrotic area of the leaves. In Bcin
infected leaves the necrotic area is increasing while no necrosis was observed on control leaves at
the same sampling time point indicating a successful Bcin infection in the investigated A. thaliana
leaves. (A) Afterwards leaves were stained with trypan blue to visualize Bcin infection structures in
A. thaliana leaves. At 1 dpi (scale = 50 um) spores (arrows) were observed on the leaves surface, 3
dpi (scale = 100 um) inter- and intracellular hyphae growth was visible (arrows) and, 5 dpi (scale =
100 um) conidiophores carrying conidia (arrow) were spotted. Since no ascospores or sclerotia were
identified in trypan blue stained leaves these results indicate that Bcin has full filled its asexual
lifecycle in A. thaliana leaves within the observed 5 dpi.
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Suppl. Figure 6: The chemical induction of callose deposition in A. thaliana. 4,5-week-old plants
watered with H20 as control treatment, a 1 mM NHP solution or a 100 uM Flagellin 22 (FIg22) solution.
Samples were taken 2 dpi (n = 3), stained with aniline blue and callose deposits were visualized via
fluorescence microscopy and pictures were taken with Zen Software. Using Image), fluorescent areas
were quantified per mm? and statistical differences between the treatments were calculated with the
Kruskal-Wallis Test in SPSS.
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Suppl. Figure 8: Generation of an Arabidopsis thaliana DNA template for the NPR1 cloning procedure. 5-
week-old A. thaliana plants were treated with Pseudomonas syringae pv. maculicola (Psm) bacteria or
MgCl, as a control treatment and samples were taken 2 dpi (A) RNA was extracted, extracts were mixed

with loading buffer and the RNA quality was evaluated on a 1.5% agarose gel. The loading buffer without
RNA served as negative control. The Quick-Load® Purple 1kb Plus DNA Ladder (New England BiolLabs) was
applied as size marker. (B) cDNA syntheses were performed and to ensure transcription PTB PCRs were
performed. The amplified PCR products were evaluated on a 1 % agarose gel. In the negative control water
was used as a template instead of cDNA. Bands were visualized under UV-light.
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Suppl. Figure 9: The pET52b(+) vector structure. With a Xma | and Sac |
digestion the vector was linearized for cloning. With primers for the T7
promotor sequence, positive clones were sequenced to ensure accurate
cloning of the A. thaliana NPR1 sequence in frame.

A
NPR1 SA
66031 | i
Mclecular welght g/mo Molecular weight 138,12 g/mol
66.031kDA 100 nM solution 0.1 pmol/ul
pmol/ug 15.14pmol 200 nM in 50 pl 10 pmol
pmol/50 ug 757.22jpmol 500 nM in 50 pl 25 pmol
pmol/15 ug 252.41pmol
B
; : NPR1 bound SA | NPR1bound SA |NPR1 protein able
NPR1 input [pmol]| SAinput [pmol] %] [pmol] to bind SA [%]
Experiment 1
: 252.41 10 31.01 3:1 1.23%
(Figure 37)
Experiment 2
- 252.41 25 37.8 9.5 3.76%
(Figure 38)

Suppl. Figure 10: Calculation of the molar 1:1 binding ratio of NPR1 and SA. (A) To calculate the binding
ratio of NPR1 and SA in this study the input of NPR1 and SA in SEC binding assays was calculated in
pmol. To correct the input amount of NPR1 protein, the proportion of full-length protein in 50 pg
purified NPR1 protein was measured visually on western blots. The relative abundance of the bands
showed that one-third and thereby approximately 15 pg of 50 ug NPR1 protein input represent the full-
length protein (for example Figure 36.B, Anti-HRP western blot). (B) Assuming, that only the full-length
protein has full SA or NHP binding capacity the amount of 15 ug NPR1 protein input was set relative to
the detected NPR1 bound SA. This calculation shows that in independent binding experiments in this
study 1.2% - 3.8% of the E. coli expressed Strep-NPR1 protein bound a SA molecule.
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8. Abbreviations

AA
ABA
ALD1

avir

BA

Bcin

BSMT

CA
cDNA
cfu
Chig
cM
CoA
Col
DHBA
dpi
EDS

EDTA

Arabidopsis

amino acids

abscisic acid

AGD2-LIKE DEFENSE RESPONSE PROTEIN1
avirulence

Brachypodium

benzoic acid

Botrytis cinerea B05.10

base pair

salicylic acid/benzoic acid carboxyl methyltransferase
Cucumis

chorismic acid

complementary DNA

colony forming units

Colletotrichum higginsianum \WWTO063A
chorismate mutase

coenzyme A

Columbia

dihydroxybenzoic acid

day post inoculation

ENHANCED DISEASE SUSCEPTIBILITY

ethylendiaminetetraacetic acid
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EIC

ET

ETI
FMO1
FW
GFP

Glc

Hpa
hpi
HR

IAA

ICA
ICC

ICS1

JA

JA-lle

LRR

m/z

extracted ion chromatogram
ethylene

effector-triggered immunity
FLAVIN-DEPENDENT MONOOXYGENASE 1
fresh weight

green fluorescent protein
glucose

hour

Hordeum

Hyaloperonospora arabidopsidis Noco2
hours post inoculation
hypersensitive response
indole acetic acid, auxin
isochorismic acid
indole-3-carboxylic acid
indole-3-carbaldehyde
ISOCHORISMATE SYNTHASE 1
induced resistance

jasmonic acid
jasmonoyl-isoleucine
leucine-rich repeat

mol*|

mass-to-charge ratio

molecular ion
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MAMP
MAP
MAPK/MPK
MeOH
MeSA
Magri
min
Mory
mRNA
MSTFA
MW

N.

n.d.
NahG
NB
NB-LRR
NDR1
NHP
NLR
NPR1
ON
OPDA
PAL

PAMP

microorganism-associated molecular patterns
mitogen-activated protein

mitogen activated protein kinase

methanol

methyl salicylate

Magnatporthe grisea Guyll

minute

Magnatporthe oryzae TH6772

messenger RNA
N-Methyl-N-(trimethylsilyl)trifluoroacetamide
mass weight

Nicotiana

not detected

salicylate hydroxylase 191 from Pseudomonas putida
nucleotide-binding site domain
nucleotide-binding—leucine rich repeats

NON RACE SPECIFIC DISEASE RESISTANCE 1
N-hydroxypipecolic acid

NB and LRR-containing protein
NON-EXPRESSOR OF PR GENES 1

overnight

cis-12-oxo-phytodienoic acid

phenylalanine ammonia-lyase

pathogen-associated molecular patterns
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PBS3
PCR

Pip

PR

PRR

Ps/

Psm
Psm avir
Psm lux
Pstb

PTI

pv.

qPCR

rmp
ROS
RT

SA
SAG
SAGT
SAR
SARD4
Sclero

SD

AvrPphB SUSEPTIBLE 3

polymerase chain reaction

pipecolic acid

pathogenesis-related

pattern recognition receptors

Pseudomonas syringae pv. lachrymans
Pseudomonas syringae pv. maculicola ES4326
Pseudomonas syringae pv. maculicola ES4326 avrRpm1
Pseudomonas syringae pv. maculicola luxCDABE
Pseudomonas syringae pv. tabaci DSM 1856
PAMP-triggered immunity

pathovar

quantitative PCR

resistance

rounds per minute

reactive oxygen species

retention time

salicylic acid

salicylic acid 2-O-R-D-glucoside

salicylic acid glucosyltransferases

systemic acquired resistance

SAR-DEFICIENT 4

Sclerotinia sclerotiorum

standard deviation
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SGE
SID
T3SS
TAE
tCA
tDNA
TIC
TMCS
TMS
T™MV
UGT
v/v
w/v
Xtra

YFP

salicyloyl glucose ester

salicylic acid induction deficient
bacterial Type-Ill secretion system
tris-acetate-ethylenediamine tetraacetic acid
trans-cinnamic acid

transposable DNA

total ion chromatogram

trimethylsilyl chloride
trimethylsilylation

tobacco mosaic virus

UDP-dependent glycosyltransferases
volume per volume

weight per volume

Xanthomonas translucens DSM 18974

yellow fluorescent protein
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