
 

 

On the role of amino acids in plant disease 
resistance:  

Interplay between pipecolic acid and salicylic 
acid in plant systemic acquired resistance 

 

 

 

Inaugural-Dissertation  

 

Zur Erlangung des Doktorgrades der 

Mathematisch-Naturwissenschaftlichen Fakultät  

der Heinrich-Heine-Universität Düsseldorf 

 

 

 

vorgelegt von 

Friederike Elisabeth Maria Bernsdorff 

aus Eutin 

 

 

Düsseldorf, Oktober 2014 

  



2 
 

Aus dem Institut für Molekulare Ökophysiologie der Pflanzen  

der Heinrich-Heine Universität Düsseldorf 

 

 

 

 

 

 

 

 

 

 

 

 

Gedruckt mit der Genehmigung der  

Mathematisch-Naturwissenschaftlichen Fakultät  

der Heinrich-Heine Universität Düsseldorf 

 

 

 

 

 

Referent: Prof. Dr. Jürgen Zeier  

Koreferent: Prof. Dr. Michael Feldbrügge 

 

 

 

Tag der mündlichen Prüfung: .............................................................................................. 

  



3 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



4 
 

I. Summary ........................................................................................................................ 7 

I. Zusammenfassung ........................................................................................................ 9 

II. Introduction .................................................................................................................. 11 

II.1. General plant immunity ..............................................................................................11 

II.1.1. PAMP-triggered immunity ....................................................................................11 

II.1.2. Effector triggered immunity ..................................................................................12 

II.2. Plant defense hormones ............................................................................................14 

II.2.1. Salicylic acid (SA) ................................................................................................14 

II.2.2. Jasmonate (JA) ...................................................................................................21 

II.2.3. JA–SA cross talk .................................................................................................22 

II.2.4. Ethylene ..............................................................................................................23 

II.3. Systemic acquired resistance (SAR) ..........................................................................24 

II.3.1. SA and systemic acquired resistance ..................................................................24 

II.3.2. The elusive SAR signals ......................................................................................25 

II.3.3. Flavin-dependent monooxygenase1 (FMO1) .......................................................30 

II.3.4. Long lasting immunity - resistance priming ..........................................................32 

II.4. Role of amino acids in plant disease resistance .........................................................34 

II.4.1. Aspartate derived amino acids .............................................................................34 

II.4.2. Pipecolic acid (Pip) ..............................................................................................40 

II.4.3. Aromatic amino acids ..........................................................................................46 

II.4.5. Branched-chain amino acids................................................................................49 

II.4.5. Proline and other amino acids .............................................................................51 

II.5. The pathosystem Arabidopsis thaliana and Pseudomonas syringae ..........................54 

III. Aim of thesis ................................................................................................................ 55 

IV. Results ......................................................................................................................... 56 

IV.1. Differential regulation of amino acid synthesis during defense in Arabidopsis ...........56 

IV.1.1. Activation of specific amino acid biosynthetic pathways and Pip accumulation 
occur in response to bacterial infection and PAMP perception ......................................56 

IV.1.2. Amino acid metabolism in response to Psm is regulated by PAD4 .....................59 

IV.1.3. Differential regulation of amino acids accumulation during defense....................64 

IV.2. Pip regulates SAR via SA-dependent and -independent pathways ...........................69 

IV.2.1. Introduction ........................................................................................................69 

IV.2.2. Exogenous Pip regulates several forms of induced resistance in plants .............70 

IV.2.3. Exogenous SA can induce resistance independently of the Pip biosynthesis 
pathway .........................................................................................................................72 

IV.2.4. Characterization of the double mutant sid2-1 ald1 ..............................................73 

IV.2.5. SA and Pip provide additive contributions to basal resistance ............................81 



5 
 

IV.2.6. Pip confers SAR independently and in concert with SA ......................................82 

IV.2.7. Identification of the SAR transcriptome reveals mechanisms and defense 
strategies of Arabidopsis thaliana and the role of SA and Pip during SAR .....................83 

IV.2.8. Biological priming of camalexin accumulation depends on SA and Pip ..............94 

IV.2.9. Exogenous Pip restores priming of camalexin production and defense gene 
expression in Pip and SA deficient mutants ...................................................................99 

IV.2.10. Combined treatment of exogenous SA and Pip primes defense gene expression
 .................................................................................................................................... 103 

IV.3. Further characterization of the Pip-biosynthesis and -signaling pathway and amino 

acid homeostasis during defense in Arabidopsis thaliana ............................................... 105 

IV.3.1. Subcellular localization of ALD1 and FMO1 ..................................................... 105 

IV.3.2. Alterations in amino acid homeostasis during plant pathogen resistance ......... 114 

IV.3.3. Identification of candidate genes putatively involved in pathogen induced Pip- 
and Aad-metabolism ................................................................................................... 120 

IV.3.4. Biochemical characterization of ALD1 and FMO1 ............................................ 124 

V. Discussion ................................................................................................................. 129 

VI. Material and methods ............................................................................................... 148 

VI.1. Plant material.......................................................................................................... 148 

VI.1.1. Crossing of sid2-1 and ald1 to generate a double mutant ................................. 148 

VI.2. Cultivation of Pseudomonas syringae ..................................................................... 149 

VI.2.1. Pseudomonas syringae resistance assay and inoculation procedures ............. 149 

VI.3. Exogenous chemical treatment ............................................................................... 150 

VI.3.1. Pipecolic acid ................................................................................................... 150 

VI.3.2. Salicylic acid .................................................................................................... 150 

VI.3.3. Flagellin epitope flg22 ...................................................................................... 150 

VI.4. DNA extraction ....................................................................................................... 150 

VI.4.1. Characterization of T-DNA mutants .................................................................. 150 

VI.5. RNA extraction and cDNA synthesis ....................................................................... 151 

VI.5.1. Quantitative realtime PCR ................................................................................ 151 

VI.6. Gas chromatographic determination of defense metabolites ................................... 152 

VI.7. Gas chromatographic determination of amino acids ............................................... 153 

VI.8. Subcellular localization of ALD1 and FMO1 ............................................................ 153 

VI.8.1. Gene cloning and transient expression in Nicotiana tobacco ............................ 155 

VI.9. Isolation of the native promoter of ALD1 ................................................................. 158 

VI.10. Generating an SOX/PIPOX overexpression line ................................................... 159 

VI.11. Floral dip - stable transformation of Arabidopsis thaliana ...................................... 159 

VI.12. Cell free expression system (5 prime) ................................................................... 160 



6 
 

VI.13. RNA-seq: RNA extraction, library construction and sequencing ............................ 161 

VI.14. Gas exchange measurements .............................................................................. 162 

VI.15. Chloroplast uptake assay...................................................................................... 162 

VI.15.1. Cloning of ALD1 ............................................................................................. 162 

VI.15.2. In vitro translation of precursor protein ........................................................... 164 

VI.15.3. Isolation of pea chloroplasts ........................................................................... 164 

VI.15.4. Import assays ................................................................................................. 164 

VI.16. Reproducibility of experiments and statistical analyses ......................................... 165 

VII. References ................................................................................................................. 166 

VIII. Abbreviations ............................................................................................................ 189 

IX. Addendum ................................................................................................................. 193 

X. Curriculum vitae ........................................................................................................ 196 

XI. Acknowledgement ..................................................................................................... 200 

XII. Erklärung ................................................................................................................... 201 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



7 
 

I.  SUMMARY 
 

Recognition of microbes by plants leads to both local and systemic immune 

responses. Systemic acquired resistance (SAR) is a long-lasting, broad-spectrum disease 

resistance that occurs in uninfected parts of the plant. The establishment of SAR requires the 

accumulation of the phenolic compound salicylic acid (SA) in distal leaves, but SA itself is not 

the mobile signal. A number of potential SAR signals have recently been proposed in the last 

decade, such as methyl salicylate (MeSA), dehydroabietenal (DA), glycerol-3-phosphate 

(G3P), azelaic acid (AzA) and the lipid transfer protein DEFECTIVE IN INDUCED 

RESISTANCE 1 (DIR1), but the true identity of the mobile signal is still controversial. Our 

laboratory has recently identified the lysine (Lys)-derived non-proteinogenous amino acid 

pipecolic acid (Pip) as a novel important regulator of local and systemic acquired resistance, 

as well as defense priming, in Arabidopsis thaliana. In addition to Pip, massive changes in 

free amino acid levels were also observed upon pathogen recognition, revealing an 

unexpected role for these molecules in plant immunity.  

In this thesis, we investigated the role of free amino acids during plant defense, the 

mechanisms underlying Pip-induced resistance, and the relationship between Pip and SA 

during SAR and defense priming in Arabidopsis thaliana. We observed that the profile of 

amino acids changes was similar when plants were treated with virulent or avirulent strains of 

the bacterium Pseudomonas syringae pv. maculicola, or upon treatment with the bacterial 

pathogen-associated molecular pattern (PAMP) flg22. To test whether pathogen-induced 

free amino acid changes depend on immune hormone signaling pathways, we measured 

free amino acid levels in mutants affected in SA, jasmonic acid or ethylene biosynthesis 

and/or signaling. Interestingly, the lipase-like PHYTOALEXIN-DEFICIENT4 (PAD4) 

differentially regulated changes of distinct amino acids, revealing an unexpected uncoupling 

of amino acid induced biosynthesis during defense.  

To uncover the relationship between Pip and SA, we monitored amino acid levels and 

gene expression changes in distal leaves of the SA-deficient mutant sid2-1 during SAR. 

Surprisingly, we observed that it still exhibited a systemic increase in Pip levels, an increased 

expression of the genes encoding AGD2-LIKE DEFENSE RESPONSE PROTEIN1 (ALD1; 

as an important Pip biosynthetic enzyme) and FLAVIN-DEPENDENT MONOOXYGENASE1 

(FMO1; as a critical regulator of Pip-mediated resistance), and resistance induced by 

exogenous Pip treatment, albeit to lower levels than in wild-type distal leaves. Furthermore, 

we found that Pip and SA contributed additively to basal resistance, and that SA-deficient 

mutants exhibited a modest, but significant SAR response, which was otherwise absent in 

Pip-deficient mutants. Together, these results indicate an SA-independent role of Pip during 
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SAR. To further study this novel SA-independent regulatory node of SAR, we analyzed 

transcriptional changes during SAR in wild-type, SA- and Pip-deficient plants. We observed a 

transcriptional reprogramming in distal leaves and found that SAR as a state with activated 

defense responses was further associated with decreased photosynthesis rates and anabolic 

metabolism. Interestingly, we identified a subset of SAR genes whose expression was 

partially SA-independent, and strikingly observed that the Pip-deficient mutant ald1 hardly 

mounted any transcriptional reprogramming during SAR, confirming that Pip is an SA-

independent, central regulator of gene expression during SAR.  

We further wanted to characterize the role of Pip in the priming of defense responses 

by SAR. We found that defense priming is orchestrated by Pip and FMO1 in both an SA-

dependent and -independent manner. Combined and single treatments with Pip and SA 

revealed that they employ two distinct pathways that lead to a synergistic effect on the 

priming of PR1 gene expression and disease resistance.  

Lastly, we sought to characterize the close ALD1 homolog, the diaminopimelate-

aminotransferase ABERRANT GROWTH AND CELL DEATH 2 (AGD2) and found that agd2 

accumulates an unknown compound that may partly explain the constitutive disease 

resistance observed in this mutant. To gain further insight in the enzymatic processes of the 

Pip biosynthetic pathway, we selected candidate genes with a potential role upstream and 

downstream of Pip biosynthesis based on expression patterns and homology in other 

organisms. Despite altered Pip levels, mutant lines in these genes did not show impaired 

SAR, suggesting potential functional redundancy and/or the involvement of other enzymes. 

Finally, we examined the sub-cellular localization of ALD1 and FMO1, which are required for 

Pip accumulation and signaling, respectively. We found that ALD1 localizes in the 

chloroplasts and FMO1 in the endoplasmic reticulum, suggesting that Pip biosynthesis and 

signaling act in different organelles. In summary, this thesis revealed Pip as a crucial 

regulator of local and systemic immunity and priming against bacteria, that acts via both SA-

dependent and -independent pathways. 

 

 

 

 

 

 

 



9 
 

I. ZUSAMMENFASSUNG 
 

Die Erkennung von Mikroorganismen hat eine lokale und systemische Immunantwort in 

Pflanzen zur Folge. Systemisch erworbene Resistenz (SAR = Systemic acquired resistance) 

ist eine langfristig Abwehrreaktion, die wirksam gegen einen breiten Kreis von Pathogenen in 

nicht-infizierten Teilen der Pflanze ist. Für die Etablierung von SAR bedarf es der 

Akkumulation des phenolischen Phytohormons Salicylsäure (SA = Salicylic acid) im distalen 

Blatt. SA selbst ist jedoch nicht das mobile SAR-Signal. Eine Reihe anderer potentieller 

Kandidaten, wie etwa Methylsalicylat (MeSA), Dehydroabietinal (DA), Glycerol-3-Phosphat 

(G3P) und das Lipidtransferprotein DEFECTIVE IN INDUCED RESISTANCE 1 (DIR1), 

wurden innerhalb der letzten 10 Jahre diskutiert, die wahre Identität des SAR-Signals konnte 

bis jetzt jedoch nicht geklärt werden. Vor Kurzem wurde in unserer Arbeitsgruppe die von 

Lysin abgeleitete, nicht proteinogene Aminosäure Pipecolinsäure (Pip) als wichtiger 

Regulator von lokaler und systemisch erworbener Resistenz und Abwehrpriming in 

Arabidopsis thaliana identifiziert. Eine massive Änderung freier Aminosäurelevel, inklusive 

Pip, nach Pathogenerkennung, verdeutlicht die unerwartete Rolle von  Aminosäuren in der 

Pflanzenimmunität. 

In dieser Arbeit wird die Rolle freier Aminosäuren während der Pflanzenabwehr, die 

Mechanismen die hinter der Pip-induzierten Resistenz stehen und die Beziehung zwischen 

Pip und SA während SAR und Abwehrpriming in Arabidopsis thaliana untersucht. Wir 

konnten zeigen, dass das Aminosäureprofil nach der Infektion mit virulenten oder avirulenten 

Stämmen des Bakteriums Pseudomonas syringae pv. maculicola, oder nach Behandlung mit 

dem bakteriellen Pathogen-assoziierten molekularen Muster (PAMP = Pathogen associated 

molecular pattern) flg22, sehr ähnlich war. Um zu überprüfen, ob diese durch Pathogene 

induzierten Änderungen der Aminosäuregehalte von hormonellen Signalwegen abhängen, 

haben wir Mutanten, beeinträchtigt in der Biosynthese, oder Signalweitergabe von SA, 

Jasmonsäure und Ethylen, für unsere Analysen verwendet. Interessanterweise regulierte das 

lipase-ähnliche Protein PHYTOALEXIN-DEFICIENT4 (PAD4) die Akkumulation bestimmter 

Aminosäuren und deutete dadurch auf eine unerwartete Entkopplung der 

Aminosäurebiosynthese während der Pflanzenabwehr hin. Um die Beziehung zwischen Pip 

und SA zu entschlüsseln wurden die Aminosäuregehalte und die Expression von 

Abwehrgenen in distalen Blättern der SA-defizienten Mutante sid2-1 während der SAR 

untersucht. Überraschenderweise konnten wir eine systemische Akkumulation von Pip, eine 

Erhöhung der Expression von AGD2-LIKE DEFENSE RESPONSE PROTEIN1 (ALD1; spielt 

eine wichtige Rolle in der Pip-Biosynthese) und FLAVIN-DEPENDENT 

MONOOXYGENASE1 (FMO1; entscheidend für die Regulation von Pip-vermittelter 
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Resistenz), wie auch eine Erhöhung der Resistenz durch externe Pip-Gabe feststellen, wenn 

auch zu einem niedrigeren Niveau als in Blättern des Wildtyps. Weiterhin konnten wir einen 

additiven Beitrag von Pip und SA innerhalb der basalen Resistenz und eine moderate, 

jedoch signifikante SAR-Antwort, die in Pip-defizienten Mutanten fehlte, in sid2-1 feststellen. 

Zusammengefasst deuten diese Ergebnisse darauf hin, dass eine SA-unabhängige Rolle für 

Pip während der SAR existiert. Um diesen neuen Aspekt von SA-unabhängiger SAR näher 

zu untersuchen, analysierten wir die transkriptionellen Änderungen innerhalb des distalen 

Blattes von SA- und Pip-defizienten Mutanten während der SAR. Wir beobachteten eine 

transkriptionelle Re-Programmierung in distalen Blättern und stellten fest, dass SAR, als 

Zustand aktivierter Pathogenabwehr, weiterhin mit einer Reduktion der Photosynthese und 

anabolischen Stoffwechselprozessen assoziiert war. Interessanterweise konnten wir eine 

SA-unabhängige Gruppe von SAR-Genen identifizieren und beachtenswerterweise 

feststellen, dass die Pip-defiziente ald1 Mutante kaum transkriptionelle Veränderungen 

während der SAR aufweist. Diese Ergebnisse bestätigen, dass Pip ein SA-unabhängiger, 

zentraler Regulator der Genexpression während der SAR ist. Weiterhin wollten wir die Rolle 

von Pip im SAR-induzierten Priming von Abwehrreaktionen charakterisieren. Wir konnten 

zeigen, dass Abwehrpriming in SA-abhängiger und -unabhängiger Weise von ALD1 und 

FMO1 reguliert ist. Kombinierte und Einzelbehandlungen von Pip und SA konnten zusätzlich 

zeigen, dass unterschiedliche Signalwege genutzt werden und es einen synergistischen 

Effekt auf PR-1 Expression und Resistenz gibt. Schließlich wollten wir die Rolle des ALD1 

Homologs, der L,L-Diaminopimelate Aminotransferase ABERRANT GROWTH AND CELL 

DEATH 2 (AGD2), charakterisieren.  Wir beobachteten die Akkumulation einer bis dato nicht 

identifizierten Substanz in agd2-1, die helfen könnte den konstitutiven Resistenzphänotyp 

dieser Mutante zu erklären. Um besseren Einblick in die enzymatischen Prozesse des Pip-

Biosyntheseweges zu bekommen, selektierten wir Kandidatengene mit möglicher Funktion 

stromauf- und stromabwärts der Pip-Biosynthese, begründet auf Genexpressionsdaten und 

Homologien in anderen Organismen. Trotz veränderter Pip-Gehalte zeigten diese Mutanten 

keine Verschlechterung in der SAR, was darauf schließen lässt, dass die selektierten 

Kandidaten funktionell redundant und/oder dass noch andere Enzyme in diese Prozesse 

involviert sind. Zuletzt untersuchten wir die subzelluläre Lokalisation von ALD1 und FMO1, 

die jeweils für die Akkumulation von Pip und die Signalweitergabe notwendig sind. Wir 

konnten zeigen, dass ALD1 im Chloroplasten und FMO1 im Endoplasmatischen Retikulum 

lokalisiert ist, was darauf schließen lässt, dass die Pip-Biosynthese und Signalweitergabe in 

unterschiedlichen Organellen stattfindet. 

Zusammenfassend konnte diese Arbeit zeigen, dass Pip ein zentraler Regulator der lokalen 

und systemischen Immunität und Priming gegen Bakterien ist und dass die Pip vermittelte 

Resistenzantwort über SA-abhängige und –unabhängige Signalwege läuft. 
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II.  INTRODUCTION 
 

II.1. GENERAL PLANT IMMUNITY 

II.1.1. PAMP-triggered immunity 

 

Plants develop a defense system that consists of constitutive barriers on the surface of the 

plant like wax layers and rigid cell walls and inducible defenses that render the plant into an 

unsuitable source for proliferation and nutrition of the pathogen (Thordal-Christensen, 2003). 

In order to be ahead and prepared for an early recognition of the pathogen, a multi-layered 

defense system exists, that allows the plant to fight off infection from the very beginning. 

Bacteria and fungi carry specific motifs conserved among species that will be recognized by 

the plants. The so called pathogen or microbe associated molecular patterns 

(PAMPs/MAMPs) are indispensable, highly conserved among entire groups and classes of 

pathogens and not easily modified by mutagenesis to avoid recognition by the host. MAMPs 

are general elicitors of plant defense and include flagellin and polysaccharides from bacteria 

and chitin and ergosterol from fungi or damage associated molecular patterns (DAMPs) that 

are released by the plant upon infection (Boller et al., 1995; Dow et al., 2000; Felix et al., 

1993; Granado et al., 1995, Lotze et al., 2007).  

PAMPs are recognized by the plants through pattern recognition receptors (PRRs) that are 

located in the plasma membrane and trigger PAMP-triggered immunity (PTI). PRRs can be 

divided into two groups, the receptor kinases (RKs) and the receptor like proteins (RLPs) 

(Shiu and Bleecker, 2001). The two receptor classes differ structurally. Whereas RKs consist 

of an extracellular ligand-binding domain, a transmembrane and a cytoplasmic kinase 

signaling domain, the RLPs lack the intracellular signaling domain (Fritz-Laylin et al., 2005). 

Two of the best studied MAMPs are flagellin and the elongation factor Tu (EF-Tu). Flagellin 

is the subunit building filament of the bacterial flagellum. Plants and mammals share similar 

recognition mechanisms, as flagellin is also recognized by the Toll-like receptor TLR5 (Smith 

et al., 2003). The most N-terminal conserved domain of flagellin, the peptide flg22, is 

recognized by the LRR-type receptor kinase FLS2 (flagellin sensing 2) in Arabidopsis (Zipfel 

et al., 2004; Felix et al., 1999; Gómez-Gómez and Boller, 2000). Upon recognition of flg22, 

FLS2 forms a heterodimer complex with BRI1-associated kinase 1 (BAK1; Sun et al., 2013). 

BAK1 is a LRR-RK that also acts as a co-receptor for the brassinolide receptor 

BRASSINOSTEROID-INSENSITIVE 1 (BRI1), a positive mediator of BR-mediated growth 

(Kim and Wang, 2010; Gómez-Gómez and Boller, 2000). The complex formation of FLS2 

and BAK1 triggers downstream signaling via a mitogen-activated protein kinase pathway, 

composed of AtMEKK1, AtMKK4/AtMKK5 and AtMPK3/AtMPK6 followed by initiation of 
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defense responses (Asai et al., 2002). EF-Tu is involved in translation processes in the 

bacteria and like flagellin highly conserved. The active peptide of EF-Tu, elf18 is recognized 

by the LRR-RK EFR (EF-TU RECEPTOR) and, like FLS2, relies on the regulatory LRR-

BAK1 for signaling (Kunze et al., 2004; Monaghan and Zipfel, 2012). The first line of defense 

during PTI upon PAMP recognition consists of altered ion fluxes, production of reactive 

oxygen species (ROS), and activation of mitogen-activated protein kinases (MAPKs) and 

Calcium-dependent protein kinases (CDPKs; Felix et al., 1999; Gómez-Gómez et al., 1999; 

Grant et al., 2000; Asai et al., 2002). MAP kinase signaling cascades induce numerous 

defense-related genes in A. thaliana including transcription factors, protein kinases, and 

phosphatases and proteins that regulate protein turnover (Navarro et al., 2004). 

 

II.1.2. Effector triggered immunity 

 

Innate immunity can be overcome by adapted pathogens that secrete effectors directly inside 

the plant cell cytosol. The so-called effector triggered immunity can overcome the basal 

defense level of the plant and is the next step in the arms race of the plant and the pathogen. 

In response to the delivery of pathogen effectors, the plant develops a more specialized 

second way of recognition and evolves resistance-proteins (R-proteins) that specifically 

recognize the effectors in a direct or indirect manner (Flor, 1956). This gene-for-gene-

resistance is established when an adapted pathogen that is carrying an avirulence (avr) gene 

encounters a host plant that carries the matching resistance gene (R-gene). During this 

incompatible interaction, bacterial growth is suppressed after a short proliferation phase by 

the host, by triggering a sudden cell death called the hypersensitive response (HR). If one of 

the factors is absent, the interaction is compatible and the virulent pathogen is able to infect 

the host plant. Plants and pathogens constantly try to overcome an evolved advantage of the 

counterpart and develop themselves new R-genes and avr-genes, respectively, to suppress 

in an „arms race‟ pathogenicity or ETI (Chrisholm et al., 2006). Gram-negative bacteria have 

evolved an important mechanism to overcome plant resistance called type III protein 

secretion system (T3SS; Büttner and He, 2009). Bacteria are enabled to deliver effector 

proteins through the T3SS directly into the host cell to manipulate cellular functions (Block 

and Alfano, 2011). The structure of an R-gene that will recognize these effector proteins 

consists of a variable N-terminal region, a nucleotide-binding site (NB) and a C-terminal 

LRR-domain. The majority of the NB-LRR receptors can be grouped according to their N-

terminus, which consists either of a ‘toll, interleukin 1R and resistance’- (TIR) or a coiled-coil 

(CC)-domain (Maekawa et al., 2011; Bonardi and Dangl, 2012). Well studied NB-LRR 

protein/avr protein interactions in the Arabidopsis/Pseudomonas syringae pathosystem with 
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a TIR-domain is RPS4/AvrRps4 and with a CC-domain RPM1/AvrRpm1 and AvrB, 

RPS5/AvrPphB, RPS2/AvrRpt2. In an unchallenged state RPM1 and RPS2 interact with 

RIN4 to ensure an inactive state (Axtell and Staskawicz, 2003). As soon as the 

corresponding effectors are recognized by the R-proteins, RIN4 is phosphorylated, mediated 

by a protein kinase, RPM1 becomes activated and downstream signaling is then induced (Liu 

et al., 2011a). TIR-NB-LRRs require lipase-like proteins ENHANCED DISEASE 

SUSCEPTIBILITY1 (EDS1) and its interaction partners PHYTOALEXIN DEFICIENT 4 

(PAD4) and SENESCENCE-ASSOCIATED GENE 101 (SAG101). EDS1 is required to 

regulate RPP2-, RPP4-, RPP5-, RPP21-, and RPS4-mediated resistance to the biotrophic 

oomycete Peronospora parasitica, and to Pseudomonas bacteria expressing the 

avirulence gene avrRps4 (Aarts et al., 1998; Coppinger et al., 2004). In contrast, for the 

activity of CC-NB-LRR protein NON RACE SPECIFIC DISEASE RESISTACE1 (NDR1) is 

needed. NDR1 is a glycosylphosphatidylinositol-anchored plasma membrane protein that is 

interacting with RIN4 and thus required for the function of RPS2, RPS5 and RPM1-mediated 

immunity against P. syringae pv. tomato DC3000 (Coppinger et al., 2004).  

PTI and ETI both activate defense responses in the local leaf. One of the earliest 

defense responses upon infection with virulent and avirulent pathogens is the regulation of 

ion-channel permeability that stimulates ion fluxes (Ca2+ and H+ influx, K+ and Cl– efflux) over 

plasma membranes (Scheel, 1998). Ca2+ channels that are activated by elicitors, will lead to 

a reallocation of extracellular Ca2+ to increase cytosolic Ca2+ levels (Zimmermann et al., 

1997). CALCIUM-DEPENDENT PROTEIN KINASE (CDPK) was identified as one of the 

earliest elicitor-responsive downstream targets of Ca2+ as treatment with AVR9 resulted in 

rapid phosphorylation and activation of this CDPK in a Ca2+ dependent manner (Romeis et 

al., 2000). Ca2+ binds to the calmodulin-like domain of CDPK and causes conformational 

change of the enzyme. This conformational change leads to activation and phosphorylation 

of the enzyme (Romeis et al., 2000).  

Another important component of early pathogen defense and defense signaling is the 

oxidative burst (Blume et al., 2000). Transient increases of cytosolic Ca2+ levels lead to 

production of ROS like superoxide such as superoxide anions (O2
-), hydrogen peroxide 

(H2O2), hydroxyl radicals (OH−) and active species of nitric oxide (NO), among others in the 

apoplast (Dempsey et al., 1999; Holuigue et al., 2007). The accumulation of ROS may kill the 

pathogen directly and/or leads to reinforcement of the cell walls (Dempsey and Klessig, 

1999; Durner et al., 1997). ROS also induces the development of a hypersensitive response 

(HR) which leads to necrosis of the infected cell (Vlot et al., 2009) Mitogen-activated protein 

kinases (MAPKs) are important regulators in signaling upon pathogen induced stresses and 

are activated by a large variety of abiotic and biotic stimuli (Nürnberger and Scheel, 2001). 

The MAPK signaling cascade consists of protein kinases that will be phosphorylated upon 
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perception of a stimulus. In this cascade MAPK kinase kinase (MAPKKK) is phosphorylated 

to a MAPK kinase (MAPKK), which is phosphorylated to a MAPK. Arabidopsis MAPK 

signaling triggered by flagellin leads to the activation MEKK1, MKK4/MKK5, and 

MPK3/MPK6 which in the end induces the transcription factors WRKY29 and FRK1 and 

defense responses like tissue necrosis (Asai et al., 2002). An important signal for PTI and 

ETI activation is salicylic acid (SA; DebRoy et al., 2004; Dempsey et al., 1999; Klessig and 

Malamy, 1994). The burst of reactive oxygen species during incompatible interactions 

induces SA-dependent systemic acquired resistance (SAR; Cameron et al., 1994). However, 

SAR establishment is not dependent on a hypersensitive response of necrotic disease 

symptoms during non-host Pseudomonas syringae interaction with Arabidopsis (Mishina and 

Zeier, 2007; Liu et al., 2010; Vlot et al., 2009; Fu and Dong, 2013). 

 

II.2. PLANT DEFENSE HORMONES 
 

II.2.1. SALICYLIC ACID (SA) 

 

II.2.1.1. SA-biosynthesis 

 

In plants salicylic acid (SA) is synthesized from chorismate via two distinct enzymatic 

pathways (Garcion and Metraux, 2006; Mao et al., 2007). 

The first pathway is characterized by the conversion of L-phenylalanine, a chorismate-

derived amino acid, via the intermediates benzoate or coumaric acid to SA. This reaction is 

catalyzed by PHENYLALANINE AMMONIA LYASE (PAL). Although PAL is produced upon 

pathogen infection, it is not the major pathway for SA synthesis after infection (Lee et al., 

1995). The second enzymatic pathway synthesizes SA via isochorismate wich requires the 

catalytic enzymes ISOCHORISMATE SYNTHASE (ICS) and ISOCHORISMATE PYRUVATE 

LYASE (IPL; Wildermuth et al., 2001). Pathogen-induced accumulation of SA in Arabidopsis 

is conducted via the isochorismate pathway. Two ICS genes, ICS1 and ICS2, exist in 

Arabidopsis and ICS1 is making up mostly 90% of the SA produced upon pathogen infection 

or UV light (Garcion et al., 2008; Wildermuth et al., 2001). Basal levels in ics1 ics2 mutants 

indicate a different source for SA in Arabidopsis (Garcion et al., 2008). Two allelic SA-

deficient mutants, sid2-2/eds16-1 and sid2-1, were mapped close to the ICS locus on 

chromosome 1 of Arabidopsis thaliana. SID2 encodes a chloroplast-localized ICS1 and 

expression patterns follow those observed after infection with a pathogen (Wildermuth et al., 

2001). In the mutant sid2-2, a fast-neutron-generated mutant, the ICS1 transcript was not 

expressed after infection with Golovinomyces orontii or a virulent strain of the bacterial hemi-
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biotroph, P. syringae pv. maculicola. A significant deletion/ rearrangement in exon IX by DNA 

blot analysis confirmed that sid2-2 indeed carries a mutation in ICS1. The mutant sid2-1 was 

generated by treatment with ethylmethane sulfonate (EMS) and contains a mutation in ICS1. 

ICS1 genomic DNA from sid2-1 was sequenced and a point mutation was found that results 

in a stop codon in exon IX. The mutations in both sid2 alleles disrupt the chorismate binding 

domain (Wildermuth et al., 2001). The sid2 mutants are severely affected in basal and 

systemic disease resistance and ICS1 expression, SA accumulation and PR gene 

expression were significantly reduced. After infection with pathogens SA levels were reduced 

to 5-10% of the wild type level in the sid2 mutants (Wildermuth et al., 2001). Basal SA 

synthesis however is not completely abolished in sid2 mutants and might be produced via 

the isochorismate synthase ICS2, or the phenylpropanoid pathway. The multidrug and toxin 

extrusion (MATE) family of transporter protein ENHANCED DISEASE SUSEPTIBILITY5 

(EDS5/SID1) also is required for SA accumulation and relocating SA or a precursor out of the 

plastid after biosynthesis (Nawrath and Metraux, 1999; Wildermuth et al., 2001; Serrano et 

al., 2013).  

Free SA is mostly converted into an inactive storage form in the vacuole like SA O-ȕ-

glucoside (SAG) and less abundant into salicyloyl glucose ester (SGE). Pathogen-inducible 

SA glucosyltransferases (SAGT) UGT74F1 and UGT74F2 are converting SA into either SAG 

or SGE. As ICS1 and ICS2 colocalize with chlorophyll autofluorescence signals in transient 

localization assays, SA is likely synthesized in the chloroplast, whereas SAGT in tobacco 

localizes to the cytosol (Garcion et al., 2008; Dean et al., 2005). SAGT designated UGT74F1 

forms only SAG, while UGT74F2 forms both SAG and SGE (Dean and Delaney, 2008). SAG 

synthesized in the cytosol is transported into the vacuole unless it is converted back into 

active SA (Dean and Mills, 2004; Dean et al., 2005; Hennig et al., 1993). Volatile methyl 

salicylate (MeSA), synthesized via the S-adenosyl-L-methionine SA-

METHYLTRANSFERASE1 (SAMT1), and/or its glucosylated derivative MeSAG accumulate 

to high levels in vivo (Dean et al., 2005, Park et al., 2007, Seskar et al., 1998; Attaran et al., 

2009). However, MeSA is like SAG biologically inactive (Koo et al., 2007). SA and auxin 

indole acetic acid (IAA) can be conjugated to amino acids via an acyl-adenylate/thioester-

forming enzyme (GH3.5). Arabidopsis plants overexpressing GH3.5 accumulated more SA, 

higher PR gene expression and showed elevated disease resistance to P. syringae pv. 

tomato strain DC3000 (Park et al., 2007). Because the GH3.5 loss of function mutants is 

compromised in SAR it was proposed that GH3.5 acts as a positive regulator of SA-signaling 

(Zhang et al., 2007). 
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II.2.1.2. SA role in resistance 

 

The first evidence that SA might play a role in resistance arose when infiltration of aspirin or 

SA in the leaves of resistant tobacco cultivar Xanthi-nc prior to infection with tobacco mosaic 

virus (TMV) led to a 90%-reduction of lesion formation and induction of PR gene expression 

(White, 1979). In TMV-resistant tobacco cultivars, SA accumulated more than 20-fold in the 

inoculated leaves and 5-fold in the distal leaves, together with induced PR gene expression 

(Malamy et al., 1990). SA accumulation was also found in the phloem exudates of cucumber 

after inoculation with tobacco necrosis virus, Colletotrichum lagenarium, and prior to SAR 

establishment (Metraux et al., 1990). Injection of SA at concentrations found in the exudates 

of cucumber plants inoculated with Pseudomonas syringae induced resistance and 

increased peroxidase activity (Rasmussen et al., 1991). Elevated SA levels correlated with 

enhanced resistance to pathogen infection, as expression of ICS1 is constitutively elevated 

in three gain-of-resistance mutants, cpr1, cpr5, and cpr6 (constitutive expresser of PR 

genes1/5/6; Wildermuth et al., 2001). Loss of SA has severe impact on plant disease 

resistance. Tobacco and Arabidopsis plants that express the bacterial NahG gene (a 

salicylate hydroxylase converting SA to catechol) are unable to accumulate SA or 

development of SAR and PR gene expression. These plants were highly susceptible to 

virulent and avirulent pathogens (Delaney et al., 1994; Gaffney et al., 1993). The same 

phenotype was observed in Arabidopsis plants that are defective in SA biosynthesis, caused 

by mutations in SID2/EDS16 (encodes ICS1) or SID1/EDS5, and in tobacco plants with 

suppressed PAL expression (Nawrath and Metraux, 1999; Nawrath et al., 2002; Pallas et al., 

1996, Wildermuth et al., 2001). Plants expressing NahG or having defects in SA-biosynthesis 

showed restored resistance phenotypes after treatment with SA or the synthetic analog 2,6-

dichloro-isonicotinic acid (INA; Vernooij, 1995). Furthermore, overexpression of genes 

involved in SA metabolism like the SA GLUCOSYLTRANSFERASE1 (AtSGT1) or SA 

METHYLTRANSFERASE (OsBSMT1) lead to reduced endogenous SA levels, reduced PR 

expression and enhanced susceptibility to pathogens (Song et al., 2008; Koo et al., 2007).  

 

II.2.1.3. Regulation of SA signaling 

 

The SA signal transduction pathway plays a key role in plant defense signaling (Vlot et al., 

2009). All Arabidopsis mutants that are either impaired in SA signaling such as (non 

expressor of PR genes 1) npr1, eds1 and pad4 or are defective in pathogen induced SA 

accumulation such as eds5 and sid2-1, are highly susceptible to pathogen infection and 

show reduced expression of PR gene s (Cao et al., 1997; Falk et al., 1999; Nawrath et al., 
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2002; Wildermuth et al., 2001 and Jirage et al., 1999). The NPR1 gene encodes a 

transcription co-activator that has an important role SA-mediated signaling during basal 

resistance and SAR (Durrant and Dong, 2004; Chaturvedi and Shah, 2007; Spoel and Dong, 

2012). Furthermore NPR1 is required for induced systemic resistance (ISR), which is 

triggered by microbes in the rhizosphere conferring resistance in aerial parts of the plant 

(Durrant and Dong, 2004). The NPR1 protein contains, besides a bipartite nuclear 

localization sequence (NLS) and a phosphorylation site, two protein interaction domains: one 

ankyrin-repeat domain and one BTB/POZ (broad-complex, tramtrack, and bricà-

brac/poxvirus, zinc finger; Cao et al., 1998; Kinkema et al., 2000) The Arabidopsis npr1 

mutant was isolated in a genetic screen for plants that failed to express PR genes after SAR 

induction. More npr1 alleles (nim1) were found in screens for components of the SAR 

signaling pathway (Cao et al., 1994; Delaney et al., 1995; Glazebrook et al., 1996). SAR is 

not restored in npr1 mutants upon treatment with either SA, its synthetic analogs INA and 

benzo-(1,2,3)-thiadiazole-7-carbothioic acid S-methyl ester (BTH) and avirulent pathogens 

they are fully compromised in basal resistance and SAR and show enhanced disease 

symptoms when infected with virulent pathogens (Dong, 2004). However, some SA-

dependent responses are independent of NPR1, since the synthesis of the phytoalexin 

camalexin requires SA but not NPR1 (Glazebrook et al., 1994; Zhao and Last, 1996). The 

cytosolic oligomer NPR1 regulates the antagonism of SA- and JA-signaling. Accumulation of 

SA upon pathogen attack changes the cellular reduction potential and monomeric NPR1 is 

formed to facilitate the transport into the nucleus (Spoel et al., 2003; Mou et al., 2003; 

Kinkema et al., 2000). In the nucleus, monomeric NPR1 interacts with members of the DNA-

binding protein TGA-family of TFs, TGA2, TGA3, TGA5, TGA6 and TGA7, but not with TGA1 

and TGA4, and regulates the expression of proteins in the secretory pathway such as PR 

proteins (Despres et al., 2000; Zhang et al., 2003; Wang et al., 2005). To control NPR1 

levels in the nucleus and to facilitate the next round of binding of NPR1 to TGA transcription 

factors to ensure maximal expression of PR genes during SAR, phosphorylation, 

ubiquitination and degradation of NPR1 is promoted by SA (Wang et al., 2005; Spoel et al., 

2009). It is not fully clarified whether NPR1 is an SA-receptor, because of the conflicting 

results of two groups: Fu et al. (2012), detected SA-binding activity for NPR1, whereas Wu et 

al. (2012) did not. However, the NPR1 paralogues NPR3 and NPR4 were identified as SA 

receptors with different SA binding affinities. They function as adaptors of the Cullin 3 

ubiquitin E3 ligase to mediate NPR1 degradation in an SA-regulated manner. Since the 

npr3 npr4 double mutant accumulated higher levels of NPR1 and was insensitive to induction 

of SAR, it was suggested that NPR3 and NPR4 promote the SA-dependent turnover of 

NPR1 by the proteasome and regulate the function of NPR1 in SA signaling (Fu et al., 2012). 

PAD4 and SAG101 were identified as interaction partners of EDS1 and regulate ETI through 
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TIR-type NB-LRR proteins and PTI against virulent pathogens or PAMP treatment (Feys et 

al., 2001; 2005; Wiermer et al, 2005). Pathogen-induced SA accumulation depends on 

NDR1, which regulates ETI through CC-type NB-LRR proteins and/or on EDS1 in interaction 

with PAD4 and SAG101 (Wiermer et al., 2005). Exogenous SA treatment can induce 

defense gene expression in eds1, pad4 and ndr1 mutants and EDS1, PAD4 and NDR1 gene 

expression in the wild type (Wiermer et al., 2005). These results indicate that downstream 

signaling is still functional in these mutants and that EDS1, PAD4 and NDR1 possibly act 

upstream of SA-biosynthesis in a positive signal amplification loop that is required for PR-1 

expression and other defense responses (Wiermer et al., 2005). In this model a pathogen 

infection creates a signal that leads to elevated SA levels that trigger the expression of PAD4 

which in turn would then stimulate SA biosynthesis (Jirage et al., 1999). Exogenous SA 

treatment is sufficient to trigger PAD4 expression, but is also required for full PAD4 

expression during defense (Jirage et al., 1999). EDS1 forms a homodimer mostly in the 

cytoplasm, whereas EDS1-PAD4 heterodimers are localized in the cytoplasm and nucleus 

and EDS1-SAG101 heterodimers are located exclusively in the nucleus (Feys et al., 2005). 

EDS1 however is required in both compartments for the full establishment of plant innate 

immunity (García et al, 2010). In the heteromeric complexes EDS1 has a stabilizing effect on 

PAD4 and this complex is crucial for basal resistance and SAR (Rietz et al., 2011). The 

function of PAD4 and SAG101 seems to be partially redundant, since the pad4 and sag101 

single mutants are less susceptible compared to the pad4 sag101 mutants and eds1 (Feys et 

al, 2005). The pad4 mutant was identified in an EMS screen of Col-0 for mutants with 

enhanced susceptibility to Psm ES4326 (Glazebrook et al., 1996). The mutation in pad4-1 is 

a recessive allele of a single gene that causes reduced camalexin levels and enhanced 

susceptibility upon Psm ES4326 infection (Glazebrook et al., 1996). Other mutants affected 

in camalexin induction include pad1, pad2, and pad5. Mutations in PAD1, PAD2 and PAD4 

cause increased susceptibility to Psm E4326, whereas mutations in PAD5 have no effect on 

resistance (Glazebrook et al., 1997).  

Chloroplastic localized ENHANCED DISEASE SUSCEPTIBILITY5 (EDS5) shows homology 

to transporters of the MATE (Multidrug And Toxic compound Extrusion) family, which 

transport small organic molecules, but the exact function remains unclear (Dempsey et al., 

2009; Kuroda and Tsuchiya, 2009; Nawrath et al, 2002). A possible function for EDS5 is the 

transport of a regulator for SA biosynthesis into the chloroplast, or to export SA from the 

plastid to the cytosol to ensure cytosolic functions and prevent feedback inhibition of SA 

biosynthesis (Dempsey et al., 2009). Expression of EDS5 is induced by exogenous SA 

treatment, but its function can also be placed upstream of SA biosynthesis in the SA 

signaling pathway, as exogenous SA induced SA production and elevated levels of PR-1 

expression in eds-5 mutants and in the wild type. Furthermore SA is not essential for stress 
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induced EDS5 expression (Volko et al, 1998; Nawrath and Métraux, 1999; Nawrath et al., 

2002). eds5 mutants, identified in a screen for enhanced disease susceptibility towards Psm 

E4326, are impaired in resistance to virulent pathogens development of SAR and show 

reduced levels of free and conjugated SA after biotic and abiotic stress (Glazebrook et al., 

1996; Rogers and Ausubel, 1997; Volko et al, 1998; Nawrath and Métraux, 1999). Very 

recently Métraux and colleagues could show that EDS5 is a MATE-like SA transporter that is 

localized at the chloroplast envelope, where it functions in the export of SA (Serrano et al., 

2013). Reduced levels of SA in eds5 mutants might be explained by an autoinhibitory 

feedback regulation of SA accumulation in the chloroplast (Serrano et al., 2013).  

AVRPPHB SUSCEPTIBLE3 (PBS3/WIN3/GDG1/GH3.12) encodes the GH3 acyl adenylase 

thioester-forming enzyme GH3.12 and pbs3 mutants were identified in a screen for reduced 

disease resistance (Nobuta et al., 2007; Jagadeeswaran et al., 2007; Lee et al., 2007; 

Warren et al., 1999). pbs3 mutants show severely reduced levels of glycosidically bound SA 

(SAG) and total levels of SA and PR-1 transcripts (Nobuta et al., 2007). However, exogenous 

SA and BTH application can rescue pbs3 plants and GH3.12 is thus proposed to act 

upstream of SA biosynthesis. It was proposed that the GH3.12 product 4-hydroxybenzoate-

glutamic acid, might induce or prime SA biosynthesis and induce resistance (Okrent et al., 

2009).  

ICS1 expression and thus SA biosynthesis is positively regulated by the transcription factors 

Calmodulin-Binding Protein 60-like g (CBP60g) and SAR-Deficient 1 (SARD1). SA 

accumulation and resistance to bacterial pathogens was compromised in PTI, ETI and SAR 

(Zhang et al., 2010; Wang et al., 2011). SARD1 overexpressing lines showed a marked rise 

in total SA, induction of SA-responsive gene expression and resistance responses (Zhang et 

al., 2010). An ICS1-promoter binding motif was found in both CBP60g and SARD1 (Wang et 

al., 2011). CBP60g was identified to be important in early defense responses and in PTI and 

may induce SA-synthesis through the activation of Ca2+ signals, while SARD1 is important for 

later disease responses during ETI and SAR (Wang et al., 2009; Zhang et al., 2010; Wang et 

al., 2011).  

II.2.1.4. SA functions beside defense 

 

SA is not only an important player in direct contribution to basal and induced plant defenses, 

it is also important for several processes affecting physiological functions in the plant; 

including seed germination, photosynthesis, respiration, thermogenesis, growth, flowering, 

seed production and senescence (Rivas-San Vincente and Plasencia, 2011). Additionally, 

SA might play a role in cellular redox homeostasis through regulation of antioxidant enzyme 

activity and induction of the alternative respiratory pathway (Durner and Klessig, 1995, 1996; 
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Slaymaker et al., 2002; Moore et al., 2002). SA is a known defense metabolite, but also plays 

an important role in photosynthesis and growth. Trade-offs between defense and growth 

have been intensively discussed (Huot et al., 2014).  

SA can influence photosynthesis through alterations in leaf structure, chlorophyll structure 

and content, stomatal closure, the activity of RuBisCo (ribulose-1,5-bisphosphate 

carboxylase/oxygenase) and carbonic anhydrase (Rivas-San Vincente and Plasencia, 2011). 

Depending on the concentration of exogenous SA, the photosynthetic parameters differ. A 

high SA concentration (1-5 mM) cause reduction of the photosynthetic rate and RuBisCo in 

barley (Hordeum vulgare L.), and reduced chlorophyll content in Arabidopsis (Pancheva et 

al., 1996; Rao et al., 1997). The observed reduction of RuBisCo activity was due to a 

reduction in protein levels up to 50%. A reduction in photosynthetic activity at high SA 

concentrations might be due to changes in leaf morphogenesis that affect the structure of 

chloroplasts, thylakoids and stroma (Uzunova and Popova, 2000). On the contrary, 

exogenous SA at low concentrations (10 µM) also had a positive effect on the photosynthetic 

net CO2 assimilation in mustard seedlings which lead to an increase in carboxylation 

efficiency, chlorophyll content and activities of carbonic anhydrase and nitrate reductase 

(Fariduddin et al., 2003). SA also protects against oxidative stress, possibly through rapid 

detoxification of ROS (Rivas-San Vincente and Plasencia, 2011). Arabidopsis mutants with 

constitutively high SA levels, like defense-no-death1 (dnd1) and cpr5-1, exhibit decreased 

maximum of PSII (Fv/Fm), reduced quantum yield of PSII (ΦPSII), increased thermal 

dissipation of absorbed light energy (NPQ) and reduced stomatal conductance in low light 

(LL; 100 µmol m-2 s-1) conditions (Rivas-San Vincente and Plasencia, 2011). Arabidopsis 

mutants with low SA contents like sid2-1 and NahG are slightly impaired in PSII operating 

efficiency and increase heat dissipation in LL and also impaired in acclimation to high light 

(HL; 750 µmol m-2 s-1), whereas dnd1 and cpr5-1 acclimate like wild type plants (Mateo et 

al., 2006). Light acclimation by SA is most likely the result of hormonal and ROS signaling 

pathway contribution, because ET and ROS accumulate prior to SA in response to excess 

excitation energy (EEE; Mühlenbock et al., 2008). The response to EEE is regulated by 

LSD1 (LESION SIMULATING DISEASE1; At4g20380) a negative regulator of SA-dependent 

programmed cell death and the positive SA regulators PAD4 and EDS1. PAD4 and EDS1 

modulate ET and ROS production upon EEE stress and LSD1 limits the spread of cell death 

through regulation of superoxide dismutase and catalase (Mühlenbock et al., 2008). Another 

important factor for photosynthesis is the regulation of stomatal aperture through hormonal 

regulation by abscisic acid (ABA), auxin, cytokinin, ET, brassinosteroids, JA and SA 

(Acharya and Assmann, 2009). Exogenous SA (0.4 mM) induces rapid stomata closure with 

an up to 4-fold reduction of stomatal gas exchange (Mateo et al., 2004). Since SA-deficient 

mutants like sid2-1 and NahG and the ABA-deficient mutants aba3-1 fail to close stomata in 
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response to virulent and avirulent pathogens, it was suggested that a positive cross-talk 

between SA- and ABA-signaling is required to promote stomatal closure during defense 

(Melotto et al., 2006). A growth-stimulating effect of low SA concentrations (50 µM) has been 

shown for soybean, wheat, maize and chamomile (Gutiérrez-Coronado et al., 1998; 

Shakirova et al., 2003; Gunes et al., 2007; Kovácik et al., 2009). Higher concentrations of SA 

(100 µM to 1 mM) had negative effects on trichome development in Arabidopsis (Traw and 

Bergelson, 2003). Constitutive defense mutants with elevated SA biosynthesis and signaling 

generally showed a dwarfed growth phenotype, but it is not ensured whether this is only 

linked to SA and not due to perturbed cellular processes (Clarke et al., 2000). Repeated BTH 

application reduced plant biomass in a dose-dependent manner and mutants identified in a 

screen for BTH-resistance were mostly identified as non-functional alleles of NPR1 (Canet et 

al., 2010b). It was shown that SA inhibits growth by suppression of the AUX signaling 

pathway by stabilization of the AUX/IAA repressor proteins (Wang et al., 2007).  

 

II.2.2. JASMONATE (JA) 

 

Jasmonate (JA) is a lipid-derived hormone originating from α-linolenic acid from the plastid 

membrane that regulates primarily the defense against insect herbivores and necotrophic 

pathogens (Pieterse et al., 2012; Schaller and Stintzi, 2009). Beside its role in plant defense, 

JA is involved in regulation of physiological processes like abiotic stress responses, flower 

development and leaf senescence and primary and secondary metabolism (Wasternack, 

2007; Browse, 2009). There are several forms of biologically active jasmonates: The (+)-7-

iso-jasmonoyl-L-isoleucine (JA-Ile) is the key player in jasmonate signaling in leaves and 

flowers, Jasmonoyl-L-tryptophan inhibits auxin signaling in roots and the JA precursors 12-

oxo-phytodienoate (OPDA) and dinor-OPDA possess signaling properties within the 

jasmonate machinery (Fonseca et al., 2009b; Staswick, 2009; Ribot et al., 2008). The 

biosynthesis of JA is initiated in the plastids, completed in the peroxisomes and the active 

form of JA is then exported to the cytosol (Schaller and Stintzi, 2009). JA is esterified to 

methyl (+)-7-iso-jasmonate (MeJA) or conjugated with an amino acid to form (+)-7-iso-

jasmonoyl-isoleucine (JA-Ile) which is the active form of the hormone (Schaller and Stintzi, 

2009). The nuclear 18 leucine-rich repeat (LRR) F-box protein of an SCF-(Skip-cullin-F-box)-

type E3 ubiquitin ligase CORONATINE INSENSITIVE 1 (COI1) forms a receptor complex 

with the JASMONATE ZIM-DOMAIN (JAZ) which binds Ja-Ile (Xie et al., 1998; Katsir et al., 

2008; Chini et al., 2009a). JAZ proteins repress JA signaling by directly binding to MYC 

family of transcription factors that are required for the expression of JA-responsive genes in 

the nucleus (Chini et al., 2007; Thines et al., 2007; Yan et al., 2007; Withers et al., 2012) In 
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basal conditions transcription factors are repressed by JAZ proteins and the co-repressor 

TOPLESS (TPL) and TPL-related proteins (TPR) by the adaptor protein NINJA (Pauwels et 

al., 2010). A rise in JA-Ile level leads to binding of JAZ proteins to COI1 and degradation of 

JAZ by the 26S proteasome (Sheard et al., 2010). Upon ubiquitination and degradation of 

JAZ proteins, MYC2 and other transcription factors will induce the expression of JA 

responsive genes and the increase of JA-Ile levels in the local and distal tissues (Chini et al., 

2007; Thines et al., 2007; Sheard et al., 2010, Fonseca et al., 2009b). coi1 mutants show 

elevated resistance to the P. syringae strain PstDC3000, which is correlated with 

accumulation of salicylic acid (SA) and PR-1 transcripts, and the necrotrophic pathogen F. 

oxysporum (Kloek et al., 2001; Thatcher et al., 2009). In contrast, coi1 plants are more 

susceptible to the fungal pathogens Alternaria brassicicola and Boytritis cinerea and are 

unable to induce PLANT DEFENSIN1.2 (PDF1.2) and pathogensis related genes PR-3, and 

PR-4 upon pathogen challenge (Thomma et al., 1998).  

 

II.2.3. JA–SA CROSS TALK 

 

To optimize the immune response against different types of pathogens, plants often 

suppress JA-dependent defenses, triggered during the interaction with necotrophic 

pathogens or herbivores, when infected with SA-inducing biotrophic pathogens and vice 

versa (Spoel et al., 2007; Uppalapati et al., 2007). The SA-mediated suppression of the JA 

pathway includes MPKs, NPR1, glutaredoxins and nuclear localized transcription factors like 

TGAs and WRKYs (Pieterse et al., 2012). MPK4 is a negative regulator of SA signaling and 

SAR and positively regulates JA signaling, involving the defense regulators EDS1 and PAD4 

(Petersen et al., 2000; Brodersen et al., 2006). The SA master regulator NPR1 interacts with 

TGA TFs in the nucleus and activates SA-responsive PR genes (Dong, 2004). Although the 

nuclear localization of NPR1 is required to activate SA-responsive defense genes, it is not 

necessary for the SA-mediated suppression of the JA pathway as cytosolic NPR1 is likely to 

be involved in the control of JA-responsive gene expression (Spoel et al., 2003). 

Furthermore, NPR1 regulates SA-dependent TGA and WRKY transcription factors required 

for the suppression of JA-gene expression (Robert-Seilaniantz et al., 2011). Glutaredoxins 

(GRXs) like GRX480 are important regulators of the crosstalk and the SA- and JA-mediated 

signaling and mediate redox regulation of protein activity via catalyzation of disulfide 

transitions (Ndamukong et al., 2007; Zander et al., 2012). In interaction with TGA 

transcription factors, GRXs positively regulate SA-responsive genes like PR genes and 

negatively regulate JA-responsive genes such as PLANT DEFENSIN1.2 (PDF1.2) and 

OCTADECANOID-RESPONSIVE ARABIDOPSIS AP2/ERF-domain protein 59 (ORA59; 
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Ndamukong et al., 2007; Zander et al., 2012). WRKY transcription factors like WRKY50, 

WRKY51, WRKY70, and WRKY62 also regulate the interaction of SA and JA signaling 

(Pieterse et al., 2012). Overexpression of WRKY70 for example leads to constitutively 

elevated levels of SA and PR gene transcripts during interaction with the biotrophic pathogen 

Erysiphe cichoracearum and to repression of the JA-responsive marker gene PDF1.2 and 

compromised resistance during interaction with the necotroph Alternaria brassicicola (Li et 

al., 2004). 

 

II.2.4. ETHYLENE 

 

The unsaturated hydrocarbon ethylene (ET) is a gaseous signal molecule that controls many 

processes in plants including senescence of plant organs, influences plant growth, 

morphogenetic effects and acts as a stress hormone during biotic and abiotic stress 

conditions (Bleecker and Kende, 2000). The ET precursor 1-aminocyclopropane-1-carboxylic 

acid (ACC) is synthesized from S-adenosyl-L-Met by ACC synthase (ACS; Yang and 

Hoffman, 1984). ACC is further converted to CO2, cyanide (HCN), and ET by ACC oxidase. 

The formed HCN is rapidly detoxified by ȕ-cyano-Ala synthase (CAS; Yip and Yang, 1988). 

SA is generally important for immunity to biotrophs, while ET and JA signaling is important 

for immunity to necotrophs, for example Alternaria brassicicola and acts antagonistically 

(Glazebrook, 2005). ET, JA and SA are produced upon perception of PAMPs by plant 

pattern-recognition receptors (PRRs) and all three signaling molecules are required for local 

resistance to pathogens (Tsuda et al., 2009). ET modulates EF-Tu RECEPTOR (EFR)-

triggered immunity by potentiation of salicylate-based immunity and the repression of a 

jasmonate-related branch in an amplification loop that is required for long lasting PTI and 

growth responses (Tintor et al., 2013; Liu et al., 2013). ET signaling is important for 

responses triggered by the recognition of the EF-Tu epitope elf18, such as the reactive 

oxygen species (ROS) burst, transcriptional reprogramming, callose deposition, but not MAP 

kinase activation (Tintor et al., 2013). ET seems to regulate responses triggered by 

recognition of endogenous damage associated molecular patterns (DAMPs), like PROPEP2 

which is part of a seven member family and induces immune responses similar to PAMPs 

(Huffaker et al., 2006; Krol et al., 2010). Recognition of Pep propeptides by the LRRs-RKs 

PEPR1 and PEPR2, with sequence and functional homologies to FLS2 and EFR, might 

contribute to responses triggered by elf18 (Krol et al., 2010; Yamaguchi et al., 2010; Tintor et 

al., 2013, Zipfel et al., 2013). Furthermore, the PEPR pathway was shown to coactivate SA- 

and JA/ET-dependent immune branches and to promote systemic immunity (Ross et al., 

2014). In pepr1 pepr2 plants PR1 and PR2 expression in local leaves following infection with 
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Pst DC3000 AvrRpm1 remains unaffected, whereas the systemic expression is severly 

reduced. Besides retained local defense responses upon infection with Pst DC3000 

AvrRpm1, SAR is impaired in pepr1 pepr2 mutants. SA levels however do not differ from wild 

type levels, indicating that the PEPR pathway contributes to SAR independently of SA (Ross 

et al., 2014).  

 

II.3. SYSTEMIC ACQUIRED RESISTANCE (SAR) 
 

Systemic acquired resistance is an inducible inmmune response that confers long lasting 

resistance against a broad spectrum of pathogens (Durrant and Dong, 2004). The initial 

trigger for SAR remains elusive as it is established to differential triggers such as, virulent 

and avirulent pathogens and MAMPs (Hammerschmidt et al., 1999a; Mishina and Zeier, 

2007). However, it was shown that local and systemic SA accumulation is crucial for 

expression of PR genes and SAR induction in the systemic leaf of cucumber, tobacco and 

Arabidopsis (Vernoij et al., 1994; Gaffney et al., 1993; Dong, 1998). Repression of SA 

accumulation has a severe impact on plant resistance, as expression of the bacterial NahG 

gene, a salicylic acid hydroxylase that converts SA into catechol, leads to a phenotype of 

enhanced disease susceptibility, suppression of genetic resistance and abolishment of SAR 

(Delaney et al., 1994). 

 

II.3.1. SA AND SYSTEMIC ACQUIRED RESISTANCE 

 

SA accumulation in the distal leaf is indispensable for the development of SAR 

(Vernooij et al., 1994; Gaffney et al., 1993). Also, mutants defective in the hypersensitive 

response (rsp2-201 and rsp2-1-1C) are unable to establish SAR and show a delayed and 

reduced expression of PR-1 (Cameron et al., 1999). However, rsp2-201 accumulates SA to 

the wild type level and rsp2-101C shows a reduction in SA compared to the wild type 

suggesting an HR-specific defect. Therefore the ability to establish SAR is not necessarily 

associated with a systemic accumulation of SA (Cameron et al., 1999). More evidence for a 

SA-independent pathway leading to SAR was coming from the observation that very high 

light intensities (500 mmol photons m-2 s-1) induced SAR in the absence of systemic SA 

accumulation or PR-1 expression (Zeier et al., 2004). It was believed that SA could be the 

mobile signal triggering SAR in the distal leaf, but several studies revealed that this is 

unlikely. Cucumber leaves that were infected with Pseudomonas syringae were removed 

before the SA levels had increased in the petiole exudates and still SAR was established in 
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the rest of the plant (Rasmussen et al., 1991). Grafting experiments with NahG-expressing 

and wild-type tobacco plants showed that a rootstock that was unable to accumulate SA still 

was able to induce SAR in the scion, showing that the SAR signal was still produced and 

translocated into the distal part of the plant. Importantly the experiments also showed that for 

successful SAR establishment, distal tissue must be able to accumulate SA (Vernooij et al., 

1994; Gaffney et al., 1993). These results confirm that SA is not the mobile signal.  

 

II.3.2. THE ELUSIVE SAR SIGNALS 

 

II.3.2.1. Methyl salicylate (MeSA) 

 

The biologically inactive, volatile methylated form of SA (MeSA) was also discussed as 

potential mobile SAR signal. The inactive MeSA is converted through MeSA esterase acitivity 

(MES) of SALICYLIC ACID-BINDING PROTEIN2 (SABP2; At1g26360) to active SA. Klessig 

and colleagues found that scions from SABP2-silenced plants, grafted on wild-type scions 

and challenged with tobacco mosaic virus (TMV), failed to accumulate SA and to induce SAR 

(Park et al., 2007). SA METHYLTRANSFERASE1 (SAMT1; At4g39460) is responsible for 

MeSA biosynthesis. SAMT1-silenced tobacco lines are unable to convert SA into MeSA and 

to induce SAR. NtSAMT1 activity, and thus MeSA biosynthesis, is required in the primary 

infected leaves where the SAR signal is produced (Liu et al., 2011). It was hypothesized that 

SA, produced in the infected leaf, is converted to MeSA by SAPB2. MeSA perceived in the 

distal leaf would then be reconverted to active SA and induce SAR. It was speculated that 

the activity of SABP2 was inhibited by SA in order to regulate intracellular SA levels 

(Forouhar et al., 2005). Volatile MeSA emitted from TMV-infected tobacco or P. syringae-

infected Arabidopsis plants, expressing the SALICYLIC ACID/BENZOIC ACID CARBOXYL 

METHYLTRANSFERASE1 gene (OsBSMT1) from Oryza sativa. Furthermore, Arabidopsis 

overexpressing OsBSMT1 accumulated considerably higher amounts of MeSA, failed to 

accumulate SA or SAG and showed reduced PR gene expression upon infection with 

Pseudomonas syringae or the fungal pathogen Golovinomyces orontii (Koo et al., 2007). It 

was shown that MeSA serves as an airborne signal for plant-to-plant communication and 

induces PR gene expression in other plants (Koo et al., 2007). However, Zeier and 

colleagues showed that Arabidopsis knockout mutants of BSMT1 (At3g11480), bsmt1-1 and 

bsmt1-2, establish a wild-type-like SAR response, SA levels and PR gene expression. The 

MeSA content in these mutants did not increase and only marginal emission from distal 

leaves upon pathogen treatment indicated that a flow of MeSA from inoculated to systemic 

leaves is negligible. This demonstrates that MeSA is not responsible for systemic SA 

accumulation and SAR in Arabidopsis. Furthermore, MeSA does not act as an airborne 
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signal as bsmt1 mutants still conduct wild-type SAR without being able to produce or emit 

MeSA (Attaran et al., 2009). Indeed, differences in the experimental design, like 

developmental age of the plant, time of infection and provided light intensity may influence 

the ability to establish SAR (Liu et al., 2011). Klessig and colleagues showed that SAR was 

restored in MeSA metabolism of bsmt1-3 when the first inoculation with Psm AvrRpt2 cor- 

was conducted in the morning (9:00 – 9:30 AM), but that no SAR was elicited after evening 

inoculations (5:30–6:00 PM). The time of the second inoculation was of minor importance for 

SAR establishment. It has been shown that the duration of available light provided before the 

dark period after inoculation, rather than the circadian rythm, was important for SAR 

establishment and resistance levels (Griebel and Zeier, 2008, Liu et al., 2011).  

 

II.3.2.2. DIR1 is required for long distance communication in SAR 

 

DEFECTIVE IN INDUCED RESISTANCE1 (DIR1; At5g48485) belongs to the LTP2 family of 

lipid-transfer proteins, is expressed in the phloem sieve elements and companion cells and 

was identified in a genetic screen for SAR-defective mutants (Maldonado et al., 2002). DIR1 

contains an N-terminal signal peptide for secretion to the cell surface and two SH3 domains 

that facilitate interaction between proteins (Champigny et al., 2011; Lascombe et al., 2008). 

dir1 mutants exhibit normal local defense responses, but were unable to confer SAR 

(Maldonado et al., 2002). Taking this into account, DIR1 could be a good candidate for 

synthesis or translocation of the SAR signal (Maldonado et al., 2002). Klessig and colleagues 

also showed for dir1 that depending on the time point of the first inoculation either morning or 

evening, mutants exhibited SAR or not. Furthermore, petiole exudates collected from dir1 

mutants after inoculation with avirulent pathogens failed to induce PR gene expression and 

resistance in the distal leaves of the wild type (Maldonado et al., 2002; Chaturvedi et al., 

2008).  

 

II.3.2.3. Diterpenoid dihydroabietinal (DA) 

 

The diterpenoid dihydroabietinal (DA) was identified as a SAR inducing compound and 

purified from petiole exudates of Arabidopsis leaves treated with an avirulent pathogen 

(Chaturvedi et al., 2012). Abietane diterpenoids are components of oleoresin, produced by 

conifers and angiosperms (Trapp and Croteau, 2001; Hanson, 2009). Chemically 

synthesized DA induces resistance against virulent P. syringae strains and the fungal 

pathogen Fusarium graminearum. Most interestingly radioactive-labeled DA is translocated 
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into the distal leaves within 15 minutes after infiltration and induces SAR in Arabidopsis, 

tomato and tobacco (Chaturvedi et al., 2012). DA-induced SAR was dependent on SA and 

SA-signaling, since SAR was attenuated in transgenic NahG plants, ics1 ics2 double mutants 

and required NPR1. DA obviously functions upstream of SA accumulation and signaling. 

FMO1 (FLAVIN-DEPENDENT MONOOXYGENASE1) was required for systemic SA 

accumulation and SAR in DA-treated plants. In pathogen inoculated leaves and exudates DA 

contents did not further increase, but were enriched in the biologically active high molecular 

weight fraction (HMW), of petiole exudates derived from leaves infiltrated with an avirulent 

pathogen (Chaturvedi et al., 2012). However, when Avr Pex collected from Avr pathogen-

treated leaves and was subjected to molecular sieve chromatography, DA was found to be 

enriched in the biologically active HMW fraction (>100 kD). In contrast, petiole exudates from 

mock leaves showed DA enrichment in the low molecular weight fraction (LMW) (<30 kD) 

that was not able to induce SAR (Chaturvedi et al., 2012). It was speculated whether DA in 

the unchallenged leaf was stored in the LMW fraction until it is remobilized in case of 

defense. Trypsin protease treatment of petiole exudates not only reduced the SAR-inducing 

capacity of Avr Pex, they also reduced DA levels, indicating an association of DA with 

proteins (Chaturvedi et al., 2012). DA-induced SAR was also dependent on DIR1 (Dempsey 

and Klessig, 2012). Nonetheless, no genetic evidence, for DA as a SAR signal was found 

yet, since no genes was identified that is involved in the biosynthesis of DA and therefore no 

knock-out lines could be tested for the ability to elicit SAR. 

 

II.3.2.4. SFD1-synthesized glycerol-3-phosphate (G3P) 

 

Glycerol-3-phosphate (G3P), a precursor for membrane and storage lipids, was shown to be 

involved in SAR development (Lorenc-Kukula et al., 2012). G3P is synthesized by  

SUPPRESSOR OF FATTY ACID DESATURASE DEFICIENCY 1 (SFD1; At2g40690) a 

plastid-localized dihydroxyacetone phosphate (DHAP) reductase (Nandi et al., 2004). This 

suggests that SFD1’s DHAP reductase activity is required for the accumulation and/or long-

distance transport of a SAR signal (Lorenc-Kukula et al., 2012). sfd1 mutants in the 

accession Nössen have been identified in a suppressor screen of the lipid metabolism ssi2 

(suppressor of SA-insensitivity 2) mutant, a suppressor of the npr1 mutant, which exhibits a 

dwarf phenotype and constitutive disease resistance (Nandi et al., 2003 & 2004; Shah et al., 

2001). sfd1 showed compromised biological SAR, failed to accumulate SA or induce PR 

gene expression systemically (Nandi et al., 2004; Chaturvedi et al., 2008 & 2012). sfd1 

responded to the SAR signal, as exogenous SA and wild type Avr Pex induced SAR 

(Chaturvedi et al., 2008). Avr Pexs collected from sfd1 mutants on the other hand failed to 
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induce SAR in wild type, suggesting that the mobile signal cannot accumulate or is not 

transported into the phloem sap anymore (Chaturvedi et al., 2008). The sfd1 mutant also 

showed reduced sensitivity to DA (Chaturvedi et al., 2012). Recently a mutant named gly1 

has been discovered that carries a mutation in the SFD1 gene in Arabidopsis accession 

Columbia that was also attenuated in SAR (Chanda et al., 2011). Unlike sfd1, gly1 was able 

to accumulate SA and express PR genes upon pathogen infection up to wild-type levels. gly1 

was defective in SAR, but it could be restored through exogenous application of G3P. 

However, locally applied 14C-labeled G3P could not be recovered in the systemic leaves 

(Chanda et al., 2011). This means that G3P itself was not the systemically translocated SAR 

signal and that G3P was synthesized de novo in the systemic leaf. Furthermore, in SAR 

experiments comparing the time point of the first inoculation Psm AvrRpt2 cor- (morning 

9:00–9:30 AM and evening 5:30-6:00 PM) inoculation it was observed that gly1-1 mutants, 

like bsmt1-3, exhibited SAR following a first inoculation of pathogen in the morning (Liu et al., 

2011). More likely is that a G3P-dependent factor is involved in long-distance SAR signaling. 

G3P only induced SAR when co-applied with petiole exudate from mock, or pathogen 

inoculated leaves, which suggested that an exudate-derived host factor was required for 

G3P-triggered SAR (Chanda et al., 2011). Avr Pex from sfd1 and dir1 induced SAR when co-

applied, indicating a cross-complementation of the SFD1- and DIR1-dependent factors in 

long distance signaling (Chaturvedi et al., 2008). G3P seems to require DIR1 protein to 

enhance systemic resistance and to accumulate in the petiole exudates (Chanda et al., 

2011). It also has been shown that there is an interaction between G3P and other potential 

SAR signals. G3P coapplied with petiole exudates up-regulates the expression of MES9 

(At4g37150), a putative esterase that converts MeSA into SA, in the distal leaves. At the 

same time the expression of BSMT1, involved in MeSA synthesis, is down-regulated 

(Chanda et al., 2011). As the G3P induced alteration of MES9 and BSMT1 expression did 

not lead to a shift in SA or SAG contents. It only can be reasoned that MES9 and BSMT1 are 

not important for G3P conferred SAR (Shah and Zeier, 2013). 

 

II.3.2.5. C9 dicarboxylic acid azelaic acid (AzA) 

 

Azelaic acid (AzA) has been suggested to be involved in plant defense priming enabling a 

faster and stronger SA accumulation in response to pathogen inoculation (Jung et al., 2009). 

The exact biosynthetic pathway is unknown, but AzA is potentially synthesized from 9-

oxononanoic acid (ONA) in the plastids, where ONA is generated through free radical-

catalyzed oxidative fragmentation. Further radical-catalyzed oxidation of esterified ONA 

leads to accumulation of esterified AzA in galactolipids (Zoeller et al., 2012). AzA 
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accumulates in petiole exudates of leaves inoculated with an avirulent pathogen and local 

application of AzA induced systemic resistance (Jung et al., 2009). Deuterium labeled AzA 

was found in petiole exudates and systemic leaves, confirming the mobility of AzA in plants 

(Jung et al., 2009). As AzA did not induce SA accumulation or PR gene expression, but 

rather priming of SA biosynthesis and PR genes for a faster response upon a pathogen 

infection, it was suggested that AzA is more a priming factor than a mobile SAR signal (Jung 

et al., 2009). AzA accumulates in the petiole exudates of leaves infected with P. syringae 

expressing the effector AvrRpt2 (Jung et al., 2009; Yu et al., 2013). Through microarray 

analysis AZELAIC ACID-INDUCED1 (AZI1; At4g12470), a putative lipid transfer protein, 

required for AzA- and biologically-induced SAR, priming of SA-accumulation and –signaling, 

was identified (Jung et al., 2009). Petiole exudates collected from azi1 mutants after 

inoculation with avirulent pathogen did not enhance systemic resistance when applied locally 

to wild-type plants. Arabidopsis plants expressing dexamethasone inducible AvrRpm1-HA, 

accumulate besides AzA, the precursor ONA in an EDS1-dependent manner (Wittek et al., 

2014). SAR-deficient eds1-mutants are not compromised in local resistance to avirulent 

pathogens, which would associate ONA and AzA specifically to SAR (Rietz et al. 2011, 

Wittek et al., 2014). Vlot and colleagues propose furthermore that the eds1 SAR deficiency is 

linked to the reduced levels of ONA and AzA (Wittek et al., 2014). ONA induces SAR with a 

4-fold lower concentration than AzA, indicating that exogenous ONA is rapidly oxidized to 

AzA in Arabidopsis leaves, but still remains detectable above basal levels and might have 

SAR-inducing capacity independent of AzA (Zoeller et al., 2012; Wittek et al., 2014). AZI1 

was locally, but not systemically induced upon local treatment with ONA and AzA (Jung et 

al., 2009; Yu et al., 2013; Wittek et al., 2014). It was proposed that AzA acts upstream of 

G3P in the infected tissue and like AZI1 would be required for the local signal generation, but 

not for systemic SAR signal perception (Jung et al., 2009; Gao et al., 2014). The ability of 

exogenous ONA to induce SAR depends, like exogenous AzA, on accumulation of G3P 

(Wittek et al., 2014; Yu et al., 2013). Zeier and colleagues showed that SAR induced by 

petiole exudates of leaves inoculated with virulent bacterial pathogen occurs independently 

of AzA and no increase in AzA was observed in petiole exudates upon SAR induction with 

Psm (Návarová et al. 2012). This goes in line with the observation that AzA content in 

virulent-pathogen-inoculated leaves was only marginally higher than in mock-inoculated 

leaves (Zoeller et al., 2012). However, translocation of AzA might not be essential for the 

establishment of SAR, but can enforce systemic immunity during SAR (Shah and Zeier, 

2013). No strong genetic evidence for the role of AzA in SAR has been provided, since AzA 

is not enzymatically produced, no gene and thus knock out line was identified yet (Zoeller et 

al., 2012).  
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II.3.2.6. Potential feedback loop between DIR1, AZI1 and G3P in SAR 

 

DIR1, or a DIR-dependent factor, and G3P seem both to be required for long–distance 

signaling in SAR, since co-applied Avr-Pex from sfd1 and dir1 mutants induced SAR in wild-

type plants (Chaturvedi et al., 2008). DIR1 might facilitate the systemic translocation of 

radiolabeled G3P, as it was enhanced after exogenous DIR1 application (Chanda et al., 

2011). DIR1 is required for the accumulation of G3P and G3P-induced immunity during SAR 

as G3P is required for the stability of DIR1, as well as AZI1 transcripts (Yu et al., 2013). DIR1 

and AZI1 are also required for AzA- and G3P-induced immunity (Jung et al., 2009; Yu et al., 

2013). Overexpressed DIR1 and AZI1 complemented the defects of azi1 and dir1 mutants, 

respectively, indicating that DIR1 and AZI1 could have a shared function and work together 

during SAR (Yu et al., 2013; Shah et al., 2014). A regulatory feedback loop was proposed in 

which DIR1 and AZI1 proteins are required for AzA-induced accumulation of G3P that would 

stabilize DIR1 and AZI1 transcripts and levels of DIR1 and AZI1 proteins in turn (Yu et al., 

2013). It was shown that FLAVIN-DEPENDENT MONOOXYGENASE 1 (FMO1) was 

required for DA- and AzA-resistance induction and that AzA enhanced resistance in an 

AGD2-LIKE DEFENSE RESPONSE PROTEIN 1 (ALD1) -dependent manner (Jung et al., 

2009; Chaturvedi et al., 2012). Zeier and colleagues proposed an amplification loop in the 

distal leaf, that leads to de novo synthesis of the non-proteinogenous amino acid Pipecolic 

acid (Pip) through activation of ALD1 expression and induction of FMO1 expression. A rise in 

FMO1 transcripts then activates SA accumulation and PR gene expression, which then 

would lead to the full SAR response (Návarová et al., 2012). Taking the requirement of 

FMO1 for DA- and AzA-induced resistance into account (and in case of AzA also ALD1) at 

least a subset of mobile SAR signals are dependent on a functional Pip/FMO1-dependent 

amplification loop to mediate SAR (Návarová et al., 2012).  

 

II.3.3. FLAVIN-DEPENDENT MONOOXYGENASE1 (FMO1) 

 

Flavin-containing mono-oxygenases have been detected in various organisms, like 

bacteria, fungi, plants and animals (Schlenk, 1998). In animals they have an important role in 

xenobiotic biotransformation and detoxification, i.e. molecules that are foreign to the 

organism. There are five classes of FMOs known in animals, identified based on amino acid 

sequence similarity (Lawton et al., 1994). Often of broad substrate specificity, FMO will 

oxigenize any soft nucleophile that can make contact with FMOs, for example iodide, boronic 

acids, phosphines, functional groups with sulphur and selenium, amines, hydrazines and 

aromatic aldehydes (Schlenk, 1998).  
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The Arabidopsis gene family of flavin-dependent monooxygenases (FMOs) consists 

of 29 members which are part of three different FMO subgroups. Members of the YUCCA 

clade convert tryptamine to N-hydroxyl-tryptamine. YUCCA1, a FMO1-like protein, is a 

member of the YUCCA subgroup and was described to be involved in auxin biosynthesis 

(Zhao et al., 2001). FMOs that belong to the S-oxygenation group (FMOGS-OX) generate 

the secondary metabolites methylsulfinylalkyl glucosinolates through oxidation of sulfide 

groups of Met-derived methylthioalkyl glucosinolates (Li et al., 2008; Hansen et al., 2007). 

FMO1 together with a pseudogene forms its own subgroup (Olszak et al., 2006; Schlaich, 

2007). FMO1-3D was described as an Arabidopsis gain-of-function activation-tagged 

dominant mutant, that showed increased basal resistance to H. parasitica and Pst + avrRpt2. 

Due to the over-expression of a class 3 FMO, FMO1-3D showed increased basal resistance, 

but no alterations in SA levels or morphological changes upon pathogen attack (Koch et al., 

2006). FMO1-3D mutants exhibit no disease symptoms after pathogen infection and bacterial 

titres are reduced. These results indicated that over-expression of the class 3 FMO in 

Arabidopsis reduced the virulence of the pathogen (Koch et al., 2006).  

FLAVIN-DEPENDENT MONOOXYGENASE1 (FMO1; At1g19250) is a critical SAR 

regulator in Arabidopsis that is also indispensable for effective local resistance against 

bacterial and oomycete pathogens (Bartsch et al., 2006; Koch et al., 2006; Mishina and 

Zeier, 2006; Jing et al., 2011). FMO1 was identified as pathogen-responsive gene and SA-

independent positive regulator of EDS1-derived resistance and cell death (Bartsch et al., 

2006). Intact FAD- and NADPH-binding sites in FMO1 are required for basal resistance to 

virulent strain H. parasitica (Bartsch et al., 2006). The conserved Gly residues in the FAD- 

and NADPH-binding sites are important for cofactor binding and enzymatic activity and thus 

crucial for the functionality of FMO1 (Bartsch et al., 2006). 

FMO1 is up-regulated in local and systemic leaves upon pathogen attack (Mishina & 

Zeier 2006). fmo1 mutants are fully compromised in systemic defense responses like SA 

accumulation, expression of defense-related genes and establishment of SAR (Mishina and 

Zeier, 2007). When inoculated with H. parasitica isolate Cala2 (recognized by RPP2) the 

fmo1-1 sid2-1 double mutant was more susceptible compared to either sid2-1 or fmo1-1 

alone. The effects of both fmo1 and sid2-1 on resistance were therefore additive and suggest 

that FMO1 acts independently of SA in the EDS1 resistance pathway. SA biosynthesis and 

FMO1 are both required for full disease resistance (Bartsch et al., 2006).  

Pip accumulated in pathogen-inoculated leaves of fmo1 and sid2-1 mutants and 

therefore was independent of FMO1- and SA-mediated signaling (Návarová et al., 2012). In 

local leaves of fmo1 mutants Pip even overaccumulated after pathogen treatment. Because 

FMO1 is required for SAR and Pip-induced resistance and Pip overaccumulates in infected 
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leaves of fmo1 mutants, it was proposed that FMO1 acts downstream of Pip and is required 

for Pip-induced resistance (Návarová et al., 2012).  

FMO1 expression is primed during SAR and exogenous Pip treatment in the wild type 

(Návarová et al., 2012). This result points towards a role of FMO1 in a defense amplification 

loop during SAR with Pip as a central metabolite. Furthermore, fmo1 mutants were fully 

blocked in BABA-induced resistance and exogenous Pip was neither able to restore SAR nor 

BABA-induced resistance in fmo1 (Návarová et al., 2012). Independent of the time of 

inoculation (morning/evening), fmo1 mutants were unable to establish SAR, unlike bsmt1-3, 

gly1-1 and dir1-1 mutants that conferred wild type like SAR following a first inoculation in the 

morning. Therefore FMO1 can be considered as crucial for the induction of systemic defense 

responses during SAR irrespective of the light environment applied (Liu et al., 2011). 

Induction of SAR and salicylic-acid-dependent systemic defense reactions is compromised in 

double mutants of the photoreceptor phytochrome A and B (phyA phyB). Phytochrome 

regulation of SAR involves the essential SAR component FMO1 (Griebel and Zeier, 2008). 

Flavin-dependent monooxygenases in plants, animals and fungi are known to oxidize 

substrates of small organic molecules with either N- or S-containing functional groups 

(Schlaich, 2007). Recent metabolite analyses suggest that the FMO1 monooxygenase 

converts Pip into an oxidized derivative and thereby transduces the Pip signal (Návarová et 

al., 2012; Zeier, 2013).  

 

II.3.4. LONG LASTING IMMUNITY - RESISTANCE PRIMING 

 

Defense priming of cells in local and systemic tissue can be induced upon perception and 

recognition of pathogen-, microbe- or damage-associated molecular patterns, PAMPs, 

MAMPs and DAMPs, respectively, pathogen-derived effectors or wounding (Boller and Felix, 

2009; Conrath, 2011). The priming phenomenon is described as a faster and stronger 

response to a subsequent infection by pathogens or abiotic stresses and induces basal and 

systemic immune responses (Conrath et al., 2011). Priming is involved in SAR, ȕ-amino 

butyric acid (BABA) -induced resistance, wound-induced resistance as well as induced 

systemic resistance (ISR; Jung et al., 2009; Pieterse et al., 1996; Zimmerli et al., 2000 and 

Pozo et al., 2009). It was shown that SAR priming after pathogen inoculation is associated by 

a potentiated and strong induction of camalexin and Pip biosynthesis (Návarová et al., 2012). 

The accumulation of SA is also primed during SAR, resulting from an additive effect of SA 

produced upon the first inoculation together with the SA produced after the second challenge 

infection in the distal leaves (Návarová et al., 2012; Jung et al., 2009). The SAR regulators 

ALD1 and FMO1, as well as the SA-inducible PR-1 gene are primed upon biologically 

activated SAR (Návarová et al., 2012; Jung et al., 2009). The SAR-associated priming 
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response is absent in ald1 mutants, emphasizing the critical role of Pip as an endogenous 

mediator of SAR induced defense priming (Návarová et al., 2012). Very recently it was found 

that BABA-INDUCED DISEASE IMMUNITY (IBI1; At4g31180) and immunity induced by 

exogenous BABA treatment, control plant immunity and growth via separate pathways, so 

that the negative effect of BABA on plant growth might be uncoupled from broad-spectrum 

disease resistance in the future (Luna et al., 2014). More priming-inducing compounds, with 

a positive effect on SA accumulation through inhibition of SA glucosyltransferases (SAGTs) 

and resistance to Pseudomonas syringae, have been identified in a chemical screening 

(Noutoshi et al., 2012). Biologically induced SAR and exogenous azelaic acid (AzA) 

treatment leads to priming of the distal leaves and elevated levels of SA and PR-1 

transcripts, although it is not clear yet whether AzA indeed is responsible for priming of SA 

biosynthesis and a faster defense response during SAR (Jung et al., 2009; Shah and Zeier, 

2013). MAPK-signaling is also involved in BTH-induced priming, as mitogen-activated protein 

kinases (MPK) MPK3 and MPK6 reacted stronger to mechanical stress after BTH 

pretreatment and that priming of PR-1 was dependent on both MPKs (Beckers et al., 2009). 

Furthermore WRKY transcription factor genes WRKY29, WRKY6 and WRKY53 were primed 

upon BTH-treatment and biologically activated SAR through inoculation of P. syringae 

followed by pressure infiltration, whereas BTH-treatment alone only had minor effects on 

gene expression levels (Jaskiewicz et al., 2011). SA itself conditions and primes defense 

genes for enhanced epression in parsley to induce resistance upon a subsequent pathogen 

infection (Thulke and Conrath, 1998). Genes associated with induced resistance and 

antimicrobial activity were grouped into nine gene families of so called ‘SAR’ genes or PR 

proteins and are used as molecular markers for the induction of an induced resistance state 

(Ward et al., 1998). The BTH- and Psm- priming stimulus set marks in the chromatin of 

WRKY promoters, suggesting, that these genes were then activated and the histone 

modifications were the result of the memory of a previous stress (Jaskiewicz et al., 2011). 

The memory of a previous attack might be even passed on to the next generation as a recent 

study by Ton and colleagues indicated (Luna et al., 2012). The plants of the next progeny of 

SAR plants exhibited a more robust expression of defense-associated genes such as PR-1 

and WRKY-genes (WRKY6, WRKY53 and WRKY70) when treated with SA. The next 

generation priming was dependent on NPR1 and promoter regions of NPR1 regulated genes 

like PR-1, WRKY6 and WRKY53 where changed through methylation and acetylation (Luna 

et al., 2012). 
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II.4. ROLE OF AMINO ACIDS IN PLANT DISEASE RESISTANCE 
 

II.4.1. ASPARTATE DERIVED AMINO ACIDS 

 

Lysine (Lys), threonine (Thr), methionine (Met) and isoleucine (Ile) are aspartate derived 

amino acids produced in plants, bacteria and fungi, but not in mammals and belong to the 

group of essential amino acids that have to be taken up with the diet or through other source 

like for example endosymbiontic bacteria (Douglas, 1998). The biosynthesis of all four amino 

acids starts with two common steps that require an Aspartate kinase (AK) to catalyze the 

formation of L-aspartyl-4-phosphate and L-aspartate-4-semialdehyde dehydrogenase (Asd) 

to commit the next step towards L-aspartate-4-semialdehyde from which the pathways divide 

either into the Lys biosynthesis pathway via a dihydrodipicolinate synthase (DHDPS) or 

towards Thr, Met and Ile via a homoserine dehydrogenase (HSDH; Fig. 1). AKs are subject 

to allosteric regulation through the pathway endproducts Lys, S-adenosylmethionine and L-

threonine and L-Leucine (Fig. 1; Jander and Joshi, 2009; Zeier, 2013). In Arabidopsis AKs 

are encoded by five different genes including three monofunctional AKs At5g13280 (AK1), 

At5g14060 (AK2) and At3g02020 (AK3) and two bifunctional AKs At1g31230 (AK-HSDH1) 

and At4g19710 (AK-HSDH2) with aspartate kinase and homoserine dehydrogenase activity. 

Asd is only encoded by At1g14810 in Arabidopsis emphasizing the importance of aspartate 

kinases in amino acid biosynthesis (Jander and Joshi, 2009). 

 

II.4.1.1. Lysine  

 

The biosynthesis of L-Lys (Fig. 1 (2)) continues in an independent pathway with the 

degradation of L-aspartate-4-semialdehyde to L-2,3-dihydrodipicolinate catalyzed by 

dihydrodipicolinate synthase (DHDPS). DHDPS is negatively regulated by Lys and important 

for the regulation of Lys production (Galilli, 2002). A. thaliana genes encoding DHDPS are 

At3g60880 (DHDPS1) and At2g45440 (DHDPS2). Studies have shown that unlike bacteria, 

plants convert tetrahydrodipicolinate into diaminopimelate in just one reaction step. The 

catalyzing enzyme L,L-diaminopimelate aminotransferase (L,L-DAP-AT) is encoded by 

ABBERANT-GROWTH AND CELL DEATH2 (AGD2; At4g33680) in Arabidopsis (Fig. 1; 

Hudson et al., 2006; Zeier, 2013).  

Lys is degraded in plants via saccharopine and α-amino adipic acid into glutamate (Glu), 

pipecolic acid (Pip) and acetyl-CoA (Arruda et al., 2000). Two enyzymes linked on a single 

bifunctional polypeptide commit the first two reaction steps. Lysine ketoglutarate reductase 
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(δKR) combines lysine and α-ketoglutarate producing saccharopine and saccharopine 

dehydrogenase (SDH) converts saccharopine into α-amino adipic semialdehyde and 

glutamate. Additional reaction steps lead to the conversion of α-amino adipic semialdehyde, 

via α-amino adipic acid (AAD), into acetyl-CoA and additional glutamate molecules (Galili, 

2002). In mammals a functional Lys catabolism and glutamate production is crucial for 

undisturbed nerve signal transmission and brain function, whereas in plants the Lys catabolic 

pathway is involved in developmental processes like seed germination and associated in 

responses to abiotic stresses (Galili, 2002). Osmotic stress for example was described to 

have a severe impact on Lys degradation at the level of LKR and SDH in Brassica napus. 

LKR and SDH activities were enhanced by decreasing osmotic potential and in osmotically-

stressed tissues. The δKR/SDH activity produced α-aminoadipate semialdehyde, which 

could be further converted into α-aminoadipate a possible precursor of Pip and acetyl CoA. 

Pip was described as an osmoprotectant in bacteria and co-accumulated with proline in 

halophytic plants. It was demonstrated that Lys catabolism through LKR/SDH activity was 

involved in the osmo-induced synthesis of Pip (Moulin et al., 2006). In the absence of stress 

LKR and SDH activities are low and approximately equal. A first response upon osmotic 

stress is the induction of SDH activity, but not LKR. This is possibly due to an excess 

production of SDH, which may allow a slight increase in the flux of Lys catabolism. 
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Figure 1. Overview of the biosynthesis of the Asp (1)-derived amino acids L-Lys (2), homoserine (3), 
L-Thr (4), L-Met (5) and L-Ile (6). Possible Ile catabolic reactions are depicted. Arabidopsis mutations 
that alter pathogen resistance are indicated (red: knockdown/knockout mutant, blue: loss-of-inhibition 
mutant). Metabolites which positively affect plant immunity are highlighted in orange (Zeier, 2013). 

More severe osmotic stress induces differential expression of LKR, due to differential 

production of monofunctional LKR and/or stimulation of LKR activity by phosphorylation 

(Galili et al., 2001). The bifunctional peptide LKR/SDH is subject of intense regulation via 

(post-) transcriptional and posttranslational control and negatively regulated by the SDH 

domain controlled by Lys. This SDH-derived regulation operates apparently via the 

(1)

(3)

(2)

(4)

(6)

(5)
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phosphorylation/dephosphorylation of LKR by casein kinase-II and a putative protein 

phosphatase (Galili, 2002). The level of LKR/SDH was strongly enhanced by ABA, 

jasmonate, and sugar starvation, but reduced upon an excess of sugars and nitrogen 

starvation. Glutamate is a product of the Lys catabolic pathway and a major precursor for the 

synthesis of stress-associated metabolites like Pro, Arg, polyamines, Ȗ-amino butyric acid 

(GABA), and nitric oxide (NO) accumulate (Galili et al., 2001). This emphasizes the 

contribution of Lys catabolism in stress-associated metabolism.  

 

II.4.1.2. Threonine 

 

L-Threonine is formed by catalyzation of a homoserine dehydrogenase (HSDH) in a first 

committing step in the biosynthetic pathway (Fig. 1 (4); Zeier 2013). The A. thaliana enzymes 

that catalyze the formation of homoserine, AK-HSDH1 and AK-HSDH2, are bifunctional and, 

in addition to the dehydrogenase activity, exhibit functions as aspartate kinases that catalyze 

the first step in the aspartate-derived amino acid pathway. A homoserine kinase (HSK) is 

encoded by a single gene in Arabidopsis (At4g35395) and is not allosterically inhibited by 

Thr, Ile, Val or S-adenosylmethionine. HSK converts homoserine to O-phospho-homoserine 

(Lee and Leustek, 1999). METHIONINE OVER-ACCUMULATOR2 (MTO2; At4g29840) is the 

only gene that was identified as threonine synthase in Arabidopsis, catalyzing the final 

reaction of threonine biosynthesis and the first reaction in the Ile biosynthetic pathway. 

Threonine catabolism proceeds via a Threonine deaminase, which catalyzes the conversion 

of threonine to 2-oxobutanoate and is encoded by a single gene, L-O-METHYLTHREONINE 

RESISTANT1 (OMR1; At3g10050; Mourad et al., 1995) in Arabidopsis. The threonine 

deaminase is used as a target for herbicides resulting in growth inhibition which implies that 

threonine deaminase is essential for plants. Another catabolic step from Thr yields glycine 

and acetaldehyde that are formed from threonine by threonine aldolase (Joshi et al., 2006). 

 

II.4.1.3. Methionine 

 

L-Methione (L-Met) is derived from O-phosphohomoserine via a cystathionine Ȗ-synthase 

(CGS) encoded by At3g01120 in Arabidopsis (Fig. 1 (5); Zeier, 2013). Cystathionine Ȗ-

synthase competes with threonine synthase for O-phosphohomoserine and is a key 

regulatory point for the biosynthesis of Thr and Met (Amir et al., 2002). S-

adenosylmethionine synthase (SAM) is, after ATP, the most important cofactor and essential 

for DNA, protein and lipid methylation and biosynthesis of cell wall components such as 

chlorophyll and lignin. SAMs also play a role in the biosynthesis of plant metabolites like 
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ethylene, vitamin B1, polyamines, biotin and the iron chelator mugineic acid. The four SAM 

genes in Arabidopsis SAM1 (At1g02500), SAM2 (At4g01850), SAM3, MTO3 (At3g17390), 

and SAM4 (At2g36880) show reduced activity and protein accumulation upon enhanced Lys 

concentrations (Peleman et al., 1989a; Peleman et al., 1989b; Shen et al., 2002; Hacham et 

al., 2007). Met also serves as substrate for Ile biosynthesis, which is activate in response to 

drought stress (Amir et al., 2002; Anderson, 1990; Hernández et al., 2007; Nambara et al., 

1998). 

 

II.4.1.4. Role of Aspartate derived amino acids in plants disease resistance 

 

Infection with virulent and avirulent bacteria and PAMPs triggers the accumulation of 

amino acids like Lys, aliphatic and aromatic amino acids (Návarová et al., 2012). Aspartate 

derived amino acids like homoserine, Thr, Met, Ile and Lys seem to have an especially high 

impact on resistance in plants against hemibiotrophic bacteria, but also obligate biotrophic 

fungi.  

In the Lys biosynthesis pathway ABBERANT GROWTH AND DEATH2 (AGD2), a L,L-

diaminopimelate-aminotransferase, is thought to convert L-tetrahydropidipicolinate into L,L-

diaminopimelate and its epimerized form meso-diaminopimelate (Fig. 1; Hudson et al.,2006). 

The AGD2 gene encodes a novel chloroplast-localized aminotransferase with highest activity 

for Lys (Song et al., 2004a). A point mutation in AGD2 leads to a severely altered growth 

phenotype and constitutive disease resistance with elevated levels of SA and PR gene 

expression (Song et al., 2004a). AGD2 was originally recognized in association with 

pathogen resistance and was subsequently identified as the diaminopimelate 

aminotransferase (DAP-AT) enzyme involved in Lys biosynthesis and localized to the 

chloroplasts (Rate and Greenberg, 2001; Song et al., 2004a). Since AGD2 is able to 

complement E. coli mutants defective in bacterial Lys biosynthesis it was concluded that 

AGD2 catalyzes the forward step leading to Lys production in plants (Hudson et al. 2006). A 

complete knockout of AGD2 results in embryo lethality and heterozygous agd2-1/AGD2 

(agd2-1) plants exhibit mild dwarfism and altered leaf shapes (Song et al. 2004a). agd2-1 

showed elevated levels of SA, PR gene expression and increased resistance to the bacterial 

pathogen Pseudomonas syringae and Hyaloperonospora arabidopsidis (Hpa). Parker and 

colleagues detected a twofold increase in Thr content in agd2-1 which was claimed to 

contribute to Hpa resistance (Stuttmann et al., 2011). 
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DOWNY MILDEW RESISTANT1 (DMR1), identified through Map-based cloning, 

encodes a homoserine kinase (HSK), a chloroplast enzyme that is involved in the 

biosynthesis of Asp-derived amino acids Met, Thr and Ile and catalyzes the conversion of 

homoserine to homoserine-4-phosphate, within the Thr biosynthesis pathway (Fig. 1; van 

Damme et al. 2005; van Damme et al. β009; O’Connell & Panstruga β006). The dmr1 

mutants showed a severe reduction in the HSK activity of the DMR1 protein and 

accumulation of homoserine (van Damme et al. 2009). Levels of the amino acids located 

downstream of HSK in the Asp pathway, Thr, Met and Ile, were not reduced in dmr1, and 

were possibly synthesized via a DMR1-independent route. The knockdown in dmr1 provides 

protection against Hpa but not against the powdery mildew fungus Golovinomyces orontii 

and Pseudomonas syringae (van Damme et al. 2009). Furthermore, homoserine was able to 

induce resistance to Hpa in wild type and mutant plants impaired in defense signaling when 

applied exogenously, but was not directly toxic to oomycete pathogens in vitro (van Damme 

et al. 2009).  

Enhanced resistance to Hpa was also identified in a screen for genetic suppressors of 

susceptibility of Arabidopsis thaliana ecotype Landsberg erecta to Hpa (isolate Noco2) 

caused by a rar1 mutation disabling RPP5 (NLR) recognition (Muskett et al. 2002). Two 

alleles were identified, named rsp1 and rsp2 that enhance resistance at early stages of 

infection to Hpa, but not to G. orontii or P. syringae (Stuttmann et al., 2011). Because the 

mutants were smaller than the wild type it was tested whether they exhibit characteristics of 

constitutive disease resistance, but no constitutive SA-associated defense responses or 

accelerated inducible defenses against the oomycete pathogen were activated. The rsp1 

mutant carries a point mutation in ASPARTATEKINASE 2 (AK2) which encodes a 

monofunctional Asp kinase that catalyzes the conversion of Asp to L-aspartyl-4-phosphate 

and is feedback-inhibited by Lys (Stuttmann et al., 2011; Curien et al. 2007). This mutations 

lead to an increase in Asp kinase activity due to the Val to Met exchange in the AK2 rsp1 

protein, because the feedback inhibition by Lys is not functional anymore. The rsp2 mutant 

carries a lesion in DIHYDRODIPICOLINATE SYNTHASE2 (DHDPS2) one of two Arabidopsis 

DHDPS, DHDPS1 and DHDPS2, enzymes catalyzing the conversion of L-aspartate-4-

semialdehyde to L-2,3-dihydrodipicolinate as the committing step in Lys biosynthesis (Jander 

and Joshi 2010). Loss of the major isoform of DHDPS leads to increased accumulation of 

products of the Lys, Met, Thr and Ile branch in the rsp1 mutant and Met, Thr and Ile in rsp2 

(Stuttmann et al., 2011). Thr and homoserine, but not Ile increased resistance to Hpa, by 

suppressing in planta growth of the pathogen (Stuttmann et al., 2011). Homoserine induced 

resistance to Hpa to a lesser extent than Thr and was also only faintly elevated in rsp lines, 

so that Thr was more likely to confer resistance to Hpa than homoserine (Stuttmann et al., 

2011). rsp2 mutants did not perform programmed cell death at infection sites and so it was 
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speculated that the reduced Hpa growth was because of loss of susceptibility and not 

because of activation of classical immune responses (Stuttmann et al., 2011). Parker and 

colleagues hypothesized that the accumulation of Thr perturbed the amino acid metabolism 

and as a result rendered the plant tissue an unsuitable substrate for Hpa (Stuttmann et al., 

2011). Concluding, plant-derived Thr could have a negative impact on the Asp pathway in 

the oomycete and be differently regulated among distant related pathogens, which might be 

the reason for the observed specific suppression of susceptibility for Hpa (Stuttmann et al., 

2011). 

Taken together, the agd2-1 mutant did not resemble the rsp2 phenotype since it was 

constitutive disease resistant (Song et al., 2004). dmr1 plants, defective in a homoserine 

kinase, showed resistance to Hpa without being constitutive resistant and the same 

resistance phenotype was observed in rsp2 mutants. Since both, dmr1 and rsp2, were 

affected in the biosynthesis of enzymes of the Lys superpathway, it was hypothesized that 

DMR1 and DHDPS2 share a mechanism in resistance against Hpa (van Damme et al., 2009; 

Stuttmann et al., 2011). AGD2, DMR1 and DHDPS2 encode enzymes of the Lys 

superpathway that have an effect on plant immune responses, but confer resistance to 

different pathogens. 

 

II.4.2. PIPECOLIC ACID (PIP) 

 

The non proteinogenous amino acid pipecolic acid (Pip) was first detected in fruits 

and seeds of legumes by Steward and colleagues, who isolated 800 mg of L-pipecolic acid 

from 10 kg of fresh green beans (Phaseolis vulgaris; Zacharius et al., 1952). Besides, Pip 

was detected in various other plants species, fungi, microorganisms and animals (Morrison, 

1953, Wickwire et al., 1990; Zabriskie and Jackson, 2000; Fletcher et al., 2001; Murthy and 

Janardanasarma, 1999). L-Pip is an L-Lys derived catabolite and the Pip biosynthesis 

pathway was described as the main degradation pathway for Lys in mammals (Broquist, 

1991; Chang, 1976).  

 

II.4.2.1. AGD2-like defense response protein1 (ALD1) 

 

An AGD2 homolog with 62% idendity and 77% similarity with AGD2 at the amino acid 

level was identified as a Lys aminotransferase and named AGD2-LIKE DEFENSE 

RESPONSE PROTEIN1 (ALD1; Song et al., 2004a). Biosynthesis of the Lys-derived amino 

acid Pip in A. thaliana requires the aminotransferase ALD1 (Návarová et al., 2012; Zeier, 
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2013). The ALD1 gene has 10 exons and encodes a 456–amino acid protein. ALD1 has a 

distinct enzymatic activity from the AGD2 enzyme, as it works in the opposite direction with 

Lys as its most preferable substrate (Song et al., 2004a; Song et al., 2004b). The structure of 

A. thaliana ALD1 (AtALD1; UniProt ID Q9ZQI7) was solved at a resolution of 2.γ A˚ (Sobolev 

et al., 2013). ALD1 and AGD2 are both pyridoxal-50-phosphate (PLP) dependent enzymes 

and contain PLP in their cofactor-binding sites with very similar interaction modes. However, 

differences in the residues within the malate-binding site of AGD2 suggest different substrate 

interactions in AGD2 and ALD1 (Sobolev et al., 2013).   

AGD2 and ALD1 homologs are present in many plant species. The Oryza sativa (rice) 

genome for example has two genes, OsAGD2 (GenBank accession number AY338235) and 

OsALD1 (GenBank accession number AY338236), whose products had high similarities to 

both AGD2 and ALD1 (Song et al., 2004a). agd2-1 plants are resistant to P. syringae (Rate 

and Greenberg, 2001) and showed elevated ALD1 expression. Upon pathogen infection, 

AGD2 mRNA levels were not significantly changed, whereas ALD1 was induced in a similar 

manner like PR-1. Mutant plants deficient in ALD1 show reduced levels of pathogen 

triggered SA production and are high susceptibility against P. syringae (Song et al., 2004a; 

Song et al., 2004b). ALD1 is highly up-regulated in the agd2-1 mutant. Both, the enhanced P. 

syringae resistance and dwarfism phenotypes of agd2-1 were strongly dampened in an agd2 

ald1 double mutant. AGD2 was down-regulated after Psm treatment in local and systemic 

leaves of Col-0 (Song et al., 2004a). The amino acid levels in agd2-1 were measured by 

Parker and colleagues and a twofold increase in Thr content was detected which was 

claimed to contribute to Hpa resistance (Stuttmann et al., 2011). ALD1 transcripts strongly 

increased in local and systemic leaves of Psm-infected Col-0 plants (Song et al., 2004a; 

Návarová et al., 2012). The ald1 mutant failed to express ALD1 in local and distal tissues 

and was fully blocked in Psm-induced Pip biosynthesis in local and distal tissues and in the 

petiole exudates after pathogen inoculation (Návarová et al., 2012). These results 

demonstrate that ALD1 is required for pathogen-induced Pip biosynthesis. On the other 

hand, ALD1 is not essential for Aad production, another Lys catabolite, but results of Zeier 

and colleagues indicate that the LKR/SDH and the saccharopine pathway are involved in 

pathogen-induced Aad biosynthesis (Návarová et al., 2012). ALD1 was furthermore identified 

as an important regulator of enhanced disease resistance2 (edr2)-mediated defense 

responses and senescence. In a supressor screen for the edr2-resistance phenotype, three 

ALD1 alleles, ald1-10, ald1-11 and ald1-12, were identified through map-based cloning. The 

edr2-mediated resistance phenotypes, like powdery mildew resistance, programmed cell 

death, hydrogen-peroxide production and ethylene-induced senescence were suppressed by 

mutations in ALD1. The edr2 mutant exhibited induced expression of defense genes, which 

was absent in the edr2 ald1 mutant (Nie et al., 2011). Another suppressor screen with the 
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syntaxin mutant syp121 syp122 revealed that FMO1, ALD1, and PAD4 are important for 

lesion development. syp121 syp122 mutants exhibit a constitutively activated (SA) signaling 

pathway, a dwarfed growth phenotype, develop severe necrosis and have a low penetration 

resistance to powdery mildew fungi. Multiple crosses between syp121 syp122 and other 

signaling mutants, suggested that FMO1 and ALD1 contributed to lesion formation parallel to 

SA- and PAD4-dependent pathways, but also independent of EDS5 and SID2. Syntaxin 

mutants in combination with knockouts of FMO1 and NPR1 or ALD1 and NPR1, respectively 

did not show an improved phenotype, suggesting that ALD1 and FMO1 mediated signals 

were fully dependent on NPR1 (Zhang et al., 2008).  

 

II.4.2.2. Pipecolic acid biosynthesis and metabolism 

 

The exact biochemical pathway of Pip production via ALD1 still needs to be 

uncovered, but the natural occurrence of L-pipecolic acid and the conversion from Lys to L-

Pip was shown in Lemna paucicostata 151 (Fujioka and Sakurai, 1997).  

δys is catabolized to α-amino-adipidic acid (AAD) via saccharopine and α-

aminoadipate semialdehyde (Galili, 1995). The formation of L-Pip from Lys independent of α-

aminoadipidic acid has also been suggested by tracer studies in Phaseolus vulgaris, in a rat, 

a Lys auxotroph of Neurospora crassa and excised shoots of Sedum acre (Gupta and 

Spenser, 1969). It was concluded that the conversion of Lys into Pip proceeds in all cases by 

way of İ-amino-α-ketocaproic acid and Δ1-piperideine-2-route, which involves loss of the α-

amino nitrogen of lysine and leads to incorporation of the İ-nitrogen into pipecolic acid 

(Gupta and Spenser, 1969). İ-amino-α-ketocaproic acid and Δ1-piperideine-2-carboxylic acid 

are possible ALD1 reaction products within the Lys catabolism pathway leading to Pip (Gupta 

and Spenser, 1969; Návarová et al., 2012). It is proposed that Pip biosynthesis furthermore 

requires the reduction of Δ1-piperideine-2-carboxylic acid to hydrogenate the C-N single bond 

via ORNCD1 (Fig. 2; Zeier, 2013).  

ORNCD1 (AT5G52810) is the closest putative Arabidopsis thaliana homolog of a 

mammalian forebrain protein amino acid related μ-cristallin protein (CRYM) identified as 

ketamine reductase that reduces different imine substrates with either NADH or NADPH as 

cofactor (Hallen et al., 2011). Willows and colleagues also included the previously 

characterized Δ1-piperideine-2-carboxylate (PβC)/Δ1-pyrroline-2-carboxylate (Pyr2C) 

reductase isolated from porcine kidney and Pseudomonas putida in the scheme (Petrakis 

and Greenberg 1965; Nardini et al. 1988a; Payton and Chang 1982; Hallen et al., 2011). It 

was described, that P2C is a substrate for a ketimine reductase, derived from Lys catabolism 

within the Pip-pathway (Hallen et al., 2011). In mammals it is known that Lys is metabolized 



43 
 

by two main pathways, the saccharopine pathway and the pipecolic acid pathway. CRYM is 

able to convert P2C to Pip and results of ATH microarray show that ORNCD1 was up-

regulated after pathogen treatment locally but even more pronouncedly at the systemic level, 

which was synchronized with the transcriptional regulation of ALD1 and Pip accumulation 

during defense (Hallen et al., 2011; Návarová et al. 2012; Zeier pers. communication). In the 

Pip biosynthetic pathway, oxidation of L-Lys resulted in the formation of a α-keto acid that 

cyclized to P2C (Garweg et al., 1980). L-Pip, derived from the reduction of P2C by ketamine 

reductase, had been shown to be a weak inhibitory neurotransmitter (Charles, 1986). Taking 

this into account ORNCD1 is a suitable candidate to catalyze the possible reduction step of 

Δ1-piperideine-2-carboxylic acid to Pip. 

Interestingly it was found that Pip can be converted via a sarcosine oxidase into Δ1-

piperideine-6-carboxylic acid, a precursor of Aad (Goyer et al., 2004). The Arabidopsis 

candidate for this conversion step is the SARCOSINE OXIDASE/PIPECOLATE OXIDASE 

(SOX/PIPOX; At2g24580). The animal SARCOSINE OXIDASE (SOX) is localized in 

peroxisomes and oxidizes N-methylated amino acids such as sarcosine (N-methylglycine), a 

key metabolite of the mammalian liver functioning as PIPECOLATE OXIDASES (PIPOX; 

Reuber et al., 1997). SOX/PIPOX encodes an amino-acid related putative sarcosine oxidase 

in Arabidopsis with high sequence similarity to SOX/PIPOX in rabbit, and was identified as 

PIPOX catalyzing the conversion of Pip to P6C/ Δ1-piperideine-6-carboxylic acid in vitro 

(Goyer et al., 2004). P6C can spontaneously add water to form non-cyclic α-aminoadipidic 

semialdehyde, the precursor of Aad (Fig. 2; Galili et al., 2001; Zeier, 2013). Hanson and 

colleagues gave a strong evidence for the function of SOX/PIPOX in planta (Goyer et al., 

2004). Arabidopsis RNAi lines of AtSOX accumulated Pip up to six fold and reduction of Aad 

by 30-fold. ATH1 microarray results indicate that SOX/PIPOX is down-regulated after Psm 

treatment (Zeier, pers. communication). 
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Figure 2. Possible scheme for the metabolism of the Lys catabolites Pip and Aad following pathogen 
attack.The Lys aminotransferase ALD1 mediates pathogen-induced pipecolic acid production but the 
exact biochemistry of Pip biosynthesis still needs to be clarified. ORNCD1 is the closest Arabidopsis 
homolog to mammalian CRYM which is capable to convert D1-piperideine-2-carboxylic acid to Pip. 
Arabidopsis pipecolate oxidase might mediate the conversion of Pip to Aad and contribute to modulate 
endogenous Pip levels. FMO1 might N-oxygenate Pip or a Pip derivative to transduce the Pip signal. 
Regulatory aspects of the expression of particular genes are indicated: l+/s+: genes up-regulated by 
P. syringae both in inoculated and in distal leaves, l+/s°: transcript levels increase in P. syringae 
inoculated, but are not altered in distal leaves, l-/s°: gene is down-regulated at inoculation sites (Zeier, 
2013). 

 

II.4.2.3. Function of pipecolic acid in plants 

 

Pip accumulates in various plant species like rice (Oryza sativa), potato (Solanum 

tuberosum), tobacco (Nicotiana tabacum) and soybean (Glycine max), and is increasing after 

application of chemical or osmotic stresses (Pálfi and Dézsi, 1968; Yatsu and Boynton, 1959; 

Moulin et al., 2006). Pálfi and Dézsi described Pip as an indicator of abnormal protein 

metabolism in diseased plants, as Pip accumulated in tobacco and potato plants after virus-

infection and in fungus-infected rice (Pálfi and Dézsi, 1968). Pip was also identified as flower 

inducing factor together with benzoic acid, nicotinic acid and nicotine amide in the aquatic 

plant Lemna gibba (Fujioka et al., 1987). Zeier and colleagues recently identified Pip as a 

critical regulator of basal immune responses, SAR and several other forms of inducible plant 

immunity in Arabidopsis thaliana (Návarová et al., 2012). Elevated levels of Pip were found in 
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tobacco plants (Nicotiana tabacum cv Xanthi) infected with the compatible P. syringae pv. 

tabaci 6605 (Pstb). Pip enhanced resistance in tobacco to bacterial infection and primed 

salicylic acid and nicotine accumulation (Vogel-Adghough et al., 2013). 

Arabidopsis plants defective in ALD1 are unable to accumulate Pip and realize SAR 

(Návarová et al. 2012). Exogenous application of Pip to ald1 plants show restored systemic 

SA accumulation and SAR establishment. Pip therefore has an important function in SAR 

activation upstream of SA biosynthesis. Exogenous Pip increased wild-type resistance to 

bacterial pathogens, which demonstrates that besides SAR, Pip has an important role in 

PAMP and ETI (Návarová et al. 2012). ȕ-amino butyric acid (BABA)-induced resistance of 

Arabidopsis to P. syringae is mediated by Pip (Návarová et al. 2012). BABA is a non-protein 

amino acid that does not occur naturally in Arabidopsis, but promotes plants to a primed 

state when applied exogenously (Zimmerli et al. 2000). Taken together, bacterial pathogen 

infection triggers Pip-biosynthesis enables SAR establishment and mediates PTI, ETI and 

BABA-induced resistance (Návarová et al., 2012). 

Zeier and colleagues showed that Pip accumulates in Arabidopsis leaves local and 

distal to the infection site and in the petiole exudates of P. syringae inoculated leaves 

(Návarová et al., 2012). Together with Pip, the precursor Lys and another Lys-catabolite, α- 

aminoadipic acid (Aad), aromatic and branched-chain amino acids accumulated in the local, 

infected leaves. However, Pip was the only amino acid that accumulated to high levels in the 

distal, untreated leaves of Arabidopsis and in the petiole exudates (Návarová et al., 2012). 

This means that Pip is able to move from the inoculated tissue and possibly send throughout 

the plant vasculature to distal plant tissues (Návarová et al., 2012). Zeier and colleagues 

proposed that a modest rise of Pip in distal leaves might initate elevated ALD1 transcripts 

that further lead to de novo Pip biosynthesis in the distal leaf. Newly synthesized Pip, SA 

accumulation and PR gene expression then would lead to the full SAR response (Návarová 

et al. 2012).  

Plants with activated SAR are strongly primed for Pip and camalexin biosynthesis and 

defense gene expression such as ALD1, FMO1 and PR1. Defense priming contributes to 

increased resistance during SAR with enhanced SA biosynthesis and because of the 

preconditioned state plants can react faster and stronger to a subsequent pathogen 

encounter (Jung et al., 2009; Návarová et al., 2012; Conrath, 2011). Insect oviposition by the 

Large White butterfly Pieris brassicae or treatment with egg extract activates SAR in 

Arabidopsis and inhibits growth of different Pseudomonas syringae strains. This so-called 

egg-induced SAR involves an accumulation of Pip, is dependent on ALD1 and FMO1, and 

primes the expression of defense associated genes (Hilfiker et al., 2014). 

Priming is absent in ald1 mutant plants, however it is restored upon exogenous Pip 

treatment. Therefore Pip is necessary for priming upon biological SAR activation. Taken 
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together Pip is an important mediator of SAR establishment and defense priming upon SAR 

activation (Návarová et al. 2012).  

 

II.4.2.4. Function of pipecolic acid in other organisms  

 

Pip has been recognized as weak inhibitory neurotransmitter and endogenous 

gamma-aminobutyric acid (GABA) agonist in animals that might bind to the same receptor 

complex (Charles, 1986). In mammals L-Pip was identified as the major Lys catabolite 

(Chang, 1976; Rothstein and Miller, 1954; Broquist, 1991).  

In humans elevated pipecolic acid levels in urine and plasma are a characteristic of 

the hyperlysinemia/Zellweger syndrome (Hutzler and Dancis, 1983; Dancis and Cox, 1989). 

Furthermore Pip levels were found to be elevated in plasma and cerebrospinal fluid (CSF) of 

patients with pyridoxine-dependent epilepsy. Although not involved in mediating resistance to 

pyridoxine-dependent epilepsy, pipecolic acid levels were inversely correlated to the oral 

intake of pyridoxine and therefore it can be used as a diagnostic marker of pyridoxine-

dependent epilepsy (Plecko et al., 2005).  

The bacterium Streptomyces hygroscopius produces the antifungal compound rapapmycin 

that is of commercial interest because of its potent immunosuppressive and anticancer 

properties. During rapamycin biosynthesis, the amino acid L-pipecolic acid is incorporated 

into the rapamycin molecule prior to final ring closure (Ritacco et al., 2005). 

 

II.4.3. AROMATIC AMINO ACIDS 

 

The essential aromatic amino acids (AAAs) L-Tryptophan (Trp), L-phenylalanine (Phe), and 

L-tyrosine (Tyr) are required for protein biosynthesis in all living cells and are involved in 

processes like plant growth, development, reproduction, defense and environmental 

responses (Maeda and Dudareva, 2012). In plants Trp is precursor for the synthesis of the 

hormone auxin, phytoalexins, glucosinolates, and both indole- and anthranilate-derived 

alkaloids, whereas Tyr is a precursor of isoquinoline alkaloids, pigment betalains, and 

quinones (tocochromanols and plastoquinone; Radwanski and Last, 1995; Kutchan, 1995). 

The AAA with the highest carbon flux during biosynthesis is Phe, a common precursor of 

phenolic compounds, like flavonoids, condensed tannins, lignans, lignin, and 

phenylpropanoid/benzenoid volatiles (Vogt, 2010). The three AAAs are produced from 

chorismate, the final product of the shikimate pathway and individual postchorismate 

pathways that lead to the biosynthesis of Trp, Tyr and Phe. Chorismate is furthermore a 

precursor for the vitamins K1 and B9 and the plant defense hormone salicylic acid (Maeda 
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and Dudareva, 2012). The chorimate biosynthesis proceeds via seven enzymatic reactions 

starting with the conversion of phosphoenolpyruvate (PEP) and D-erythrose 4-phosphate 

(E4P) to 3-Deoxy-D-arabino-heptulosonate7-phosphate (DAHP), catalyzed by DAHP-

synthase (DAHPS). Two DAHPS genes have been identified in Arabidopsis (DAHPS1 and 

DAHPS2) that show differential expression. DAHPS2 is constitutively expressed, whereas 

DAHPS1 is strongly induced upon pathogen infection and wounding (Keith et al., 1991). In a 

second reaction DAHP is converted to 3-dehydroquinate by 3-Dehydroquinate synthase 

(DHQS) using divalent cations (e.g. Co2+) and NAD cofactors. In the third reaction the first 

double bond is introduced into the ring through dehydration of 3-dehydroquinate to 3-

dehydroshikimate catalyzed by 3-Dehydroquinate dehydratase (DHD). This reaction is 

followed by the reversible reduction of 3-dehydroshikimate into shikimate by shikimate 

dehydrogenase (SDH) using NADPH. The fifth reaction is catalyzed by shikimate kinase that 

catalyzes the phosphorylation of the C3 hydroxyl group of shikimate using ATP as a 

cosubstrate to yield shikimate 3-phosphate. 3-phosphoshikimate1-carboxyvinyltranferase 

(EPSP) catalyzes the formation of EPSP in the sixth step of the shikimate pathway by 

transferring the enolpyruvyl moiety of PEP to the 5-hydroxyl position of shikimate 3-

phosphate (Tzin and Galili, 2010). The activity of EPSP is induced upon infection with the 

necrotrophic fungal pathogen Botrytis cinerea together with two other genes of the shikimate 

pathway 2-dehydro-3-deoxyphosphoheptonate aldolase (DHS1) and chorismate synthase 

(CS; Ferrari et al., 2007). Finally chorismate is produced via CS through introduction of the 

second double bond in the ring by chorismate synthase (Macheroux et al., 1999).  

 

II.4.3.1. Phenylalanine and Tyrosine 

 

Chorismate mutase (CM) catalyses the first step in the Phe/Tyr biosynthesis and converts 

chorismate to prephenate. At least two isozymes of CMs, CM1 and CM2 are known in plants 

(Singh et al., 1986). CM1 is localized in the plastids and is generally inhibited by Phe and Tyr 

and activated by Trp. Arabidopsis has an additional plastid localized gene encoding CM3 that 

is regulated in a similar manner (Mobley et al., 1999). The activity of CM3, and to a lesser 

extent CM1, is elicitor and pathogen inducible (Eberhard et al., 1996). The biosynthesis of 

Phe and Tyr proceeds via two separate pathways, the arogenate and the 4-

hydroxyphenylpyruvate pathway (Siehl, 1999). In the Phe biosynthesis prephenate is further 

converted to phenylpyruvate through decarboxylation and dehydration of prephenate by 

prephenate dehydratases (PDT), also a spontaneous formation of phenylpyruvate from 

prephenate is possible. Arogenate dehydrogenase (ADT) converts arogenate to Phe in the 

final step of the arogenate route. PPA-Aminotransferase activity was shown to be 3-fold 
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higher compared to the ADT activity in petunia petals suggesting that ADT catalyzes a rate-

limiting step within the arogenate pathway of the Phe biosynthesis (Maeda et al., 2010). 

Prephenate is also a precursor for Phe, when converted by phenylpyruvate aminotransferase 

(PPY-AT) that catalyzes a reversible transamination between phenylpyruvate and Phe (Tzin 

and Galili, 2010). The last committing step in Phe and Tyr biosynthesis are the 

phenylpyruvate and 4-hydroxyphenylpyruvate transaminations, respectively (Maeda and 

Dudareva, 2012). Dudareva and colleagues identified a prephenate aminotransferase (PPA-

AT) in Arabidopsis that drives the carbon flux from prephenate towards arogenate, indicating 

that Phe biosynthesis via arogenate is the predominant route in plants (Maeda et al., 2011).  

 

II.4.3.2. Tryptophan 

 

The biosynthesis of Trp consists of six different enzymatic reactions that take place in the 

plastids (Radwanski and Last, 1995; Siehl, 1999). The first step on Trp biosynthesis is 

catalyzed by anthranilate synthase (AS), a chorismate-pyruvate lyase that accepts the amino 

acid Gln in the formation of anthranilate and pyruvate. AS consists of two subunits, a large α 

and a small ȕ subunit (ASα and ASȕ, respectively), which can form a α/ȕ heterodimer or a 

αβ/ȕβ tetramer (Romero et al., 1995). In plants two genes encode for ASα and one gene 

encoding ASȕ. Whereas one ASα is constitutively expressed, the other is regulated in 

developmental processes and induced upon pathogen infection and wounding (Niyogi and 

Fink, 1992). Phosphoribosylanthranilate transferase (PAT) transfers the phosphoribosyl 

moiety from phosphoribosylpyrophosphate to anthranilate and produces 5-

phosphoribosylanthranilate. Phosphoribosylanthranilate isomerase (PAI) catalyzes the 

irreversible rearrangement of 5-phosphoribosylanthranilate to 1-(o-carboxy- phenylamino)-1-

deoxy-ribulose 5-phosphate (CdRP). Indole-3-glycerol phosphate synthase (IGPS) catalyzes 

the irreversible conversion of CdRP to indole-3-glycerol phosphate. trp2 and trp3 Arabidopsis 

mutants defective in Trp synthase (see below) have less Trp but accumulate more auxin, 

suggesting that indole-3-glycerol phosphate serves as a key branch-point intermediate in 

Trp-independent auxin biosynthesis (Ouyang et al., 2000). The final two reactions of the Trp 

pathway are catalyzed by the Trp synthase α-subunit (TSα) and ȕ-subunit (TSȕ), 

respectively. TSα catalyzes the reversible retro-aldol cleavage of indole-3-glycerol phosphate 

to indole and glyceraldehyde 3-phosphate (GγP), and TSȕ subsequently condenses indole 

and serine to produce Trp using pyridoxal 5-phosphate (PLP) as a cofactor (Barends et al., 

2008). The expression of TSα and TSȕ in Arabidopsis (as well as AS) is induced upon 

infection with bacterial pathogens like Pseudomonas syringae pv. tomato, P. s. pv. 

maculicola or Xanthomonas campestris pv. campestris infection, after abiotic elicitors like 
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silver nitrate (AgNO3) and α-amino butyric acid (AABA), under amino acid starvation and 

under oxidative stress emphasizing the role of the Trp pathway and derived products in plant 

defense (Zhao et al., 1998; Zhao and Last, 1996).  

A Trp-derived metabolite with a major role in plant response to biotic and abiotic 

stresses is the indolic phytoalexin camalexin (3-thiazolylindole). Precursors of camalexin are 

cysteine and Trp which is converted to indole-3-acetaldoxime and subsequently dehydrated 

to indole-3-acetonitrile (Rauhut and Glawischnig, 2009). Arabidopsis phytoalexin deficient 

mutants, pad1, pad2, pad3, pad4 and pad5 show altered camalexin accumulation with 

effects on resistance to pathogen infections (Glazebrook et al., 1996; Glazebrook et al., 

1997). pad3 mutants are mutated in CYP71B15, the enzyme that commits the last step in 

camalexin biosynthesis, and show enhanced susceptibility to the fungal pathogens 

Hyaloperonospora arabidopsidis and Alternaria brassicicola (Schuhegger et al., 2006; 

Glazebrook et al., 1996). pad4 mutants carry a recessive allele of a single gene that causes 

reduced camalexin synthesis (10-20% of the wild type levels) and strongly enhanced 

susceptibility to Psm ES4326 (Glazebrook et al., 1996). Other mutants identified with 

reduced camalexin levels are the boytritis-susceptible mutants bos2 and bos4 that are 

susceptible to Boytritis cinerea and in case of bos4 also to Alternaria brassicicola, another 

necrotrophic pathogen. The bos2 and bos4 mutants accumulate significantly less camalexin 

than the wild-type (Veronese et al., 2004). The ald1 mutant also was compromised in 

camalexin induction in response to both virulent and avirulent P. syringae strains and 

showed enhanced susceptibility and disease symptoms. The double mutant pad4 ald1 even 

accumulated less camalexin upon pathogen infection than the single mutants, indicating that 

PAD4 and ALD1 contribute additively to the regulation of camalexin accumulation (Song et 

al., 2004a). Camalexin accumulates in response to other bacterial strains like P. syringae pv. 

tomato and Xanthomonas campestris (Glazebrook and Ausubel, 1994), viruses, e.g. the 

cauliflower mosaic virus, turnip crinkle virus (Callaway et al., 1996; Dempsey et al., 1997) 

and oomycetes (Roetschi et al., 2001). Abiotic stresses like amino acid starvation assays, as 

well as treatment with the ROS-inducing chemical acifluorfen and the abiotic elicitor AABA 

induce the accumulation of camalexin and Trp biosynthetic enzymes (Zhao et al., 1998). 

Furthermore, AgNO3 and UV-B radiation cause an accumulation of camalexin in plants (Zhao 

and Last, 1996, Schuhegger et al., 2006). 

 

II.4.5. BRANCHED-CHAIN AMINO ACIDS 

 

The branched-chain amino acids (BCAAs) valine (Val), leucine (Leu) and isoleucine (Ile) are 

classified by the branched hydrocarbon residue and have an aliphatic character. BCAAs are 
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de novo synthesized in plants, but not in mammals that have to take up BCAAs with their diet 

or find another source like symbiotic bacteria (Binder, 2010; Akman Gunduz and Douglas, 

2009). BCAAs carry out important functions in mammalian metabolism and levels need to be 

well balanced to avoid diseases like the Maple Syrup Urine Disease and neurological 

degeneration (Chuang et al., 2006). Leu for example functions as a signaling molecule in 

mammals which regulates food intake, stimulates translation and triggers autophagy (Binder, 

2010). In plants, the BCAAs Val and Ile are synthesized in the chloroplast via two parallel 

pathways with four enzymes; acetohydroxyacid synthase (AHAS), ketolacid 

reductoisomerase (KARI), dihydroxyacid dehydratase (DHAD) and branched-chain 

aminotransferase (BCAT) that catalyze the reactions (Diebold et al., 2002; Binder, 2010; 

Singh and Shaner, 1995; Singh, 1999). The biosynthetic pathway of Ile requires a threonine 

deaminase (TD), which catalyzes the deamination and dehydration of Thr and yields 

pyruvate and 2-oxobutanoate (α-ketobutyrate). One of the initial substrates in BCAA 

biosynthesis is 2-oxobutanoate. 2-oxobutanoate can be synthesized from both methionine 

and threonine in A. thaliana. Acetolactate synthase catalyzes the first step in isoleucine 

biosynthesis from 2-oxobutanoate and also the first step in the parallel biosynthetic pathway 

leading from pyruvate to valine and leucine (Coruzzi and Last, 2000). Leu biosynthesis 

proceeds via 2-oxoisovalerate, the last intermediate that is transaminated to form Val 

(Binder, 2010). The last step in the biosynthesis of BCAA is the transamination of 4-Methyl-2-

oxopentanoate and 3-Methyl-2-oxobutanoate into Leu and Val, respectively and 3-Methyl-2-

oxopentanoate into Ile catalyzed by a branched-chain aminotransferase (BCAT) (Singh, 

1999; Diebold et al., 2002). Arabidopsis has six transcribed BCAT genes localized in the 

mitochondria, cytosol and the plastids (Diebold et al., 2002). AtBCAT2 (At1g10070), has a 

very low basal transcription, but is induced upon various stresses and hormone treatments 

like ABA and its expression is correlated with a rise in free BCAAs upon dehydration (Matsui 

et al., 2008; Urano et al., 2009. Abiotic stresses, like osmotic stress and temperature, seem 

to have an especially high impact on accumulation of BCAAs which might provide an 

alternative carbon source (Taylor et al., 2004). A direct effect of BCAAs on plant resistance 

was not detected, but defects in Val and Ile metabolism do have an effect on plant defense. 

The glucosyltransferase UGT76B1 for example was identified as novel player in the SA-JA-

crosstalk in Arabidopsis, as it showed attenuated SA-dependent defense responses and had 

a positive effect on JA-related processes. Mass spectrometric fragmentation identified 

Isoleucic acid (2-hydroxy-3-methyl-pentanoic acid; ILA), which is related to Ile, as an 

endogenous substrate of UGT76B1. ILA conferred resistance to bacterial pathogen P. 

syringae, and induced biosynthesis of SA and elevated levels of basal expression of SA-

associated defense genes like PR1 (von Saint Paul et al. 2011). Another role of Ile in JA-

associated defense responses is the conjugation with JA which results in the biological active 
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form JA-Ile. JA-Ile binds to the SCFCOI1 protein that binds the JAZ protein. This complex is 

then degraded through ubiquitination of the 26S proteasome and JA responsive genes and 

associated defense responses get activated (Yan et al., 2009). 

 

II.4.5. PROLINE AND OTHER AMINO ACIDS 

 

II.4.5.1. Proline  

 

Proline is synthesized in the cytosol and in the plastids of plants via two different precursors, 

glutamate and ornithine. Glutamate is converted to Pro in two successive reduction steps 

catalyzed by pyrroline-5-carboxylate synthase (P5CS) and pyrroline-5-carboxylate reductase 

(P5CR), respectively. The Pro biosynthesis proceeds via transamination of ornithine to 

pyrroline-5-carboxylate (P5C) by Orn-į-aminotransferase (OAT). Pro contents in the 

absence of stress are highest in flowers and pollen grains and seeds and lowest in roots. Pro 

contents are independent of the amino acid pool, but dependent on plant and leaf age and 

position or leaf part in the plant (Verbruggen et al. 1993). Pro is used for protein synthesis, 

has protective functions as an osmolyte, contributes to the maintenance of the redox 

balance, regulates developmental processes and is a component of metabolic signaling 

networks controlling mitochondrial functions and stress relief (Verbruggen et al. 1993). The 

antioxidant nature of Pro might be due to ROS scavenging activity and its functions as a 

singlet oxygen quencher (Smirnoff and Cumbes, 1989; Matysik et al. 2002). An alternative 

route could be the protection and stabilization of ROS scavenging enzymes and activate 

alternative detoxification pathways. During osmotic stress the glutamate pathway is the main 

pathway for Pro biosynthesis, although the ornithine pathway seems to play an important role 

in Pro biosynthesis in younger plants (Roosens et al. 1998). Pro catabolism takes place in 

the mitochondria and is catalyzed by Pro dehydrogenase (PDH) and P5C dehydrogenase 

(P5CDH; Elthon and Stewart 1981; Szoke et al. 1992). Pro biosynthesis in plants is 

controlled by two isoenzymes of P5CS and one P5CR gene. Only P5CS1 is required for Pro 

accumulation during abiotic stress and expression is only induced upon salt stress, but not 

during drought indicating a regulation via different signaling pathways (Parre et al. 2007). 

During salt stress P5CS1 accumulates in the chloroplasts, suggesting that under unfavorable 

conditions, glutamate-derived proline biosynthesis increases where photosynthesis takes 

place (Székely et al., 2008; Rayapati et al., 1989). Pro accumulation depends on ABA in a 

dose-dependent manner and the ability of the plant to respond to ABA (Verslues and Bray, 

2006). Exogenous SA enhanced the Pro levels in lentils (Lens esculenta), on the other hand 

SA-deficient mutants eds5 and NahG did not show enhanced P5CS transcript or Pro levels 



52 
 

in response to pathogen attack (Misra and Saxena, 2009; Fabro et al., 2004). The activity of 

the Pro catabolic enzyme proline dehydrogenase (PDH) was shown to be SA-dependent. 

PDH was also elevated in HR cells upon avirulent pathogen infection, whereas PDH-silenced 

plants exhibit less cell death and production of ROS, but increased susceptibility to avirulent 

pathogens (Cecchini et al., 2011). 

 

II.4.5.2. Other Amino Acids 

 

The role of other free amino acids during stress was suspect of temperature- and osmotic 

stress studies in E.coli and Arabidopsis (Shahjee et al., 2002; Kaplan et al., 2004). Under 

stress conditions, particularly osmotic dehydration, E. coli accumulates L-amino acids that 

play an important role as osmoprotectants (Shahjee et al., 2002). During a temperature 

stress metabolic profiling the levels of Ala, Asn, ȕ-Ala, Ȗ-aminobutyric acid (GABA) rise 

significantly in response to heat stress. Similar to the heat stress response, an increase 

during the development of acquired freezing tolerance at low temperature is observed for 

Ala, ȕ-Ala, Gly, Pro, Ser, Orn Asn and GABA (Kaplan et al., 2004). Oxidative stress, induced 

by menadione (Vitamin K) treatment, severely compromises the tricarbocylic acid (TCA) 

cycle. Levels of amino acids whose synthesis and maintenance of amino acid pools depend 

on the TCA downstream glycolytic intermediates are significantly decreased, as well as 

amino acids in the Asp branch of linked to oxaloacetate (Asp, b-Ala, homoserine, Met, and 

Thr), and in the Glu branch linked to 2-oxoglutarate (Glu, Gln, and Pro). Oxidative stress also 

leads to decreases in amino acids such as Gly and Ser (linked to 3-phosphoglycerate), and 

Ala (linked to pyruvate) that are not directly connected to the TCA cycle (Baxter et al., 2007). 

Although the non-proteinogenous amino acid ȕ-amino-butyric acid (BABA) is not produced in 

the plant, it is a potent inducer of resistance in a wide range of monocot and dicot hosts 

against a wide range of pathogens including oomycetes, fungi, bacteria, tobacco mosaic 

virus (TMV) and nematodes (Cohen, 2002). The resistance inducing effect of BABA 

treatment was first observed in induced resistance to tomato late blight (Oort et al., 1960). 

BABA is also effective against the necotrophs Plectosphaerella cucumerina and Alternania 

brassisicola (Ton and Mauch-Mani, 2004), and Botrytis cinerea (Zimmerli et al., 2001) and 

(hemi-) biotrophs Hyaloperonospora arabidopsidis and Pseudomonas syringae pv. tomato 

(Zimmerli et al., 2000). BABA is rapidly taken up by the root system and accumulates mainly 

in the younger parts of the shoot, inducing resistance (Cohen et al., 1994; Jakab et al., 

2001). Resistance induced by BABA protects mutants defective in the jasmonate and 

ethylene pathway, but not in SAR transduction pathway mutants and depends in the case of 

infection with against P. syringae pv. tomato on SA and NPR1 (Zimmerli et al., 2000). 
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Furthermore, the SA-associated gene PR-1, but not the JA-responsive PDF1.2 is highly 

induced upon BABA-treatment (Zimmerli et al., 2001). On the contrary, BABA induced 

resistance was blocked in the ABA-deficient mutant aba1-5, the ABA-insensitive abi4-1 and 

the callose-deficient mutant powdery mildew resistant4 (pmr4-1) upon infection with P. 

cucurimerica, but was unaffected in ethylene and SA-signaling mutants (Ton and Mauch-

Mani, 2004). Zeier and colleagues found that exogenous BABA application induces a rise in 

Pip levels and enhanced resistance in the wild type, whereas this effect was absent in ald1 

mutants. This indicates that Pip regulates BABA-induced resistance against bacterial 

infection (Návarová et al., 2012). The mechanisms behind the BABA-induced resistance are 

connected to callose deposition and SA-dependent signaling, but also to SA-independent 

resistance and ABA-signaling. As a priming agent BABA provides broad-spectrum 

resistance, but also induces a dose-dependent growth reduction of the plants. Very recently 

IMPAIRED IN BABA-INDUCED IMMUNITY 1 (IBI1) was identified as a new master regulator 

of BABA-induced resistance. IBI1 encodes an aspartyl-tRNA synthetase (AspRS) and 

binding of the R enantiomer of BABA to IBI1 primes the protein for non-canonical defense 

signaling in the cytoplasm after pathogen attack. IBI1 seems to control plant immunity and 

growth via separate pathways, giving rise to the opportunity to uncouple the growth inhibiting 

and resistance inducing effect of BABA treatment in the future (Luna et al., 2014). 
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II.5. THE PATHOSYSTEM ARABIDOPSIS THALIANA AND 

PSEUDOMONAS SYRINGAE  
 

The thale cress Arabidopsis thaliana L. Heynh is an annual dicot that belongs to the 

family Brassicaceae and was established as a model organism in plant research. 

Arabidopsis has a short life cycle (6-8 weeks) and a number of different ecotypes, including 

Columbia (Col-0), Landsberg (Ler-0), Wassilewskija (Ws) and C24, with natural habitats 

distributed all over the northern hemisphere. Arabidopsis consists of approximately 30,000 

genes that are located on 5 chromosomes. About 115.4 Mb of 125 Mb of the genome have 

been sequenced, which renders Arabidopsis as a suitable tool for forward and reverse 

genetic manipulation to identify genes and determining their functions (Arabidopsis Genome 

Initiative, 2000).  

Pseudomonas syringae is a rod-shaped, gram negative bacterium, with polar flagella 

that consists of a large number of pathovars (pv.) infecting different host plants. P. syringae 

is named after the lilac tree (Syringa vulgaris), from which it was first isolated (Krieg and Holt, 

1984). P. syringae pv. tomato DC3000 for example causes bacterial speck disease of tomato 

(Solanum lycopersicum) and has become a model for studying bacterium–plant interactions 

since it also attacks Arabidopsis thaliana and Nicotiana benthamiana. The (hemi-) biotrophic 

bacteria enter the plants through wounds or natural openings like stomata, to proliferate in 

the apoplast. Depending on the combination of P. syringae strain and Arabidopsis 

accessions, different defense responses, like non-host resistance, incompatible interaction 

due to recognition of an Avr-gene, and compatible interactions during basal resistance, are 

triggered. P. syringae strains are host-specific and assigned to more than 50 pathovars. P. 

syringae is in possession of a type 3 secretion system (T3SS) that enables the bacteria to 

shuttle toxins and a large repertoire of effector proteins into the plant (Göhre and Robatzek, 

2008; Mota and Cornelis, 2005; Glazebrook, 2005). To study the compatible interaction that 

overcomes basal resistance, we used the virulent P. syringae pv. maculicola ES4326 (Psm) 

and for incompatible interaction during gene-for-gene resistance Pseudomonas syringae pv. 

maculicola ES4326 carrying the plasmid containing the avirulence gene pLAFR3::avrRpm1 

[Psm(avrRpm1)] in our studies. 
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III. AIM OF THESIS 
 

Detection of microbes by the plant innate immune system leads to both local and systemic 

responses. The identity of the molecules critical for the activation of these immune 

responses, as well as their inter-relationship, is however still unclear. A previous study by our 

group revealed changes in amino acids levels during pathogen attack, and emphasized the 

important role played by amino acids in plant defense (Návarová et al. 2012). Specifically, 

this study identified the Lys-derived non-proteinogenous amino acid pipecolic acid (Pip) as a 

novel important regulator of both local and systemic resistances, as well as priming in 

Arabidopsis thaliana (Návarová et al. 2012). The major aims of my thesis were to 

characterize in detail the regulation of free amino acids levels (including Pip) and to elucidate 

the interplay of Pip and salicylic acid (SA) during systemic acquired resistance (SAR) and 

defense priming in Arabidopsis thaliana.  

We aimed to assess the differential accumulation of free amino acids by different branches of 

plant immunity during infection with virulent and avirulent strains of the bacterium 

Pseudomonas syringae pv. maculicola, as well as upon treatment with the bacterial 

pathogen-associated molecular pattern (PAMP) flg22. In order to understand the regulatory 

mechanisms underlying changes in free amino acids during immunity, we sought to analyse 

their levels in mutants deficient in biosynthesis and/or signaling of the defense-related 

hormone SA, ethylene and jasmonic acid. In addition, given the central role played by SA in 

SAR, we wanted to study the inter-relationship between Pip and SA during resistance 

development at the infection site and in the distal leaf. Notably, since our analysis of the SAR 

transcriptome in distal leaves suggested a down-regulation of photosynthesis-related genes, 

we further investigated the effect of SAR on photosynthesis rate.  

The Lys aminotransferase ALD1 is required for Pip biosynthesis (Návarová et al. 2012), but it 

is still unclear which other enzymes are involved in this process. To this end, we selected 

candidate genes based on expression patterns and homology to known biosynthetic genes in 

other organisms to test their potential role upstream and downstream of Pip biosynthesis in 

Arabidopsis thaliana. In addition, we were curious to test what is the role of the close ALD1 

homolog, AGD2; especially since its mutation leads to a constitutive resistance phenotype. 

These analyses were complemented by the study of the sub-cellular localization of ALD1 (as 

an important Pip biosynthetic enzyme) and FMO1 (as a critical regulator of Pip-mediated 

resistance) to obtain further insight into Pip biosynthesis and signaling processes. 
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IV. RESULTS 
 

IV.1. DIFFERENTIAL REGULATION OF AMINO ACID SYNTHESIS 

DURING DEFENSE IN ARABIDOPSIS  
(Part of the results presented here are published in Návarová et al. 2012) 

 

IV.1.1. ACTIVATION OF SPECIFIC AMINO ACID BIOSYNTHETIC 

PATHWAYS AND PIP ACCUMULATION OCCUR IN RESPONSE TO 

BACTERIAL INFECTION AND PAMP PERCEPTION  

 

Free amino acid accumulation is massively changed during Psm-induced SAR in the local, 

inoculated leaves of Col-0. Aliphatic amino acids like Val, δeu, Ile and ȕ-Ala, as well as the 

aromatic amino acids Tyr, Trp, Phe and His are induced up to 5- to 20-fold. More moderately 

triggered is the accumulation of GABA, Cys, Asn, Ala, Orn, Ser and Gly. The biosynthesis of 

Lys-derived amino acids Aad and Pip is specifically triggered after Psm inoculation and 

levels in inoculated leaves increased up to 70-fold (Návarová et al. 2012). Levels of Asp are 

reduced upon pathogen challenge, while Lys, an Asp-derived amino acid (Galili et al., 2001; 

Návarová et al. 2012) accumulates up to 20-fold upon pathogen challenge, indicating that 

Lys biosynthesis and catabolism are pathogen inducible events (Návarová et al. 2012).  

To better understand the defense components that are required for the accumulation 

of Pip, Pip downstream signaling and the regulatory principles of amino acids biosynthesis in 

plant tissues upon pathogen infection, we comparatively analyzed the levels of further free 

amino acids in response to an inoculation with compatible and incompatible Pseudomonas 

syringae strains and the PAMP flg22. Free amino acids were extracted from local leaves of 

Col-0 inoculated with the virulent Psm, the avirulent Psm avrRpm1 and 100 nM flg22 to 

characterize potential differences in amino acid metabolism in leaves of Arabidopsis Col-0 

one day after inoculation. The results showed that during the incompatible interaction 

between Arabidopsis and Psm avrRpm1 the biosynthesis of a number of free amino acids 

was strongly induced one day after inoculation of the pathogen. Almost all amino acids 

analyzed were significantly changed in leaves inoculated with Psm avrRpm1 compared to 

mock treated leaves, except for Ala, Glu, Gln and Orn (Tab. 1). Levels of Pip and Aad were 

strongly increased; up to 200- and 300-fold, respectively, followed by a more moderate 

increase of aromatic amino acids Phe, Tyr, Trp at around seven fold. Aliphatic amino acids 

like Val, Leu Ile and the Asp-derived Lys were as highly induced as the aromatic amino 

acids. Significantly decreased during the incompatible interaction are Pro, Asp and Asn (Tab. 

1). During the compatible interaction the biosynthesis of the same free amino acids was 
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induced compared to the changes observed during the incompatible interaction. The strength 

of induction, observed during the compatible interaction upon Psm inoculation, was 

noticeable stronger compared to the incompatible interaction (Tab. 1). One day after 

inoculation of Psm, Pip and Aad levels were increased by a factor of 90- and 9-fold, 

respectively. The biosynthesis of aromatic-amino acids Phe and Tyr was increased 

significantly, as well as the aliphatic amino acids Val, Leu and Ile. Interestingly, the induction 

of branched-chain amino acids was overall stronger in the compatible, compared to the 

incompatible interaction, as levels of Leu were increased up to a 24-fold. Significantly 

decreased amino acids one day after Psm inoculation are Pro, Asp and Orn (Tab. 1). We 

then analyzed the changes in levels of free amino acids after PAMP treatment. A significant 

induction of biosynthesis was observed for the free amino acids Pip, Lys, Ala, Val, Leu and 

Ile one day after inoculation of 100 nM flg22. Pip accumulated by 13-fold upon PAMP-

treatment which was, compared to the incompatible and compatible interaction, a weak 

response. Still, the biosynthesis of the branched-chain amino acid Leu was, like in the 

compatible interaction, with 23-fold strongly increased (Tab. 1). Even though not all free 

amino acids were changed significantly, the color code of the fold change P/M (Tab. 1) 

suggested that the regulatory principle behind the induction of biosynthesis was shared 

among the incompatible and compatible interaction and PAMP treatment and thus followed 

similar signaling pathways. Taken together one day after inoculation of the HR-inducing 

pathogen Psm avrRpm1 the biosynthesis of Pip, Aad, aromatic and branched-chain amino 

acids was strongly induced, followed by the biosynthesis triggered by the virulent pathogen 

and PAMP treatment. However, the processes involved in PTI seemed to have a greater 

influence on the biosynthesis of aliphatic amino acids than ETI.  
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Compared to the wild type, Pip accumulated to similar, not significantly changed levels in 

fmo1 and sid2-1. In the mutants npr1 and pad4 Pip levels upon Psm inoculation were 

significantly reduced one day after inoculation compared to the wild type (Fig. 4A). These 

results indicated that Pip biosynthesis was proceeding independently of FMO1 and SA-

biosynthesis, but dependent on a functional SA-signaling pathway and even more on the 

lipase-like defense regulator PAD4 one day after pathogen attack. Pip levels were also 

investigated in mutants defective in the JA or ethylene signaling pathway one day after 

inoculation with Psm (Fig. 4B). The mutant dde2 is blocked in the synthesis of the active form 

of JA, JA-Ile and coi1 is defective in JA-triggered responses. A mutation in ETR1, a 

membrane bound receptor protein, disables ET-triggered induction of defense signaling 

pathways. Ethylene and JA are two important plant hormones that regulate defense 

responses against necrotrophic pathogens (Wang et al., 2002). Pip levels in dde2, coi1 and 

etr1 were not significantly changed after Psm inoculation, compared to the wild type, 

although the Pip level of dde2 seems to be slightly reduced (Fig. 4B). Thus Pip accumulation 

seemed not to be dependent on the JA- or ET-signaling pathway. After the comparative 

analysis of free amino acid accumulation upon inoculation with the avirulent Psm avrRpm1 in 

the local leaves of Col-0, we analyzed the levels of Pip accumulation in a set of defense 

related mutants. One day after inoculation of Psm avrRpm1 Pip accumulated significantly in 

Col-0 and to wild type-like levels in fmo1, sid2-1 and npr1 (Fig. 4C). Pip biosynthesis was 

also significantly activated in pad4, but compared to the wild type strongly reduced, although 

not completely blocked. The ald1 mutant was fully blocked in pathogen-induced Pip 

biosynthesis (Fig. 4C). The results indicated that Pip biosynthesis during PTI and ETI 

proceeded independently of FMO1 and SA. Interestingly, Pip biosynthesis after inoculation 

with Psm avrRpm1 was independent of NPR1. The positive regulatory role of PAD4 on Pip 

biosynthesis seemed to be conserved between PTI and ETI. 
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NDR1 and NPR1 had a positive influence on Aad-biosynthesis, demonstrating potentially 

different regulatory principles between Pip- and Aad-biosynthesis. PAD4 seemed to regulate 

both Lys catabolites, as Aad levels were significantly reduced in pad4 (Fig. 5B). The Aad 

biosynthetic pathway however seemed to be stronger regulated in an NPR1-dependent 

manner. 

As Pip is an important SAR regulatory metabolite and accumulated not only in the 

local, but also distal leaves and petiole exudates of Col-0, we wanted to know whether Pip 

does accumulate systemically in the different defense associated mutants two days after 

inoculation. In the systemic leaves of Psm-treated Col-0 Pip levels did increase strongly in 

the compared to the mock-treated leaves (Fig. 6). Interestingly Pip levels increased 

significantly in distal leaves of sid2-1 and fmo1 Psm-treated plants, although compared to the 

increase in Col-0 not very high (Fig. 6). The low levels of Pip in distal leaves of mock-treated 

sid2-1 and fmo1 plants indicated that SA or FMO1 had an influence on basal Pip levels in the 

distal leaves. Pip did not accumulate systemically in distal leaves of Psm-treated npr1 and 

pad4 plants (Fig. 6). 

 

Figure 6. Accumulation of Pip in distal leaves of wild type Col-0 and selected mutant plants 2 days 
post Psm inoculation. Grey bars represent changes in distal leaves folowing inoculation with 10 mM 
MgCl2 as a control treatment, black bars represent changes after Psm treatments. Asterisks denote 
statistically significant differences between 10 mM MgCl2- and Psm-inoculation (***: P< 0.001; **: P < 
0.01; *: P < 0.05; ns = non-significant, two-tailed t test). 
 

In conclusion, local Pip biosynthesis during both the compatible and incompatible 

interactions was independent of the SA pathway and FMO1, but partially dependent on 

PAD4. The biosynthesis of Aad underlined different regulatory mechanisms than Pip 

biosynthesis, but basal levels of both amino acids were elevated in the constitutively resistant 

cpr5 mutant. Interestingly, Pip accumulation in distal leaves of locally-inoculated plants was 

significantly increased compared to mock-treated plants in the SAR-deficient sid2-1 and 

fmo1, but not in npr1 and pad4 mutants. 
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IV.1.3. DIFFERENTIAL REGULATION OF AMINO ACIDS 

ACCUMULATION DURING DEFENSE  

 

The regulatory principle of free amino acids was comparatively analyzed in Col-0 during a 

compatible and incompatible interaction and PAMP-treatment (Tab. 1). It revealed that amino 

acids were supposedly regulated via the same signaling pathways during PTI and ETI. To 

uncover the regulation of Pip and Aad biosynthesis at early and late stages of defense in 

interaction with virulent and avirulent bacteria, we used a set of mutants defective in defense 

associated signaling pathways. We found that Pip biosynthesis was positively regulated by 

the lipase-like defense regulator PAD4 and at earlier stages of defense also by NPR1. From 

the comparative amino acid analyses in Col-0 (Tab. 1) it became clear that members of the 

group of aromatic-amino acids and aliphatic amino acid are, like Pip, Aad and Lys strongly 

induced during defense.  

To uncover the regulatory principle behind these biosynthetic patterns we performed 

comparative analysis of free amino acids with fmo1, npr1, pad4, dde2, coi1 and etr1 

compared to Col-0 one day after inoculation with Psm or 10 mM MgCl2 (Tab. 2 and 3). As 

described earlier, aromatic and aliphatic amino acids, as well as Pip and Aad accumulated 

significantly in the wild type, whereas Pro, Asp and Orn were decreasing upon pathogen 

attack (Tab. 2 and 3).  

In fmo1, aromatic amino acids like Phe, Tyr, Trp, the aliphatic amino acids Val, Leu, 

Ile, as well as Lys and Glu and the Lys-derivatives Pip and Aad, significantly increased upon 

Psm inoculation compared to mock treatment, although to lower levels than in Col-0. 

Significantly decreases in fmo1 P/M were observed for Pro (Tab. 2). Amino acid 

accumulation compared between fmo1 mock and Col-0 mock samples, showed that in fmo1, 

levels of Gly, Val, Ile, Pip, Asn, Gln and Orn were significantly reduced and Glu was the only 

amino acid that was significantly increased compared to the wild type (Tab. 2). In leaves 

inoculated with Psm no significant changes in amino acid levels were observed in fmo1 

compared to Psm inoculated wild type leaves, except for a decrease in Pip and Orn levels 

(Tab. 2). Pip biosynthesis was found to be independent of FMO1. Although at earlier stages 

of infection the Pip levels seemed to be reduced in the fmo1 mutant (Fig. 4A), Pip over 

accumulated two days after inoculation of Psm in the local leaves (Fig. 5A).  

Besides the regulation of Pip and Aad biosynthesis, NPR1 seemed not to have a 

major regulatory role in the metabolism of free amino acids one day upon pathogen infection 

as only Gly was significantly decreased compared to the wild type levels (Tab. 2). Comparing 

levels of amino acids in mock-treated leaves of npr1 to mock Col-0 leaves, the only 

significant change was the decrease in Pro and Pip levels in npr1. Comparing amino acid 
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levels in Psm against mock-infiltrated leaves of npr1, significant induction after Psm-

inoculation was observed in the aliphatic amino acids Val, Leu, Ile, in Ala, Pip, Aad and Lys 

and in the aromatic amino acid Phe and Tyr (Tab. 2).  

The results of comparatively analyzed amino acids in pad4 mutants showed a 

regulatory influence of PAD4. In leaves of pad4 after inoculation with 10 mM MgCl2 the levels 

of Gly, Val, Ile, Pip, Asn and Gln were decreased compared to levels measured in Col-0 

mock leaves. Interestingly, Gly, Ala, aliphatic amino acids Val, Leu, Ile, as well as Pro and 

Pip in Psm-inoculated pad4 plants were significantly decreased, compared to levels in Col-0 

Psm inoculated leaves. On the other side a group of amino acids was significantly increased 

in the pathogen challenged leaf of pad4 compared to wild type, consisting of Asp, Glu, Orn, 

Lys and Trp. The levels of free amino acids Gly, Leu, Ile, Thr, Pip, Aad, Gln, Lys, Phe, Tyr 

and Trp were increased in Psm-inoculated leaves compared to mock samples. Ala and Pro 

were decreasd comparing Psm against mock values in pad4 plants.  
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levels during pathogen treatment compared to mock-treated leaves in coi1 was observed for 

Gly, Ala, the aliphatic amino acids Val, Leu, Ile, as wells as GABA, the Lys-catabolites Pip 

and Aad, Glu, Asn, Gln, Orn and the aromatic amino acids Phe, Tyr and Trp. Significant 

decreases in coi1 were observed for Asp in coi1 Psm vs. mock inoculated leaves (Tab. 3).  

In the etr1 mutant levels of free amino acids in mock-treated leaves were not 

significantly changed compared to levels in Col-0 mock leaves, except for a decrease in Glu 

(Tab. 3), while inoculation with Psm caused an increase in Aad, Glu, Orn and Tyr in etr1 

compared to Col-0 Psm samples. Induction of amino acid biosynthesis in Psm compared to 

mock-treated etr1 plants was observed for the aliphatic amino acids Val, Leu, Ile, GABA, Thr, 

Pip, Aad and the aromatic amino acids Tyr and Trp. A significant decrease upon pathogen 

attack in etr1 was observed for Pro (Tab. 3). 

Taken together, the mutants tested, revealed that the regulatory principles of amino 

acid biosynthesis upon pathogen challenge were highly conserved and that the tendencies 

remained the same, independently of SA, JA or ET signaling. Biosynthesis of aliphatic and 

aromatic amino acids, as well as Pip and Aad was in almost all mutants induced upon 

pathogen attack, although in some cases to a lesser extent compared to Col-0. However, 

some interesting regulatory patterns were observed that are worth to follow up, as PAD4 

positively regulated the biosynthesis of aliphatic amino acids and Pip and negatively 

regulated amino acids like Asp, Glu, Orn, Lys and Trp during defense. This revealed that 

particular defense components seemed to regulate distinct branches of amino acid 

metabolism.  
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Figure 16. Relative PR-1 gene expression in local (l) leaves after 9, 16, 24 h and in distal leaves (s) 
24 and 48 h after inoculation with 10mM MgCl2, Psm and Psm avrRpm1 (Psm avr) in Col-0, sid2-1, 
ald1 and sid2-1 ald1 plants. Transcript levels were assessed by quantitative real-time PCR analysis, 
are given as means ± SD of three replicate samples, and are expressed relative to the respective 
mock control value (in cooperation with A.-C. Döring).  
 

This demonstrated that distal PR-1 expression did also depend on Pip. PR-1 expression was 

very low in the local leaves of sid2-1 and no systemic induction was observed, as PR-1 is a 

strongly SA-dependent defense gene. The PR-1 expression level in sid2-1 ald1 was similar 

to sid2-1, thus the PR-1 expression was not suitable as indicator for altered disease kinetics 

due to the simultaneous loss of SA and Pip (Fig. 16). 

To further characterize sid2-1 ald1, comparative amino acid and metabolite analysis 

were performed in Col-0, ald1, sid2-1 and sid2-1. Leaves of Col-0, sid2-1, ald1 and sid2-1 

ald1 were infiltrated with Psm or 10 mM MgCl2 and levels of amino acids and SA measured 

two days after inoculation in the local and systemic leaves. In Col-0 Pip and SA accumulated 

strongly after pathogen attack, while pathogen induced SA or Pip accumulation was not 

observed in local and systemic leaves of sid2-1 ald1. This result confirmed the successful 

generation of a SA- and Pip- deficient double mutant (Fig. 17). Local accumulation of SA and 

Pip were not dependent on ALD1 and ICS1, respectively (Fig. 17A+B). The basal levels of 

salicylic acid in sid2-1 and sid2-1 ald1 can be explained with a still functional ICS2 gene in 

the mutants. However, since ICS1 is the main contributor to pathogen induced SA 

accumulation, no accumulation was detected in sid2-1 ald1 and sid2-1 in local and systemic 

leaves two days after Psm inoculation (Fig 17A+C, Wildermuth et al., 2001). Systemic 

accumulation of SA was only detectable in the wild type, emphasizing the importance of Pip-

biosynthesis in the production of systemic SA (Fig. 17C). Pip accumulated significantly in the 

distal leaves of Col-0 and sid2-1 plants two days after inoculation of Psm in the local leaves 

compared to the mock control (Fig. 17D). Hence, pathogen induced Pip accumulation in the 
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Figure 18: Accumulation of camalexin in Psm-inoculated leaves of Col-0, sid2-1 ald1 and sid2-1 ald1 
two days after inoculation. Data represent the mean ± SD of three replicate samples. Asterisks denote 
statistically significant differences between MgCL2 and Psm samples. (***: P< 0.001; **: P < 0.01; *: P 
< 0.05; ns = not significant; two-tailed t test). FW = fresh weight. 
 

To further uncover regulatory principles of SA and Pip on the amino acid metabolism, 

we performed comparative amino acids analysis with Col-0, sid2-1, ald1 and sid2-1 ald1 one 

day after inoculation of Psm in the local leaves.  

Like in the previously described experiments (Tab. 2+3), certain groups of amino 

acids were especially increased upon pathogen attack. In Col-0 aliphatic amino acids Val, 

Leu, Ile and aromatic amino acids Phe, Tyr and Trp alongside with Lys, Pip, Aad and Asn 

accumulated significantly after Psm inoculation (Tab. 4).  

Levels of free amino acids after Psm inoculation in the local leaf were strongly 

affected in the SA-deficient mutant sid2-1. Aromatic amino acids Phe, Tyr, Trp, as well as 

Orn, Lys, Asn, Asp and Aad were significantly reduced while Ala was significantly increased 

in sid2-1 compared to Psm-treated Col-0 leaves (Tab. 4). The absence of SA seemed to 

have not such a big impact on the metabolism of free amino acids in the local mock treated 

leaves, as only Lys and Tyr showed significantly reduced levels compared to Col-0. The loss 

of SA during pathogen attack had no effect on the accumulation of aliphatic amino acids Val, 

Leu, Ile, Pip, Pro, GABA, Gly, Glu and Gln. Comparing Psm against mock treated samples in 

sid2-1 a significant increase of Ala, Leu, Ile, Aad, Phe and Tyr and a significant decrease of 

Asp, Glu and Orn was observed (Tab. 4).  

Amino acid metabolism in the Pip-deficient ald1 mutant showed a reduction during 

pathogen attack of the amino acids Asn, Orn and Tyr and an increase in Lys compared to 

levels in Col-0. The loss of Pip had no influence on basal amino acid levels in ald1 compared 

to Col-0 mock samples. However, the amino acids Glu, Ala, Val, Leu, Ile, GABA, Glu, Asn, 

Lys, Phe, Tyr and Trp were significantly increased and Asp and Orn significantly decreased 

after Psm inoculation in ald1 (Tab. 4).  
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sid2-1 ald1 (Tab. 4). Lys, the possible precursor and substrate for ALD1 over accumulated in 

ald1, but not in sid2-1 ald1. A possible reason could be a positive influence of SA on Lys 

biosynthesis, as Lys was significantly reduced in sid2-1 after Psm inoculation compared with 

Col-0 (Tab. 4).  

The results gave an impression about the impact of the loss of SA and Pip on the 

amino acid metabolism, but like in the other defense mutants we tested, the tendencies of 

amino acid metabolism that were observed after pathogen challenge compared to the mock-

state, seemed to remain the same. 

 

IV.2.5. SA AND PIP PROVIDE ADDITIVE CONTRIBUTIONS TO BASAL 

RESISTANCE  

 

It is known that SA is crucial for the establishment of local resistance against P. 

syringae, as studies with SA-deficient mutants like sid2-1/eds16 show severely enhanced 

basal susceptibility (Wildermuth et al., 2001). Also many pathogen-responsive genes are 

regulated in an SA-dependent manner.  

To test the impact of the simultaneous loss of SA and Pip on resistance, we 

conducted a local resistance assay measuring the bacterial growth two days after inoculation 

of Psm (OD 0.001). Basal bacterial growth was significantly higher in sid2-1, ald1 and sid2-1 

ald1 compared to Col-0. However, as observed in previous experiments, sid2-1 was 

significantly more susceptible than Col-0 and ald1 (Fig. 19). Interestingly the SA- and Pip-

deficient mutant sid2-1 ald1 showed a significant higher bacterial growth and overall 

increased basal susceptibility compared to Col-0, ald1 and even sid2-1 (Fig. 19).  

 

Figure 19. Additive contribution of SA and Pip to basal resistance against Psm. Local growth assay in 
Col-0, sid2-1, ald1 and sid2-1 ald1 mutants. Leaves were infiltrated Psm (OD 0.001) and bacterial 
growth in inoculated leaves was assessed three days after inoculation. Asterisks denote statistically 
significant differences to Col-0, hash keys and open circles denote statistically significant differences 
between indicated samples (***: P< 0.001; **: P < 0.01; *: P < 0.05; two-tailed t test). 
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From this result we concluded that SA plays an even more important role at the 

infection site and basal resistance than Pip and that Pip and SA have an additive effect on 

the establishment on basal resistance. 

 

IV.2.6. PIP CONFERS SAR INDEPENDENTLY AND IN CONCERT WITH 

SA 

 

SA is not only important for basal resistance, like Pip it is crucial for the establishment 

of systemic immunity in the plant (Vernooij et al., 1994; Gaffney et al., 1993).  

We next tested whether the simultaneous loss of SA and Pip has an influence on the 

establishment of SAR. We conducted comparative systemic resistance assays with Col-0, 

ald1, sid2-1, eds5 (ics2), ics1 ics2 and sid2-1 ald1. For the SAR assays we first inoculated 

the local leaves with either 10 mM MgCl2 or Psm (OD 0.005). The second inoculation of Psm 

(OD 0.001) followed two days later in the distal leaves and bacterial growth was measured 

after additional three days. Bacterial growth after pretreatment with Psm in distal leaves of 

Col-0 was reduced up to 12-fold, while ald1 was fully attenuated in SAR (Fig. 20). In all SA-

deficient mutants, sid2-1, eds5, ics1 ics2 and sid2-1 ald1, a stronger bacterial growth in the 

MgCl2-pretreated plants was observed compared to Col-0 and ald1 (Fig. 20). Bacterial 

growth was significantly reduced in the distal leaves of sid2-1 (1.5-fold growth reduction), 

eds5 (2-fold growth reduction), ics1 ics2 (2-fold growth reduction) after pretreatment with P. 

syringae (Fig. 20). SA- and Pip deficient sid2-1 ald1 was like ald1 fully attenuated in SAR 

(Fig. 20).  
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Figure 20. Pip confers partial SAR in the absence in SA. SAR assay in Col-0, ald1, sid2-1, eds5, ics1 
ics2 and sid2-1 ald1 mutants. Lower (1°) leaves were infiltrated with either 10 mM MgCl2 or Psm (OD 
0.005), and two days later, three upper leaves (2°) were challenge infected with Psm (OD 0.001). 
Bacterial growth in upper leaves was assessed three days after 2° leaf inoculation. Asterisks denote 
statistically significant differences between MgCl2 and Psm samples (***: P< 0.001; **: P < 0.01; *: P < 
0.05; ns = not significant; two-tailed t test). 
 

Pip was crucial for SAR establishment while SA was determining the strength of 

defense induction and was needed for a full SAR response (Fig. 20). SA-deficient mutants 

are able to establish a moderate, but significant SAR response and Pip and ALD1 and FMO1 

transcripts accumulate significantly in the distal untreated leaves upon pathogen inoculation 

(Fig. 20).  

 

IV.2.7. IDENTIFICATION OF THE SAR TRANSCRIPTOME REVEALS 

MECHANISMS AND DEFENSE STRATEGIES OF ARABIDOPSIS 

THALIANA AND THE ROLE OF SA AND PIP DURING SAR 

 

The previously described results already indicated a shared role of SA- and Pip in the 

establishment of local defense and SAR.  

To identify the reason for the SA-independent SAR, we performed two independent 

RNA-seq experiments. In RNA-seq experiment 1 including Col-0 and sid2-1 (further referred 

to as SAR (1)) and RNA-experiment 2 including Col-0 and ald1 (further referred to as SAR 

(2)) local leaves were inoculated either with 10 mM MgCl2, or Psm with an OD of 0.005. After 

48hpi the distal, non-treated leaves, were taken for RNA extraction. Samples were taken 

from three biological independent experiments and within each experiment three replicates 

were taken from 6 plants per treatment. The RNA was pooled afterwards and 2 µg were used 

for Illumina TruSeq™ RNA library preparation. Single end, 50 bp reads (SAR (1)) and 100 bp 

reads (SAR (2)), corrected according to Benjamini Hochberg for non-Gaussian distributed 

samples. A q-value of 0.01 was assumed and the threshold for a significant response was 

set to a fold change (log2) of >2, <-2. Bacterial growth reduction and metabolite 

accumulation in the distal leaves during SAR was controlled in all experiments used for the 

RNA-seq experiments. The transcriptional response of the distal leaf of Col-0 upon treatment 

with Psm in SAR (1) yielded 7441 and in SAR (2) 4832 significantly changed genes. 

Comparing the transcripts of both experiments, 3925 genes are common to both datasets 

(Fig. 21A). These 3925 genes were considered to be the core SAR genes in the distal leaf of 

Col-0 with 2057 up-regulated and 1868 down-regulated genes (Fig. 21A). In sid2-1 the 

transcriptional response in the distal leaf was reduced. 717 of the core SAR genes and 989 

total genes were changed upon Psm inoculation in the distal leaf (Fig. 21B). In SAR (2) only 
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two genes were significantly changed in the distal leaf of ald1 upon pathogen attack, 

emphasizing the importance of ALD1 and Pip for systemic defense gene responses (Fig. 

21C). 

 

Figure 21. Venn diagram of differentially regulated genes in the distal leaf upon Psm challenge 
(FDR<0.01). (A) Genes in genes that are significantly up (SAR+) and down (SAR-) regulated in SAR 
(1) and (2) in Col-0. (B) Significantly regulated genes (up/down) in Col-0, sid2-1 (SAR (1)) are grouped 
in three categories. Category I includes all genes that are up-regulated in Col-0, category IIa (grey) 
includes genes that are up-regulated in sid2-1 and category IIb (grey) includes genes that are in sid2-
1, but not in Col-0 up-regulated. (C) Significantly regulated genes (up/down) of experiment SAR (2) in 
Col-0 and ald1. Significant regulated genes in ald1 are grouped in category III. (K. Gruner provided 
the RNA for experiment SAR (1) and the statistical analysis was done in cooperation with A. 
Bräutigam). 

 

Comparing the distribution of SAR annotated transcripts of the two independent Col-0 

experiments SAR (1) and (2) with the response in sid2-1 and ald1 it became clear, that the 

gene regulation was dependent on SA, but even stronger on Pip (Fig. 22A). Many genes still 

responded in sid2-1, but the magnitude of the response was smaller (Fig 22A). The response 

in ald1 was very weak in up- and down-regulated genes, so we decided to compare the 

mean gene expression in ald1 during SAR with randomly picked genes from the ald1 P/M 

data set. A very faint response in expression of the up- and down-regulated SAR genes in 

ald1 was still detectable (Fig. 22A+B).  
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and JA (Yan et al., 2007), among the most highly induced genes in the distal leaf of sid2-1 

P/M (Tab. 6).  

 

Table 5. Mean expression values and fold change (log2) of first 15 significantly up-regulated SA-
dependent category I genes in the distal leaf upon Psm challenge in Col-0 and sid2-1 in RNA-seq I 
sorted according to highest fold change in Col-0 P/M.  

 

 

Table 6. Mean expression values and fold change (log2) of first 15 significantly up-regulated SA-
independent genes in the distal leaf upon Psm challenge in Col-0 and sid2-1 in RNA-seq I (category 
IIa) sorted according to highest fold change (log2) in sid2-1 P/M.  

    
Mean Expression Value 

  Fold change* 
(log2) 

Pos. AGI Code Gene Name / Description Abbrev. Col-0 
M 

Col-0 
P 

sid2-1 
M 

sid2-1 
P  

Col-0 
P/M 

sid2-1 
P/M 

           
1 At2g26400 ACIREDUCTONE DIOXYGENASE 3 ARD3 31.1 2604.8 2.2 2.7  6.3 0.2 

2 At3g28510 AAA-type ATPase family protein - 18.2 608.7 1.8 2.7  5.0 0.4 

3 At1g66460 putative serine/threonine protein kinase - 0.9 21.1 0.5 1.2  3.6 0.5 

4 At3g53150 UDP-GLUCOSYL TRANSFERASE 73D1 UGT73D1 1.3 55.5 0.1 0.6  4.6 0.6 

5 At3g22910 putative calcium-transporting ATPase 13 ACA13 8.3 442.8 1.6 3.1  5.6 0.6 

6 At2g14610 PATHOGENESIS-RELATED PROTEIN 1 PR1 131.5 6808.3 6.0 10.3  5.7 0.7 

7 At1g03850 GLUTAREDOXIN 13 GRXS13 7.8 175.8 2.7 5.2  4.3 0.7 

8 At4g22592 conserved peptide upstream open reading frame 27 CPuORF27 4.4 62.3 2.9 5.5  3.6 0.7 

9 At4g35180 LYS/HIS TRANSPORTER 7 LHT7 4.6 84.7 0.7 1.9  3.9 0.7 

10 At2g32190 unknown protein - 0.6 19.7 0.3 1.7  3.7 1.1 

11 At3g14050 RELA-SPOT HOMOLOG 2 RSH2 20.5 283.7 16.0 36.6  3.7 1.1 

12 At4g31800 WRKY DNA-BINDING PROTEIN 18 WRKY18 19.3 308.0 6.2 15.4  3.9 1.2 

13 At1g64065 late embryogenesis abundant protein - 4.2 71.9 3.2 10.0  3.8 1.4 

14 At3g61190 BON ASSOCIATION PROTEIN 1 BAP1 3.6 87.2 1.2 5.8  4.3 1.6 

15 At4g23190 RECEPTOR LIKE PROTEIN KINASE 3 RLK3 2.9 42.7 1.3 6.3  3.5 1.6 

 

    
Mean Expression Value 

  Fold change* 
(log2) 

Pos. AGI Code Gene Name / Description Abbrev. Col-0 
M 

Col-0 
P 

sid2-1 
M 

sid2-1 
P  

Col-0 
P/M 

sid2-1 
P/M 

           
1 At2g24850 TYROSINE AMINOTRANSFERASE 3 TAT3 91.4 3554.9 11.1 1302.5  5.3 6.8 

2 At2g13810 AGD2-LIKE DEFENSE RESPONSE PROTEIN 1 ALD1 18.3 523.7 0.8 140.2  4.8 6.3 

3 At1g19250 FLAVIN-DEPENDENT MONOOXYGENASE 1 FMO1 3.7 201.6 0.4 84.3  5.4 6.0 

4 At2g43570 putative chitinase CHI 65.7 2496.7 3.7 286.4  5.2 5.9 

5 At2g29460 GLUTATHIONE S-TRANSFERASE TAU 4 GSTU4 5.7 335.1 1.1 112.2  5.6 5.8 

6 At3g09940 MONODEHYDROASCORBATE REDUCTASE 3 MDAR3 6.4 202.1 0.8 93.8  4.8 5.7 

7 At1g54010 GDSL-LIKE LIPASE 23 GLL23 0.5 6.2 0.6 60.8  2.3 5.3 

8 At1g02930 GLUTATHIONE S-TRANSFERASE 6 GSTF6 131.8 2278.8 14.7 596.6  4.1 5.3 

9 At1g33960 AVRRPT2-INDUCED GENE 1 AIG1 84.4 3621.1 7.6 325.5  5.4 5.3 

10 At3g57260 PATHOGENESIS-RELATED PROTEIN 2 PR2 191.2 3716.6 15.9 634.4  4.3 5.2 

11 At3g22600 GPI-ANCHORED LIPID TRANSFER PROTEIN 5 LTPG5 16.4 945.8 1.2 81.1  5.8 5.2 

12 At3g26830 PHYTOALEXIN DEFICIENT 3 PAD3 8.0 344.7 0.9 67.5  5.3 5.2 

13 At2g38240 2–oxoglutarate-dependent dioxygenase superfamily DOXC46 0.3 37.3 0.2 41.4  4.8 5.1 

14 At2g29350 SENESCENCE-ASSOCIATED GENE 13 SAG13 33.6 1899.3 4.0 165.1  5.8 5.0 

15 At1g57630 Toll-Interleukin-Resistance domain family protein - 6.8 302.3 0.9 55.9  5.3 4.9 
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Category IIb genes were defined as SA-independent genes that were up-regulated in 

sid2-1, but not up- or even down-regulated in Col-0 during SAR. Category IIb genes were 

sorted according to the highest fold change (log2) in sid2-1 compared to Col-0 P/M (Tab. 7). 

Noteworthy was, that the basal level of gene expression was independent of SA, as the 

mean expression values for the mock samples were even higher in sid2-1 compared to Col-

0. Noticeably, the list contains genes that were clearly involved in JA biosynthesis like 

ALLENE OXIDE SYNTHASE (AOS) and ALLENE OXIDE CYCLASE2 (AOC2) and signaling 

like PLANT DEFENSIN1.2A/B (PDF1.2A/B). 

 

Table 7. Mean expression values and fold change (log2) of first 15 significantly up-regulated SA-
independent genes in the distal leaf upon Psm challenge of sid2-1, but not in Col-0 in SAR (1) 
(category IIb) sorted according to highest fold change (log2) in sid2-1 P/M.  

 

We further checked for the percentage of JA responsive genes in the category IIb. A 

list of JA responsive genes was taken from NASCARRAYS-174 in which 7 day-old Col-0 

seedlings grown in εS liquid medium under constant light at ββ◦C were treated with 10 μM 

MeJA. The leaves were sampled 3 h after treatment (Goda et al., 2008). After alignment of 

the 959 up-regulated genes in sid2-1 with the list of JA responsive genes we could show that 

12.5% of genes that were up-regulated in sid2-1 were JA responsive (Tab. 8). Among the 

959 up-regulated genes in sid2-1, 144 genes were down-regulated or not induced in Col-0. 

These genes up-regulated in sid2-1, but not up or even down-regulated in Col-0, consisted to 

38.9% of JA responsive genes. The enrichment in JA responsive genes in the group of 

down-regulated genes in Col-0 during SAR was also shown by analyzing publicly available 

    
Mean Expression Value 

  Fold change* 
(log2) 

Pos. AGI Code Gene Name / Description Abbrev. Col-0 
M 

Col-0 
P 

sid2-1 
M 

sid2-1 
P  

Col-0 
P/M 

sid2-1 
P/M 

           
1 At2g43550 defensin-like protein 197 - 19.3 3.9 30.5 146.1  -2.1 2.2 

2 At3g28220 TRAF-like family protein - 26.4 7.2 31.2 686.5  -1.7 4.4 

3 At2g26020 PLANT DEFENSIN 1.2B PDF1.2B 6.6 1.6 2.6 15.9  -1.6 2.2 

4 At1g52000 Mannose-binding lectin - 16.9 5.0 33.4 306.8  -1.6 3.2 

5 At5g02940 uncharacterized protein - 107.8 36.3 148.3 464.3  -1.5 1.6 

6 At4g18440 L-aspartase-like family protein - 287.0 116.1 424.0 2972.3  -1.3 2.8 

7 At4g13410 CELLULOSE SYNTHASE LIKE A15 CSLA15 4.1 1.4 2.6 95.5  -1.1 4.7 

8 At4g24350 phosphorylase family protein - 84.2 40.7 106.3 739.5  -1.0 2.8 

9 At1g52040 MYROSINASE-BINDING PROTEIN 1 MBP1 4.4 1.7 6.0 71.4  -1.0 3.4 

10 At5g42650 ALLENE OXIDE SYNTHASE AOS 335.7 175.3 459.3 1684.3  -0.9 1.9 

11 At5g44420 PLANT DEFENSIN 1.2A PDF1.2 79.2 41.4 33.0 202.8  -0.9 2.6 

12 At1g14250 GDA1/CD39 nucleoside phosphatase family protein - 70.5 36.9 94.9 668.6  -0.9 2.8 

13 At1g58270 TRAF-like family protein ZW9 13.3 7.6 15.1 103.4  -0.7 2.7 

14 At2g43530 defensin-like protein 194 - 23.9 14.3 28.6 293.5  -0.7 3.3 

15 At3g25770 ALLENE OXIDE CYCLASE 2 AOC2 168.6 104.0 221.4 1201.9  -0.7 2.4 
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microarray data. JA-responsive genes were down-regulated during SAR and up-regulated in 

the absence of SA (Gruner et al., 2013). 

 

 

 

Table 8. Percentage of JA-regulated genes in SAR (1). Percentages were calculated among the whole 
genome, genes that are up-regulated during SAR in Col-0, genes that are up-regulated during SAR in 
sid2-1 and genes that are up-regulated in sid2-1, but down-regulated during SAR in Col-0 (in 
cooperation with A. Bräutigam).  

In experiment SAR (2) the mean expression values of significantly up-regulated genes in the 

distal leaf of ald1 after pathogen challenge (P) were not higher compared to the expression 

of these genes in distal leaves of mock treated (M) wild type plants (Tab. 9). Although the 

transcriptional response in ald1 during SAR was very weak; two genes, the RECEPTOR-

LIKE PROTEIN KINASE6 (CRK6) and PLANT CADMIUM RESISTANCE1 (PCR1) were 

significantly up-regulated in SAR (2) and grouped in category III (Tab. 9 and Fig. 21C).  

 

 

Table 9. Mean expression values and fold change (log2) of significantly up-regulated genes of 
category III in the distal leaf upon Psm challenge of Col-0 and ald1 in RNA-seq II sorted according to 
highest fold change (log2) in ald1 P/M.  

 

To get an overview of affected metabolic pathways during SAR, the genes common 

to both datasets, significantly regulated in Col-0 were assigned to custom made MapMan 

categories (Fig. 23). The most obvious SAR response in the distal leaf was the down 

regulation of 77.5% of the genes that were involved in photosynthesis related processes. 

This included the Calvin Benson Bessham cycle, photosynthetic electron transfer chain and 

photorespiration. Furthermore, 43.5% of genes involved in tetrapyrrole synthesis, mainly 

    
Mean Expression Value 

  Fold change* 
(log2) 

Pos. AGI Code Gene Name / Description Abbrev. Col-0 
M 

Col-0 
P 

ald1 
M 

ald1 
P  

Col-0 
P/M 

ald1 
P/M 

           
1 At4g23140 RECEPTOR-LIKE PROTEIN KINASE 6 CRK6 51 857 5 26  4.0 2.1 

2 At1g14880 PLANT CADMIUM RESISTANCE 1 PCR1 84 2910 7 29  5.1 1.9 
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chlorophyll synthesis in leaf tissue, and in the major carbohydrate metabolism (-20.8%) were 

down-regulated. Anabolic pathways like N- (-16%) and S-metabolism (-16.7%) and synthesis 

of nucleotides (-15.6%), lipids (-14.3%) and secondary metabolites (-13.6%) were down-

regulated to a lesser extent. Up-regulated categories included categories like redox 

(+12.6%), signaling (+15.8%), biotic stress (+12.8%), fermentation (+14.3%) and oxidative 

pentose phosphate (OPP) pathway (+15.4%; Fig. 23).  

 

 

Figure 23. Relative expression changes of SAR genes in Col-0. Custom made MapMan bins (data set 
SAR 1+2) show relative changes of SAR genes to all genes in the respective category in the 
Arabidopsis thaliana genome (OPP= oxidative pentose phosphate pathway, PS= photosynthesis, 
CHO= carbohydrate, TCA= tricarboxylic acid cycle; in coorperation with A. Bräutigam).  
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Figure 24. Overview display of genes assigned to metabolism. Explanation of the functional 
categories deposited at each location on the scheme (according to Thimm et al., 2004). 

 

For further visualization of gene expression patterns of the 3925 significantly 

regulated genes, common to both RNA-seq datasets, were assigned to MapMan (TAIR10) 

categories of central metabolic processes in the plant. An overview of MapMan functional 

categories (Fig. 24) visualized the changes in gene expression for every genotype and 

metabolic pathway. The photosynthesis apparatus was strongly down-regulated in Col-0 and 

was the most severely affected MapMan category during SAR in Col-0 SAR (1) and (2) (Fig. 

25A + 26A). Comparing the expression patterns of all metabolic pathways in both Col-0 

datasets SAR (1) and (2) the metabolic regulation during SAR seemed to be a highly robust 

and conserved mechanism, as the expression pattern was highly similar between the two 

RNA-seq experiments and MapMan categories (Fig. 25A + Fig. 26A). The response in sid2-1 

SAR (1) was reduced, but unlike ald1 SAR (2) there was still some minor change in gene 

expression noticeable. The down regulation of photosynthesis and associated pathways was 

abolished in sid2-1 and ald1 (Fig. 25B + Fig 26B). 
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IV.2.8. BIOLOGICAL PRIMING OF CAMALEXIN ACCUMULATION 

DEPENDS ON SA AND PIP 

 

Priming was defined as a long-lasting phenomenon of plant immunity that allows a 

quick and robust response of cells to very low levels of a stimulus, compared to non-primed 

cells. Local and systemic defense responses are faster and stronger activated in primed 

plants upon a subsequent pathogen challenge and plants are more tolerant towards 

infections (Jung et al., 2009; Návarová et al., 2012). It was shown that the production of 

camalexin is independent of SA and even higher in sid mutants compared to Col-0 after 

inoculation with virulent Psm and P. s. tomato DC3000 carrying avrRpt2 (Fig. 17A; Nawrath 

et al., 1999).  

We conducted biological priming experiments to examine the impact of SA and Pip on 

the production of the phytoalexin camalexin, total levels of SA and defense gene expression 

during defense priming induced by biological SAR. In the experimental set-up a first 

inoculation of the local leaves (1°) was carried out with either 10 mM MgCl2 or Psm (OD 

0.005), followed by a second inoculation of 10 mM MgCl2 or Psm (OD 0.005) in the distal 

leaves (2°) 48h later. 10 hours after the second treatment, distal leaves (2°) were harvested 

and metabolites analyzed to assay the early defense response. Four different regimes were 

analyzed: the control situation (1° MgCl2/ 2° MgCl2), the systemic response (1° Psm / 2° 

MgCl2), the local response (1° MgCl2/ 2° Psm) and the combined treatment (1° Psm / 2° 

Psm).  

In our definition a primed state (P) existed when the response of gene expression, 

total SA or camalexin accumulation was stronger after the combined treatment (1° Psm / 2° 

Psm) as the sum of the local (1° MgCl2/ 2° Psm) and the systemic response (1° Psm / 2° 

MgCl2). In Col-0 the camalexin production was moderately increased after the local, 

compared to the systemic stimulus, but the production of camalexin was boosted upon a 

combination of a Psm inoculation in 1° and 2° leaves and thus strongly primed (Fig. 28A). In 

sid2-1 the accumulation of camalexin during the systemic response was diminished and only 

increased after application of Psm in the treated leaves. As there was no further increase 

upon a combined Psm inoculation in the local and systemic leaves, camalexin was not 

primed in sid2-1 (Fig. 28A). The Pip-deficient ald1 mutant showed the same response in 

camalexin accumulation than sid2-1. Camalexin was only produced following a local stimulus 

and not further elevated upon a first Psm inoculation in lower leaves (Fig. 28A). This 

suggested that priming of camalexin was dependent on both, SA and Pip. Interestingly, 

camalexin production was completely absent in sid2-1 ald1, suggesting that with the loss of 
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This demonstrated that ald1 was not able to establish, as observed for camalexin, a 

priming of SA. This result highlighted the importance of Pip for the establishment of systemic 

accumulation and priming of SA during SAR. 

To test whether other defense related genes involved in basal and systemic defense 

against bacterial pathogens also play a role in biological priming, we used eds1-2, fmo1 and 

pad4 mutants together with Col-0 in the described double inoculation experiment. Lipase-like 

proteins EDS1 and its interaction partner PAD4 are both required for the interaction with TIR-

NB-LRR R-genes. EDS1 is required to regulate RPP1-, RPP4-, RPP5, RPP21 and RPS4-

mediated resistance to the biotrophic oomycete Peronospora parasitica, and to 

Pseudomonas bacteria expressing the avirulence gene avrRps4 (Aarts et al., 1998; 

Coppinger et al., 2004). Biological priming of camalexin was not as prominent in Col-0 as 

observed in the previous experiment (Fig. 29). The local camalexin production in Col-0 was 

much stronger and the sum of the local and systemic trigger did not differ significantly from 

the production after a combination of local and systemic trigger (Fig. 29). However, priming 

of camalexin and production in the local and systemic leaves after inoculation of Psm, was 

strongly dependent on EDS1, FMO1 and PAD4. Like in the ald1 mutant, priming of 

camalexin production was absent in eds1-2, fmo1 and pad4 mutants (Fig. 29).  

 

Figure 29. Biological SAR primes plants for camalexin accumulation in an EDS1-, NPR1- and PAD4-
dependent manner. Double inoculation experiment to assess defense priming during SAR in Col-0, 
eds1-2, fmo1 and pad4. SAR priming (P) of defense metabolite Camalexin at 10 h after 2° treatment: 
Plants were treated in lower (1°) leaves with 10 mM MgCl2 or Psm (OD 0.005), and 2 d later, upper 
(2°) leaves were infiltrated with 10 mM MgCl2 or Psm. Upper leaves were then scored for defense 
metabolite accumulation or defense gene expression at 10h after inoculation. Four different regimes 
were analyzed corresponding to a control situation (1° MgCl2/2° MgCl2), a systemic pathogen stimulus 
(1° Psm /2° MgCl2), a local pathogen stimulus (1° MgCl2/2° Psm), and a combination of both the 
systemic and the local stimuli (1° Psm /2° Psm). Bars represent the mean ± SD of at least three 
replicate samples. FW, fresh weight (P < 0.05, two-tailed t test).  
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In the SAR state, plants show elevated levels of PR gene expression and activated 

immune responses as direct protection against a possible second pathogen attack (Sticher et 

al. 1997). Biologically induced SAR primes the plants for systemic accumulation and 

biosynthesis of defense associated PR genes upon a subsequent pathogen attack (Jung et 

al. 2009). As published by Zeier and colleagues defense genes involved in SAR can be 

grouped into SA-dependent, SA-independent genes and partially SA-dependent genes 

(Gruner et al., 2013).  

To study the regulation of defense priming of SAR-genes, genes of SA-dependent, 

SA-independent and partially SA-dependent categories were selected. To test whether the 

selected representatives of these groups were involved in biological priming of defense gene 

expression, transcript accumulation was measured in Col-0, ald1, sid2-1 and sid2-1 ald1. 

Zeier and colleagues defined SA-dependent genes as genes up-regulated by SA whose local 

expression upon Psm-treatment were severely compromised in sid2-1 and thus dependent 

on endogenous SA (Gruner et al., 2013). Genes of this category are for example ARD3 and 

PR-1 and selected for defense gene priming. SA-independent SAR genes are independently 

expressed from SA that showed a strong up-regulation upon Psm inoculation. Genes 

selected from this category are FMO1, ALD1 and SAG13. Partially SA-dependent genes, like 

GRXS13 that we used for defense priming studies, are grouped into a third category that 

mainly consisted of genes partly requiring SID2/ICS1 for Psm-induced expression or of 

genes not locally up-regulated by Psm at 24 hpi (Gruner et al., 2013). The experimental set 

up was the same described for biological priming of total SA and camalexin (Fig. 28).  

SA-independent genes FMO1, ALD1 and SAG13 were primed during biologically 

activated SAR in Col-0 (Fig. 30A, B and C). In sid2-1 FMO1 priming was even more 

pronounced (Fig. 30A), whereas ALD1 was equally (Fig. 30B) and SAG13 weaker (Fig. 30C) 

primed compared to Col-0. The systemic (1° Psm / 2° MgCl2) induction of FMO1 and ALD1 

gene expression was, however, weaker or absent in sid2-1 mutants compared to Col-0 (Fig. 

30A and B). Naturally no expression of ALD1 was observed in the Pip-deficient mutant ald1 

and sid2-1 ald1 (Fig. 30B). Priming of FMO1 and SAG13 was strongly dependent on Pip in 

the systemic leaves, as expression levels were only elevated after a local (1° MgCl2/ 2° Psm) 

response in ald1 mutants. The partially SA-dependent gene GRXS13 was strongly primed 

during biological SAR in Col-0 and also in sid2-1, but noticeable weaker (Fig. 30D). Priming 

of GRXS13 was not only dependent on SA, but also on Pip in the systemic leaves, as 

GRXS13 expression was only induced after a local Psm inoculation and not after a systemic 

trigger in ald1 (Fig. 30D). GRXS13 was not expressed at all in sid2-1 ald1, which indicated 

the importance and interplay of Pip and SA for induction and priming of defense gene 

expression. The SA-dependent defense genes ARD3 and PR-1 were both primed upon 





99 
 

Taken together the biological activated priming during SAR was dependent on SA 

and Pip. Whereas SA seemed to have an important role for the gene expression in the local 

leaf, priming was only conferred in the presence of Pip, as Pip deficient mutants did not show 

any defense gene priming. Therefore, endogenous Pip was crucial for induced resistance 

and priming of defense genes during SAR. 

 

IV.2.9. EXOGENOUS PIP RESTORES PRIMING OF CAMALEXIN 

PRODUCTION AND DEFENSE GENE EXPRESSION IN PIP AND SA 

DEFICIENT MUTANTS 

 

Endogenous Pip is crucial for the establishment of metabolite and defense gene 

priming. As described by Zeier and colleagues, exogenous Pip induces SA biosynthesis and 

strongly potentiates Psm-triggered camalexin production in ald1 (Návarová et al. 2012).  

To test whether exogenous Pip treatment would increase Psm-triggered defense 

responses in SA- and Pip-deficient mutants and induce priming, Pip was applied 

exogenously to Col-0, ald1, sid2-1 and sid2-1 ald1. The experimental set-up differed from the 

biological priming experiment, as Pip, or water as a control, were applied exogenously to the 

soil one day before the inoculation of Psm or 10 mM MgCl2 in leaves of Col-0, ald1, sid2-1 

and sid2-1 ald1. Samples for metabolite analysis or gene expression analysis were taken ten 

hours after leaf inoculation. Four different regimes of Pip-induced resistance were analyzed 

compared to the control situation wM (1° water / 2° MgCl2): wP (1° water / 2° Psm) = Psm-

induced responses, PM (1° Pip / 2° MgCl2) = Pip-induced responses and PP (1° Pip / 2° 

Psm) = Psm-induced responses. According to our definition of priming, Pip-induced priming 

(P) existed, when the response of gene expression and camalexin accumulation was 

stronger after the combined treatment (PP), as the sum of the Psm-induced resistance (wP) 

and Pip-induced resistance (PM).  

In Col-0 the production of camalexin was primed upon Pip- and Psm- induced 

resistance. The accumulation of camalexin in the wild type was stronger after Psm-

inoculation in the leaf than Pip-application to the soil. Interestingly priming of camalexin was 

restored in ald1, sid2-1 and sid2-1 ald1 (Fig. 31), but the levels of camalexin were lower 

compared to camalexin accumulation in Col-0. Psm-induced camalexin production was 

stronger in sid2-1 compared to Col-0, ald1 and sid2-1 ald1 (Fig. 31). During biological 

priming sid2-1 ald1 completely lacked the ability to induce production and priming of 

camalexin upon a biological stimulus, but exogenous Pip restored the ability of camalexin 

production in SA- and Pip-deficient mutants (Fig. 31).  
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Figure 31. Exogenous Pip induces priming (P) of camalexin production.  
Exogenous application of 10 mL of 1 mM ( 10 µmol) Pip or water one day prior to infiltration of Psm 
(OD 0.005). Samples of inoculated leaves for metabolite analysis were taken ten hours after 
inoculation from Col-0, sid2-1, ald1 and sid2-1 ald1 plants. Four different regimes of Pip-induced 
resistance were analyzed: the control situation (1° water/ 2° MgCl2), Psm-induced resistance (1° water 
/ 2° Psm), Pip-induced resistance (1° Pip / 2° MgCl2) and Pip- and Psm-induced resistance (1° Pip / 2° 
Psm). Bars represent the mean ± SD of at least three replicate samples. FW, fresh weight (P < 0.05, 
two-tailed t test). 
 

We further analysed the Pip induced priming of defense gene expression. Pip 

promotes ALD1 and FMO1 expression in Col-0 and was responsible for establishment of 

ALD1 and FMO1 priming (Fig. 30A+B). We tested FMO1, ALD1 and PR-1 gene expression 

in Col-0, ald1, sid2-1 and sid2-1 ald1 in a Pip-induced priming experiment.  

Upon exogenous Pip application and Psm-inoculation expression of FMO1 was 

primed in Col-0, but also in ald1, sid2-1 and sid2-1 ald1 (Fig. 32A). While priming in ald1 and 

sid2-1 ald1 was strongly reduced, the expression of FMO1 after Pip- and Psm-treatment 

exceeded the expression observed in Col-0 (Fig. 32A). Therefore, FMO1 priming depended 

strongly on endogenously produced Pip and a functional ALD1 gene (Fig. 32A). Like in the 

biological priming experiment ALD1 expression was primed in Col-0 and sid2-1 plants (Fig. 

32B). Psm-induced (1° water / 2° Psm) ALD1 expression was stronger compared to the Pip-

induced (1° Pip / 2° MgCl2) ALD1 expression in sid2-1 (Fig. 32B). Priming of PR-1 was 

restored with exogenous application of Pip in Col-0 and ald1, but strongly dependent on SA 

(Fig. 32C). Taking a closer look, however revealed that Pip did induce a small priming 

response of the SA-dependent marker gene PR-1 in sid2-1 and sid2-1 ald1, however the 

expression level was very low (Fig. 32D). 
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IV.2.10. COMBINED TREATMENT OF EXOGENOUS SA AND PIP 

PRIMES DEFENSE GENE EXPRESSION 

 

To further uncover the relationship and action mode of SA- and Pip- induced defense, 

PR-1 gene expression was monitored after simultaneous treatment of Pip and SA, compared 

to the single treatments of either exogenous Pip, or SA-treatment and the control situtation. 

PR-1 is a marker gene for SA accumulation (Wildermuth et al., 2001) and is primed after 

biological induced SAR (Fig. 30F). Pip, or water as a control were applied exogenously one 

day before the 0.5 mM SA or water treatment of leaves of Col-0, ald1, sid2-1, sid2-1 ald1, 

pad4, fmo1 and npr1. Samples of leaves were taken for gene expression analysis four hours 

after SA/water treatment. Four different regimes of Pip- and SA-induced responses were 

analyzed: the control situation (1° water/ 2° water), SA-induced responses (1° water / 2° SA), 

Pip-induced responses (1° Pip / 2° water) and responses triggered by the simultaneous 

elevation of both Pip and SA (1° Pip / 2° SA).  

In Col-0, PR-1 gene expression was stronger induced upon SA-infiltration in the leaf 

compared to Pip application (Fig. 34A). Pip application alone did not trigger such a strong 

induction of PR-1 expression, but after a combination of Pip and SA, PR-1 expression was 

primed in Col-0 (Fig. 34A). In ald1, PR-1 priming was established upon Pip application and 

SA-infiltration. Exclusive SA-infiltration did not induce PR-1 expression as strongly in ald1 as 

in Col-0, suggesting that a functional Pip biosynthesis was required for full expression (Fig. 

34A). In sid2-1 and sid2-1 ald1 PR-1 expression was triggered after SA-infiltration and 

priming of PR-1 was restored upon Pip-treatment and SA-infiltration, but exogenous Pip 

alone did not induce expression (Fig. 34A). The increase in PR-1 transcript levels after SA-

infiltration was, like in ald1, not as strong as in the wild type (Fig. 34A). SA-infiltration, but not 

exogenous Pip induced PR-1 expression in fmo1 mutants (Fig. 34B). Priming of PR-1 

expression depends on a functional FMO1/Pip-signaling pathway to let the systemic signal 

go through to the primed leaves. PR-1 priming was also tested in pad4 mutants that 

exhibited a priming response upon Pip- and SA-treatment, but no induction of PR-1 gene 

expression after sole Pip-application (Fig. 34B). NPR1 is functioning upstream of PR-1 in the 

SA-signaling pathway and without a functional NPR1 gene, no SA- or Pip-derived signal was 

going through to activate PR-1 expression, showing that NPR1 acts downstream of Pip, too 

(Fig. 34B). 
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Figure 34. Pip- and SA-induced priming (P) of PR-1 expression depends on FMO1 and NPR1. PR-1 
expression was measured in Col-0, ald1, sid2 and sid2-1 ald1 (A) and Col-0, pad4, fmo1 and npr1 (B) 
plants that were supplied with 10 mL of 1 mM ( 10 µmol) Pip or water one day prior to infiltration with 
either 0.5 mM SA (pH 7) or water. Relative PR-1 expression was measured at 4 hpi after infiltration. 
Transcript levels were assessed by quantitative real-time PCR analysis, are given as means ± SD as 
the three replicates, and are expressed relative to the respective mock control value. Four different 
regimes of Pip-induced resistance were analyzed: the control situation (1° water/ 2° water), Psm-
induced resistance (1° water / 2° SA), Pip-induced resistance (1° Pip / 2° water) and Pip- and Psm-
induced resistance (1° Pip / 2° SA). (P < 0.05, two-tailed t test).  

 

To conclude the results presented in this chapter, we have strong evidence for a scenario in 

SAR establishment, in which Pip and FMO1 were needed in the distal leaf to establish SAR 

in the first place.  
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IV.3. FURTHER CHARACTERIZATION OF THE PIP-BIOSYNTHESIS 

AND -SIGNALING PATHWAY AND AMINO ACID HOMEOSTASIS 

DURING DEFENSE IN ARABIDOPSIS THALIANA 
 

IV.3.1. SUBCELLULAR LOCALIZATION OF ALD1 AND FMO1 

 

IV.3.1.1. Introduction 

 

Upon bacterial pathogen recognition, Pip is produced via the Lys aminotransferase 

AGD2-LIKE DEFENSE RESPONSE PROTEIN1 (ALD1), and accumulates independently of 

SA in inoculated leaves as well as in leaves distal from the site of inoculation. Pip amplifies 

plant defense responses such as SA accumulation, camalexin production, defense gene 

expression and primes systemic defense responses in plants. Strikingly, a specific and 

strong enrichment of Pip in petiole exudates collected from pathogen-inoculated leaves was 

detected. This indicates specific transport of Pip out of inoculated leaves and, possibly, long-

distance transport to distal leaves during SAR. The resistance enhancing ability of Pip 

requires the function of the downstream component FLAVIN-DEPENDENT 

MONOOXYGENASE1 (FMO1), which is also a critical SAR component. Recent metabolite 

analyses suggest that the FMO1 monooxygenase converts Pip into an oxidized derivative 

and thereby transduces the Pip signal (Návarová et al., 2012; Zeier, 2013). 

The close homolog of ALD1, AGD2 (ABERRANT GROWTH AND CELL DEATH 2) 

AGD2 (At4g33680) encodes a LL-diaminopimelate aminotransferase (LL-DAP-AT) in plants 

that operates in the forward/biosynthetic direction towards Lys, directly converting THDPA 

into LL-DAP (Hudson et al., 2006). AGD2 was annotated as a 461-amino acid, class I/II 

family aminotransferase and the first 36 amino acids were predicted by TargetP to be a 

transit peptide for localization of the protein to plastids (Hudson et al., 2006). The full-length 

protein of AGD2 was fused to gfp under the control of the 35S promoter of Cauliflower 

mosaic virus (CaMV). This construct complemented the agd2-1 mutant and the GFP 

fluorescence patterns in Arabidopsis protoplasts colocalized with the red autofluorescence 

patterns of the chloroplasts (Song et al., 2004a). The chloroplast localization of AGD2-GFP is 

consistent with its role in amino acid synthesis, since many amino acids are synthesized in 

the chloroplasts (Bryan, 1990).  

The main function of chloroplasts is to carry out photosynthesis, despite other roles 

such as biosynthesis of fatty acids, aromatic and several nonaromatic amino acids, 

isoprenoids, and tetrapyrroles. Plastids retain a functional genetic system, but their genome 

encodes only about 100 different proteins, meaning that most plastid localized proteins have 
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to be imported to be then assembled into active metabolic complexes (Jarvis, 2004; 

Froehlich, 2011). Chloroplasts consist in total of six distinct suborganellar compartments 

including two envelope membranes, the internal thylakoid membrane and three aqueous 

compartments: the intermembrane space of the envelope, the stroma and the thylakoid 

lumen (Jarvis, 2004). Approximately 3,000 proteins are estimated to be targeted to the 

chloroplasts with the help of an amino-terminal targeting signal, or transit peptide (Froehlich 

2011; Bruce et al., 2001). Mis-targeting of chloroplast precursor proteins might be cytotoxic, 

so it is indispensable to sort the proteins specifically to avoid transport into other organelles 

like mitochondria, peroxisomes and the endoplasmic reticulum (ER). It could be expected 

that the secondary structural motif of chloroplast transit peptides is highly conserved, but on 

the contrary it is highly heterogenic and the shares almost no sequence similarity among 

peptides. This is the reason why so far no consensus targeting sequence or secondary 

structure has been identified (Bruce et al., 2001, Jarvis, 2004). Stromal-targeting domains 

may vary in length from 30 to 100 amino acids and are rich in serine and threonine but 

deficient in acidic amino acids (Keegstra et al., 1989). Complete translocation of proteins into 

the stroma requires the oligomeric Toc (Translocon at the outer envelope membrane of 

chloroplasts) protein complex and the inner envelope membrane (IEM) via the oligomeric Tic 

protein complex (Translocon at the inner envelope membrane of chloroplasts; Kovács-

Bogdán et al., 2010; Froehlich, 2011).  

 

IV.3.1.2. Subcellular localization of ALD1 

To identify the subcellular sites of Pip production and catabolism was of special 

interest to contribute to a better understanding of Pip transport at the cellular and whole plant 

level. The TargetP1.1 algorithm predicted the presence of an N-terminal chloroplast transit 

peptide for ALD1 and a localization of FMO1 in the secretory pathway. Lys biosynthesis is 

thought to take place in the chloroplast, since a compartmentalization of dihydrodipicolinate 

synthase (DHPS) within the chloroplast is essential for it (Perl et al., 1992). As Pip is a Lys 

derived amino acid, it is likely that also the Lys catabolism leading to Pip-biosynthesis can 

take place in the chloroplast.  

For subcellular localization of ALD1, we used the GATEWAY® cloning system and 

fused ALD1 full-length protein to yfp under the control of the 35S promoter of Cauliflower 

mosaic virus (CaMV). ALD1 cDNA was amplified with primer sets containing the attB1 

(Michigan State University (MSU 1) and attB2 site. Primers for the attB2 site were designed 

without a STOP codon (MSU 2) for C-terminal YFP fusion and with a STOP-codon (MSU 6) 

for N-terminal YFP fusion. The PCR products, generated in a Phu-PCR, were extracted from 

the gel and purified, before cloned into the pDONR207 vector and transformed into chemical 
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The full-length of ALD1 (50.5 kDa) and FMO1 (60.4 kDa) protein plus YFP-tag (27 kDa) was 

confirmed by Western blot analysis, using the α-GFP antibody (Fig. 41). 

 

 

Figure 41. Confirmation of the full-length of protein fusion constructs. Western blot with α-GFP 
antibody shows negative control (crude protein without infiltration), full length of FMO1 construct (35S-
FMO1-YFP), the C-terminal ALD1 construct 35S-ALD1-YFP #1 and #2 and the N-terminal ALD1 
construct 35S- YFP-ALD1 #1 and #2, respectively. Loading control indicates equal amount of protein 
loaded to the SDS-PAGE gel. MW, Molecular Weight Standards. 
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IV.3.2. ALTERATIONS IN AMINO ACID HOMEOSTASIS DURING PLANT 

PATHOGEN RESISTANCE  

 

IV.3.2.2. Characterization of altered amino acid homeostasis in the Lys metabolic 

pathway 

 

With the objective to characterize the Asp- and Lys-pathway further and the amino 

acid accumulation pattern of AGD2, in particular, free amino acids of agd2-1, rsp2 and dmr1-

4 were comparatively analyzed together with their respective ecotypes Col-0 and Ler. Since 

it was concluded that AGD2 catalyzes the forward step leading to Lys production in plants 

(Hudson et al. 2006), we wanted to investigate the levels of Lys and Lys-derived amino 

acids, Aad and Pip in agd2-1. Furthermore, we analyzed production of free amino acids that 

were known to be affected in rsp2 and dmr1-4 mutants, like Thr and Ile and homoserine, 

respectively (van Damme et al. 2009; Stuttmann et al., 2011). As part of the metabolite 

profiling, we also looked for peaks within the ion chromatograms with differential 

accumulation patterns between the mutants.  

Free amino acids were comparatively analyzed one day after inoculation of 10 mM 

MgCl2 in the local leaves (Fig. 42). In comparison to Col-0 basal levels of Pip, Aad and Lys 

were significantly higher in agd2-1 and over accumulated two days after mock treatment (Fig. 

42A, B and C). Pip accumulation in Ler did not differ significantly from Col-0, but from rsp2 

(Ler) and dmr1-4 (Ler) showed a significant reduction compared to Ler wild type plants (Fig. 

40A). Aad was not significantly changed in the Ler, rsp2 and dmr1-4 (Fig. 42B) and Lys 

accumulated significantly less in rsp2 compared to Ler (Fig. 42C). We further checked for the 

amino acids that would be affected by the mutations in the different mutants. The 

homoserine kinase deficient mutant dmr1-4 over accumulated homoserine as expected, 

whereas no other mutant tested showed elevated levels of homoserine (Fig. 42E). Ile was 

significantly increased in agd2-1 and Ler compared to Col-0, whereas the levels in rsp2 and 

dmr1-4 did not differ from Ler (Fig. 42F). The level of Thr in dmr1-4 did not show significant 

higher levels compared to the wild type, but it was over accumulating in rsp2 compared to 

Ler (Fig. 42G). A so far unidentified peak of m/z 256 with an approximate retention time of 

15.9 min was found exclusively in agd2-1 (Fig. 42D). 
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The unidentified compound with an m/z of 256 and a retention time of approximately 

15.9 min exclusively accumulated in agd2-1 but also in agd2-1 ald1 and did not further 

increase upon pathogen treatment (Fig. 43D). The EZ faast Phenomenex database identified 

the peak as diaminopimelate. Two isoforms of diaminopimelate exist, L,L-2,6-diaminopimelic 

acid and meso-2,6-diaminopimelic acid. To identify the peak and assign it to the correct 

isoform, authentic substances of L,L-2,6-diaminopimelic acid (CAS number 14289-34-0; 

Sigma) and meso-2,6-diaminopimelic acid (CAS number 922-54-3; Sigma) were ordered. 

Amino acids extracted from agd2-1 and agd2-1 ald1 mutants and 2 µg of each pure 

substance were analyzed following propyl chloroformate derivatization via gas 

chromatography–mass spectrometry (GC-MS; Fig. 44A-H; Kugler et al., 2006). The mass 

spectra of L,L-2,6-diaminopimelate (Fig. 44E) and meso-2,6-diaminopimelate (Fig. 44G) had 

similar fragmentation patterns, but still differed to the mass spectra observed in m/z 256 peak 

in agd2-1 (Fig. 44A) and agd2-1 ald1 (Fig. 44C). The retention time of approximately 24 min 

completely differed from m/z 256 with 15.9 min (Fig. 45). The peak with the m/z 256 

therefore could not be identified as either L,L-2,6-diaminopimelate or meso-2,6-

diaminopimelate. 
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Besides cloning full-length FMO1 (1539 bp linear mRNA) into pGEM®-T Easy and 

pIVEX1.4, we introduced a single point mutation in the FAD- and NADPH-binding sites with a 

two-step PCR-based strategy in which the conserved Gly residues of these motifs were 

exchanged to Ala residues (Fig. 53A+B). 

 

Figure 52. Alignment of amino acid sequences from Arabidopsis (AtFMO1 and YUCCA; Zhao et al., 
2001), rice (Os FMO), Methylophaga sp strain SK1 (bFMO; Choi et al., 2003), yeast (yFMO; Zhang 
and Robertus, 2002), and human (hFMO1; Lawton et al., 1994) was performed, and the N-terminal 
sequences are shown here. FMO-defining motifs and the conserved Gly residues exchanged by site-
directed mutagenesis are indicated above the top line: I, FAD binding motif GXGXXG; II, FMO 
identifying sequence motif FXGXXXHXXX(Y/F); and III, NADPH binding domain GXGXX(G/A). 
Multiple alignments were visualized using GeneDoc (Nicholas et al., 1997) with conserved residue 
shading mode set to level 4 using default settings and enabled similarity groups function. Amino acids 
with 100, 80, and 60% conservation are presented as white letters on black background, white letters 
on dark-gray background, and black letters on light-gray background, respectively (Bartsch et al., 
2006). 

 

With two Phu-PCRs, overlapping primer pairs introduced the mutation by a change of one 

base pair in the FAD- (GGT to GCT) and in the NADPH-binding site (GGC to GCC) into 

FMO1. The first Phu-PCR generated the two single fragments that were fused in a second 

Phu-PCR to a full-length (1593 bp) fragment (Fig. 53A+B). FMO1 clones, mutated in G17 

and G215 were sequenced and the exchange in the base pair confirmed (Fig. 54A+B). The 

names of all clones generated for the cell free expression using the 5 prime, RTS™ 100 

Wheat Germ CECF system, are displayed in table 11. 
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V. DISCUSSION 
 

Systemic acquired resistance (SAR) is a broad-spectrum, long lasting immune response that 

develops after a localized primary infection and renders the whole plant more resistant to 

subsequent infection. To ensure development of enhanced disease resistance in the rest of 

the plant after infection, a signal must be generated that is sent throughout the plant to distal 

parts. The structure of this signal remains elusive, but a number of potential candidates and 

signaling mechanisms are currently discussed (Dempsey and Klessig, 2012; Shah and Zeier, 

2013). A pathogen infection induces multiple defense related processes in the plant and 

metabolic and transcriptional changes. One metabolite most associated with SAR is the 

phenolic compound SA and a systemic accumulation of SA is crucial for SAR establishment 

in the distal leaf of cucumber, tobacco and Arabidopsis plants (Vernooij et al., 1994; Gaffney 

et al., 1993; Dong, 1998). It has been shown, that although indispensable for SAR, SA is not 

the long sought mobile SAR signal (Vernooij et al., 1994). Other discussed compounds are 

the volatile methylated form of SA (MeSA), the diterpenoid dihydroabietinal (DA) and the 

glycerol-3-phosphate (G3P), both dependent on the lipid transfer protein DEFECTIVE IN 

INDUCED RESISTANCE 1 (DIR1), azelaic acid (AzA) and the non-proteinogenous amino 

acid pipecolic acid (Pip) (Park et al., 2007; Chaturvedi et al., 2012; Chanda et al., 2011; 

Maldonado et al., 2002; Champigny et al., 2013; Jung et al., 2009; Yu et al., 2013; Návarová 

et al., 2012).  

 

Role of amino acids in plant defense 

Here we provide evidence that the massive changes of free amino acids upon 

pathogen attack indicate an important role during plant stress resistance. An infection with a 

virulent or avirulent hemibiotrophic Pseudomonas syringae strain induced massive changes 

in amino acid metabolism of the plant (Tab. 1; Návarová et al., 2012). We aimed to 

understand the regulation of amino acid metabolism during plant pathogen interaction and 

comparatively analyzed levels of free amino acids in leaves inoculated with virulent and 

avirulent P. syringae bacteria and PAMPs (flg22). The levels of free amino acid accumulation 

in the local leaf of Col-0 differ among treatments. The strongest response is observed during 

the interaction with the incompatible HR-inducing Psm avrRpm1 strain one day after 

inoculation, followed by compatible interaction with virulent Psm E4326 and PAMP (100 nM 

flg22) treatment. The observed changes in amino acid metabolism follow a very similar 

pattern, comparing compatible and incompatible interaction, as well as the response to 

PAMP-treatment. Pip-, Aad- and Lys- levels increase, while Asp level decreases upon P. 
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syringae attack. This indicates that Lys biosynthesis and catabolism is a pathogen-triggered 

event. The aromatic amino acids Phe, Tyr, Trp, and His also show a strong increase during 

compatible and incompatible interaction and upon PAMP treatment (Tab.1). The change 

observed in amino acid levels upon pathogen attack is therefore a shared and conserved 

mechanism during interaction with virulent, avirulent hemi-biotrophic bacteria or PAMPs. It 

would be very interesting to test how amino acids accumulate upon an infection with 

necotrophic bacteria, fungi, oomycetes or insects.  

It has already been described in previous studies, that free amino acids have a great 

impact either direct or indirect on resistance development against pathogens and pests in 

plants.  

The aromatic amino acids (AAAs) Phe, Tyr and Trp are derived from the shikimate 

pathway and accumulate in response to various abiotic and biotic stresses. AAAs are 

common precursors for phytoalexins, glucosinolates, phenolic compounds involved in plant 

defense, including flavonoids, condensed tannins, lignans and lignin (Maeda and Dudareva, 

2012; Vogt, 2010). The AAA Phe is a common precursor for diverse phenylpropanoids for 

example flavonoids, isoflavonoids, coumarins, stilbenes, lignans and lignins that are not only 

indicators of plant stress responses upon abiotic stresses, but are also key mediators of the 

plants resistance towards pests (Vogt, 2010; La Camera et al., 2004). Trp is a precursor for 

phytoalexins and indolic secondary metabolites, e.g. indole-glucosinolates that possess 

antimicrobial activity and play an important role in plant-pathogen interactions and defense 

against herbivores (Halkier and Gershenzon, 2006). The Trp-derived phytoalexin camalexin 

has been widely studied in its role as defense component in various Arabidopsis-pathogen 

interactions (Glazebrook and Ausubel, 1994; Thomma et al., 1999; Roetschi et al., 2001; 

Ferrari et al., 2003). Induction of camalexin biosynthesis is triggered by reactive oxygen 

species (ROS) and depends on SA signaling, the glutathione status and involves the 

cytochrome P450 enzymes CYP79B2 and CYP71B15 (PAD3; Glawischnig, 2007). To 

ensure camalexin production, it is conceivable that Trp biosynthesis is triggered during 

pathogen attack and has a positive effect on plant resistance. The fact that one of the most 

prominent phytoalexins camalexin is a Trp-derived metabolite also indicates that the 

accumulation of Trp is a pathogen-triggered event. 

Another group of free amino acids that significantly accumulated upon pathogen 

inoculation and PAMP treatment are the branched-chain amino acids (BCAAs) Val, Leu and 

Ile (Tab. 1). BCAAs also have been reported to accumulate after dehydration during osmotic 

stress (Nambrara et al., 1998). When plant cells are sugar starved, BCAAs accumulate and 

promote their own catabolism to provide alternative sources of respiratory substrate for the 

TCA cycle during severe plant stress (Taylor et al., 2004). Catabolic products of Val, Leu and 



131 
 

Ile are acetoacetate, propionyl-CoA and acetyl-CoA that serve as energy source for the plant 

(Taylor et al., 2004). High concentrations of BCAAs also have cytotoxic effects and have to 

be removed via respiratory oxidation to avoid damage to the cells. The plant needs to find a 

balance between maintenance of a pool of branched-chain amino acid for protein synthesis 

while preventing their build-up to toxic levels (Taylor et al., 2004). BCAAs may serve as 

substrates for the synthesis of stress-induced proteins and signals to induce gene expression 

(Nambara et al., 1998). A direct link to defense related processes and signaling provides the 

BCAA Ile that forms a complex with JA. The conjugation product JA-Ile is the functionally 

active compound in JA-induced resistance and defense signaling pathway against 

necotrophs and herbivores (Thines et al., 2007). Another compound involved in JA related 

defense responses is isoleucic acid (2-hydroxy-3-methyl-pentanoic acid; ILA) which is related 

to Ile and an endogenous substrate of the glucosyltransferase UGT76B1. ILA accumulated 

together with valic acid in Arabidopsis mutants of UGT76B1 and conferred resistance to 

bacterial pathogens and promoted the activation of SA biosynthesis and signaling (von Saint 

Paul et al., 2011). The role of Ile thus might not be directly linked to defense responses 

triggered by P. syringae, but to a promotion of JA-induced repression of SA-associated 

defense responses induced by the pathogen to facilitate infection.  

Proline levels do not increase upon infection with virulent or avirulent P. syringae 

strains or PAMP treatment, but slightly decrease (Tab. 1). Nonetheless, Pro has an important 

function in the response to abiotic, mainly osmotic, stresses and its protective function as an 

osmolyte might be due to its ROS scavenging activity (Smirnoff and Cumbes, 1989; Matysik 

et al. 2002). It was furthermore reported that the Pro catabolic enzyme, proline 

dehydrogenase (PDH), was SA-dependent and levels of PDH were elevated in HR cells 

upon avirulent pathogen infection. PDH-silenced plants exhibited less cell death and 

production of ROS, but increased susceptibility to avirulent pathogens (Cecchini et al., 2011). 

We can say that Pro has no direct function in plant-microbe interaction and resistance 

development, but might serve as a substrate precursor for defense components. 

Lys is a precursor for the non-proteinogenous amino acids Pip and Aad and 

accumulates upon pathogen and PAMP stimuli. The simultaneous decrease in level of Asp 

indicates that the activation of the biosynthetic pathway towards Lys is a pathogen-triggered 

event. The transient flux of Lys catabolism is very efficient and catabolism via the LKR/SDH 

pathway not only yields Aad, but also Glu. Glu itself serves as a precursor for stress-related 

metabolites like Pro, Ȗ-amino butyric acid (GABA) and Arg. GABA is a stress-related 

signaling molecule and Arg might serve as precursor of polyamines and NO (Galili et al., 

2001). In animals, glutamate may itself act as signaling molecule of brain signal 

transmission, interacting with glutamate receptors on the surfaces of nerve cells in animals. 
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Lys catabolism via LKR/SDH and Aad is indeed significantly up-regulated in animal brain 

tissue and it has been hypothesized that there might be a function of glutamate receptors 

against herbivores in plants (Brenner et al., 2000; Lam et al., 1998). The accumulation of 

GABA has been reported to have an effect on the inhibition of neurotransmission in 

herbivores (Huang et al., 2011). Indeed, very recently, GLUTAMATE RECEPTOR-LIKE 

genes (GLRs 3.2, 3.3 and 3.6) have been identified to control the distal wound-stimulated 

expression of several key jasmonate-inducible regulators of jasmonate signaling (JAZ 

genes). GLRs are related to ionotropic glutamate receptors (iGluRs) that are important for 

fast excitatory synaptic transmission in the vertebrate nervous system (Mousavi et al., 2013). 

In our comparative amino acid analysis no significant changes in Glu, Pro, Arg and only a 

small increase in GABA upon bacterial infection or PAMP treatment in wild type leaves were 

observed (Tab. 1). The strong increase in Lys levels does not account for an increase in Glu, 

Pro and GABA, but rather in the biosynthesis of Pip and Aad. Another reason might be that 

most of the free amino acids have a role in resistance to herbivores. Jasmonic acid inducible 

proteins (JIPs) have been reported to catabolize the essential amino acids Arg and Thr in the 

mid gut of Manduca sexta, which leads to significant growth reduction of the larvae. Thus, 

plant enzymes can exert anti-nutritional effects on herbivorous insects by perturbing amino 

acid homeostasis in the digestive tract (Chen et al., 2005).  

Here we present results that indicate another role of Lys biosynthetic pathway in plant 

resistance, besides its role as a Pip precursor. The close homolog of ALD1, AGD2-1 

encodes a L,L-diaminopimelate aminotransferase that functions in Lys biosynthesis 

catalyzing the forward step leading to Lys production in plants (Fig. 1; Hudson et al., 2006). 

The agd2-1/AGD2-1 knock-down mutant shows a constitutive resistance phenotype, with 

enhanced SA and Pip levels, as well as PR-1 and ALD1 expression (Fig. 42; Song et al., 

2004a). A complete knock-out of AGD2-1 results in embryo lethality (Song et al., 2004a). 

Interestingly, in comparative amino acid analysis Lys and the Lys-catabolites Aad and Pip 

accumulate consitutively in the agd2-1 mutant, although we hypothesised that the levels of 

Lys and Aad and Pip would be significantly reduced. Besides a significant increase in Lys, 

Aad and Pip, we find a so far unidentified peak of m/z 256 exclusively accumulating 

consitutively in AGD2-1 deficient mutants agd2-1, but also in agd2-1 ald1 (Fig. 42D + Fig. 

43D). The constitutive resistance observed in agd2-1 is absent in agd2-1 ald1 mutants, 

emphasizing the importance of ALD1 for the observed phenotype in agd2-1 (Song et al., 

2004a). A conclusion by analogy, taking the mass spectra of L-tetrahydro-dipicolinate and 

L,L-diaminopimelate into account, suggests the identity of the unknown compound to be 5-

carboxy-picolinate (Fig. 55; J. Zeier pers. communication). A possible explanation could be 

that AGD2-1 does catalyze Lys biosynthesis, but via a production of L-tetrahydro-dipicolinate 

that accumulates in the agd2-1 mutant. L-tetrahydro-dipicolinate might be directly reduced to 
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mutant Asp, Glu and Lys significantly increase upon pathogen attack compared to the wild 

type (Tab. 2). The negative regulation of Lys by PAD4 implies a control function in the 

defense associated biosynthesis and metabolism of Lys. Significantly increased levels of Glu 

in pad4 mutants, compared to the wild type in pathogen inoculated leaves, indicate a 

possible function of PAD4 in repression of JA-related defense responses. As discussed 

before, Glu is involved in wound-induced JA signaling and JA biosynthesis might be 

controlled by PAD4 to ensure optimal SA-related defense responses. Interestingly in 

comparative amino acid analysis Trp levels are significantly higher induced in pad4 mutants 

than Trp in Col-0 after pathogen attack. Due to the mutation in pad4 that causes reduced 

camalexin levels and enhanced susceptibility of pad4 mutants, we suppose that Trp is not 

further converted into camalexin and therefore accumulates upon pathogen attack in pad4 

(Tab. 2). Despite the function as regulator of ALD1 and Pip biosynthesis, the pathway of Asp-

derived amino acid biosynthesis and Lys catabolism is controlled by PAD4. The positive 

regulatory role of PAD4 on Pip biosynthesis seems to be conserved among PTI and ETI and 

was the most prominent effect observed on the levels of free amino acids among the tested 

defense mutants. The biosynthesis of Aad underlies different regulatory mechanisms than 

Pip, but basal levels of both amino acids are elevated in the constitutively resistant cpr5 

mutant. The Aad biosynthesis is, unlike the Pip biosynthesis, dependent on SA-biosynthesis 

and FMO1, as well as SA-signaling. PAD4 seems to regulate Pip and Aad, as Aad levels are 

significantly reduced in pad4 (Fig. 4A+B). The Aad biosynthetic pathway however, seems to 

be stronger regulated in an NPR1-dependent manner. Interestingly, distal Pip accumulation 

is significantly increased after Psm inoculation of the first leaves in the SAR-deficient sid2-1 

and fmo1, but not in npr1 and pad4 mutants (Fig. 5). A distal accumulation of Pip in fmo1 and 

sid2-1 mutants implies a remaining function of Pip in these mutants in the distal leaf. It 

remains unclear, whether the Pip measured is received from the vasculature produced in the 

local leaf, or whether it is de novo synthesized in the distal leaf. However, Pip measured in 

the distal leaf, depends on FMO1 and ICS1. Taken together an important question to be 

answered is whether the biosynthesis of all accumulating amino acids is regulated in a 

concerted manner, or whether particular defense components regulated distinct branches of 

amino acid metabolism. The role of branched-chain and aromatic amino acid accumulation in 

pathogen resistance is of special interest due to the accumulation patterns after pathogen 

attack. PAD4 seems to be specifically involved in the pathogen-induced biosynthesis of Pip 

and branched-chain amino acids but not in the production of aromatic amino acids (Fig. 56). 

The mutants tested, revealed that the regulatory principles of amino acid biosynthesis upon 

pathogen challenge are highly conserved and that the tendencies remain the same, 

independently of SA, JA or ET signaling pathways. 
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Pipecolic acid regulates SAR and defense priming via SA-dependent and SA-

independent pathways 

Our study reveals that Pip is an important regulator of defense priming and SAR, and 

that an SA-independent route to SAR establishment and priming via the Pip-biosynthetic and 

signaling pathway and FMO1 exists.  

Pipecolic acid is an ubiquitous amino acid that is produced by various plant species, 

fungi, microorganisms and mammals (Morrison, 1953; Wickwire et al., 1990; Zabriskie and 

Jackson, 2000; Fletcher et al., 2001; Murthy and Janardanasarma, 1999). Lys-derived amino 

acid Pip accumulates after pathogen attack in the infected tissue, in the distal leaf and very 

interestingly in the phloem exudates of infected leaves (Návarová et al., 2012). AGD2-like 

DEFENSE RESPONSE PROTEIN 1 (ALD1), a Lys aminotransferase is crucial for Pip 

biosynthesis and up-regulated during pathogen attack (Návarová et al., 2012). The local 

resistance response is strongly attenuated in ald1 and it is fully impaired in in systemic SA 

accumulation, ȕ-aminobutyric acid (BABA)-induced resistance and SAR (Song et al., 2004a; 

Návarová et al., 2012). The metabolic changes during pathogen infection in the local and 

distal leaves as well as the petiole exudates, after infection with P. syringae have been 

studied, to investigate the effect of defense response on accumulation of free amino acids. 

Among the pathogen-inducible amino acids, Pip was the only one that accumulated in the 

distal leaf and the petiole exudates to a significant amount, indicating a possible movement 

throughout the plant vasculature in SAR long distance signaling (Návarová et al., 2012).  

To study the impact of SA-, JA and ET-biosynthetic and signaling pathways on the 

regulation of Pip and Aad biosynthesis, local leaves of defense mutants (fmo1, pad4, npr1, 

sid2-1, coi1, dde2 and etr1) were inoculated with virulent and avirulent P. syringae strains. 

The results indicate that Pip biosynthesis one day after inoculation is independent of FMO1 

and SA-biosynthesis (Fig. 4A-C). Furthermore, Pip biosynthesis seems to be dependent on a 

functional SA-signaling pathway in the early phase of defense during a compatible but not in 

an incompatible interaction (Fig. 4A+C). The JA- and ethylene signaling pathways have no 

impact on Pip biosynthesis (Fig. 4B). The lipase-like defense regulator PAD4 positively 

regulates Pip biosynthesis one and two days after inoculation in the local leaves (Fig. 4A+C) 

which is in line with the result of reduced expression levels of ALD1 in pad4 mutants after P. 

syringae infection (Song et al., 2004a).  

The Pip-deficient ald1 mutant is severely compromised in SA accumulation, 

camalexin production and defense gene expression in the local leaf at the site of bacterial 

infection (Návarová et al., 2012; Song et al., 2004b). Endogenously produced Pip contributes 

to full PTI and ETI through amplification of defense responses and exogenously applied Pip 
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not only reduced disease symptoms in the wild type and ald1 mutants, but also restored the 

ability of SA and camalexin biosynthesis (Fig. 9; Návarová et al., 2012). Exogenous Pip has 

no positive influence on resistance induction in fmo1 mutants, implying that FMO1 is required 

for SAR and Pip-induced resistance and acts downstream of Pip biosynthesis (Fig. 9; 

Návarová et al., 2012). Exogenous Pip cannot enhance P. syringae resistance in npr1, but 

significantly increases bacterial resistance of the SA biosynthesis mutant sid2/ics1 (Fig. 9). 

This indicates a function of NPR1 downstream of Pip that is independent of its function in SA 

signal transduction. Thus, the regulation of ALD1 expression and Pip biosynthesis via PAD4 

and NPR1 seems to be more complex, as exogenous Pip does not induce a severe bacterial 

growth reduction that would induce an improved resistance phenotype. Therefore, PAD4 and 

NPR1 are required for Pip-induced resistance and SAR (Mishina & Zeier 2006; Jing et al. 

2011; Návarová et al., 2012). Furthermore, PAD4 positively regulates the transcription of 

ALD1, FMO1 and ICS1, directly influences Pip and SA signaling pathways and is, like NPR1, 

required for Pip-induced resistance (Zhou et al. 1998; Jirage et al. 1999; Song et al. 2004a; 

Bartsch et al. 2006; Fig. 9). NPR1 functions, together with the orthologous proteins NPR3 

and NPR4, as SA receptor (Fu et al. 2012) and as a downstream regulator of SA signaling 

triggering transcriptional activation of defense genes (Durrant & Dong 2004). Therefore we 

think that PAD4 and NPR1 also act downstream of Pip biosynthesis and signaling. 

The systemic accumulation of Pip in SA-deficient sid2-1 mutants (Fig. 5), the ability of Pip to 

induce resistance in an SA-independent manner (Fig. 9) and the accumulation of ALD1 and 

FMO1 transcripts in the distal leaves of sid2-1 after inoculation with virulent and avirulent P. 

syringae (Fig. 7), points towards a SA-independent role of Pip in systemic defense 

responses. Exogenous SA induces resistance in fmo1, ald1 and sid2-1 mutants, indicating 

both that Pip and SA operate in separate pathways, or that SA functions downstream of Pip 

(Fig. 10). A role of Pip upstream of SA in SAR is conceivable since Pip accumulation 

precedes SA accumulation in the distal leaves (Návarová et al., 2012). Pip is a water-soluble 

amino acid and would be suitable for long-distance transport to younger, distal parts of the 

plant via the plant vasculature. If Pip would be transported to the distal leaf, ALD1 expression 

could be induced, or amplify ALD1 expression that was already triggered by another SAR 

regulatory signal. Induced ALD1 expression would induce Pip de novo synthesis in the distal 

leaf and lead to full Pip and SA accumulation and establishment of SAR (Návarová et al. 

2012, Zeier, 2013).  

To uncover the relationship between SA and Pip during ETI, PTI and SAR and the 

existence of a plant resistance pathway that is activated in an SA-independent manner in 

inoculated tissue, we crossed sid2-1 and ald1 mutants to generate a sid2-1 ald1 double 

mutant deficient in pathogen inducible Pip and SA accumulation. In local resistance 
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experiments with Col-0, sid2-1, ald1 and sid2-1 ald1 it becomes clear that SA is most 

important for the establishment of basal resistance at the site of infection. SA-deficient sid2-1 

mutants exhibit a significant lower basal resistance, compared to ald1 and the wild type. 

Interestingly the simultaneous loss of Pip and SA in the sid2-1 ald1 double mutant 

contributes to an even higher degree of susceptibility, pointing to an additive effect of SA and 

Pip in local resistance (Fig. 19). However, local PR-1 expression in sid2-1 ald1 does not 

differ from expression observed in sid2-1, indicating that the SA-signaling pathway is affected 

in the same manner in sid2-1 and sid2-1 ald1 and cannot serve as an indicator of altered 

defense gene expression pattern due to the loss of Pip and SA (Fig. 16). All tested SA-

deficient mutants, sid2-1, eds5 and ics1 ics2 show, besides the higher basal level of 

susceptibility, a modest, yet significant SAR response compared to Col-0 and ald1 (Fig. 20). 

This reveals that indeed a Pip-dependent/SA-independent pathway in the establishment of 

SAR exists that is able to induce a partial and moderate bacterial growth reduction. The fact 

that all SA-deficient mutants show the same response proves the robustness of SA-

independent resistance induction in the distal leaves. The Pip-deficient ald1 mutant is fully 

compromised in SAR, but most interestingly sid2-1 ald1 is also incapable of bacterial growth 

reduction during SAR (Fig. 20) We conclude from this that Pip is crucial for the establishment 

of SAR and that a SA-independent route via ALD1 and FMO1 towards SAR exists, but that 

SA is required for a full SAR response in the distal leaves. 

We were interested to uncover the mechanisms behind the observed SA-independent SAR 

response and conducted two RNA-seq experiments with the objective to identify the SAR 

transcriptome in Col-0, the genes responsible for SAR establishment in SA-deficient sid2-1 

and genes differentially regulated genes in ald1. For the RNA-seq experiments, SAR (1) with 

Col-0 and sid2-1 and SAR (2) with Col-0 and ald1, distal, untreated leaves were harvested 

two days after inoculation of Psm E4326 (OD 0.005). Comparing the transcripts of 

differentially expressed genes in Col-0, results in an overlap of 3925 genes that are common 

to both datasets and are considered to be the core SAR gene set (Fig. 21A). The 

transcriptional response in sid2-1 is noticeable attenuated, as only 717 of the core SAR 

genes and 989 total genes are changed upon Psm inoculation in the distal leaf (Fig. 21B). 

This emphasized the impact of SA on defense triggered gene expression. Not only the 

pathogen triggered gene expression is affected, also the basal expression levels in mock 

treated sid2-1 plants are markedly reduced compared to Col-0 (M) samples. The impact of 

Pip on gene expression during SAR is even greater, as only two genes from the whole 

dataset can be considered as significantly regulated during SAR (Tab. 9; Fig. 21C). 

However, the expression level in ald1 after induction of SAR (P) is still lower than the basal 

expression level in the distal leaf of the mock treated Col-0 plant. An important role for this 

two candidate genes during SAR is therefore doubt worthy. Randomly picked genes from the 
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SAR (2) dataset confirm, that indeed a bit of a response is detectable in the ald1 SAR leaf 

(Fig. 22A). This response is most probably not sufficient to gain a measurable outcome in 

resistance or defense reactions and explains why ald1 plants were incapable to confer SAR.  

In experiment SAR (1) we grouped the genes in three different categories. Category I 

includes SA-dependent genes that were up-regulated during SAR in the distal leaf of Col-0, 

but not in sid2-1. The mean expression values of the top 15 genes in category I are 

displayed in table 5 and sorted according to the highest fold change in Col-0 P/M. The first 

gene in the list is the ACIDOREDUCTONE DIOXYGENASE3 (ARD3) that is part of the Yang 

cycle which is essential for ethylene production and polyamine and 

nicotianamine/phytosiderophore biosynthetic reactions (Pommerrenig et al., 2011). Within 

the Yang cycle acidorecductone oxygenases (ARDs) convert 1,2-dihydro-3-keto-5-

methylthiopentene (DHKMP) to 2-keto-4-methylthiobutyrate (KMTB) (Sauter et al., 2005). 

Furthermore, the SA marker gene PR-1 (position 6), GRXS13 (position 7), the lysine/histidine 

transporter LHT7 (position 9) and WRKY18 (position 12) are part of the SA-dependent SAR 

genes of Col-0 that were not expressed in sid2-1. The putative glutaredoxin GRXS13 

increases susceptibility of Arabidopsis against the necotrophic fungus B. cinerea. Expression 

of GRXS13 is negatively regulated by JA and positively by SA and limits basal and 

photooxidative stress-induced ROS production (La Camera et al., 2011, Laporte et al., 2012). 

The membrane-bound amino acid Lys/His transporter LHT7 is strongly flg22-responsive 

(Gruner et al., 2013). WRKY transcription factor WRKY18 is important for transcriptional 

regulation of biological SAR downstream of NPR1 and full SAR activation (Wang et al., 

2006). WRKY18 forms a complex with two negative regulators of defense WRKY40 and 

WRKY60 that have partially redundant roles in response to different types of pathogens. 

Overexpression of WRKY18 increases resistance to P. syringae, but simultaneous 

overexpression of WRKY18 and WRKY40 enhances susceptibility to P. syringae and B. 

cinerea (Xu et al., 2006). The linkage between NPR1, WRKY transcription factors and 

transcript activation of SAR genes was earlier stated by Dietrich and colleagues who 

described the first map of a plant defense transcriptome during SAR (Maleck et al., 2000). 

Gene-expression changes in Arabidopsis thaliana under 14 different either SAR-inducing or 

SAR-repressing conditions were monitored using a DNA microarray that represented 

approximately 25-30% of all A. thaliana genes. 413 ESTs (approximately 300 genes) were 

identified that were equally or greater than 2.5-fold expressed in at least two SAR-relevant 

samples. Conditions and treatments tested were either mutants with constitutive elevated 

SA-levels like constitutive immunity (cim6/7/11), a NPR1 overexpressor, NahG and cim6 

NahG plants, BTH treatments (4 and 48h) or infections with virulent and avirulent pathogens 

Peronospora parasitica (Emwa1 and Noco2, respectively) and Pst DC3000 avrRpt2 in Col-0 

or Ws-0 genetic background. Based on regulation patterns, groups of genes or regulons 
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were defined. Since PR-1 is a robust molecular marker for SAR, the regulon containing PR-1 

(45 ESTs, from a maximum of 31 different genes) was analysed more thoroughly, as it 

possibly contained genes with a function during SAR. The results indicated that several 

members of the PR-1 regulon encoded proteins involved in redox regulation and were 

strongly activated in secondary SAR tissue. Members of the PR-1 regulon were for example 

PR-4, GST (glutathione-S-transferase) and PerC (peroxidase C). Furthermore, it was found 

that expression changes during SAR were strictly dependent on NIM1/NPR1, suggesting a 

fundamental role in pathogen induced SAR gene activation. Notably, W-box motifs that 

clustered on PR-1 regulon gene promoters were overrepresented, suggesting that WRKY 

factors (contain a cognate W-box) are crucial in coregulation of these genes (Maleck et al., 

2000). 

Category IIa genes consist of SA-independent SAR genes, up-regulated during SAR 

in the distal leaf of Col-0 and sid2-1. The 15 most significantly up-regulated genes are sorted 

according to the highest fold change in sid2-1 and therefore might uncover the genes that 

could be responsible for the SA-independent SAR response seen in the bacterial growth 

experiments. The gene on position number 1 is a TYROSINE AMINOTRANSFERASE 

(TAT3), a marker for wounding and JA (Yan et al., 2007). The up regulation of genes 

involved in JA-biosynthesis and signaling might be a sign for an activated JA pathway in the 

absence of SA. Most strikingly, ALD1 and FMO1 are on position number 2 and 3, 

respectively. This emphasizes the importance of the Pip-biosynthetic and -signaling pathway 

in sid2-1 during SAR (Tab. 6) and is in line with the result of the bacterial growth experiments 

and an involvement of Pip biosynthesis and FMO1 in SAR induction in SA-deficient sid2-1 

mutants. Furthermore, category IIa consists of other partially or completely SA-independent 

genes involved in defense for example a putative chitinase CHI (position 4), PR2 (position 

10), PAD3 (position 12) and SAG13 (position 14). The SAR marker gene PATHOGENESIS-

RELATED GENE 2 (PR2) encodes a ȕ-1,3-glucanase and is partially SA-independent 

(Gruner et al., 2013). Similar to PR1, PR2 may have a direct impact on disease resistance, 

because the gene product has antimicrobial activity and can work synergistically with 

chitinases in the degradation of fungal cell walls (Mauch et al., 1988). PHYTOALEXIN 

DEFICIENT 3 (PAD3), impaired in the production of camalexin, is defined as SA-

independent, but still responds to exogenous SA (Gruner et al., 2013; Zhou et al., 1999). 

Other SA independent SAR-genes were the putative chitinase (CHI) and SENESCENCE-

ASSOCIATED PROTEIN 13 (SAG13) that are also strongly inducible by ABA (Gruner et al., 

2013). 

Category IIb genes consisted of SA-independent genes up-regulated in sid2-1, but 

not up or even down-regulated in Col-0. Genes of this category are not involved in the SAR 
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response of Col-0, but up-regulated in the absence of SA upon bacterial pathogen infection. 

Category IIb genes are sorted according to the highest fold change (log2) in sid2-1 and 

compared to Col-0 P/M (Tab. 7). Unlike the genes in category I and IIa that are very severely 

affected in basal gene expression in the absence of SA, mean expression values of category 

IIb genes of the sid2-1 mock (M) samples are even higher compared to Col-0 mock (M) (Tab. 

7). Noticeably, the list contains genes that are clearly involved in JA biosynthesis like 

ALLENE OXIDE SYTHASE (AOS; position 10) and ALLENE OXIDE CYCLASE2 (AOC2; 

position 15) and JA signaling like PLANT DEFENSIN1.2A (PDF1.2A; position 11) and 

PDF1.2B (position 3). We checked for the percentage of JA responsive genes in the RNA-

seq dataset SAR (1). Interestingly, 38.9% of the genes up regulated in sid2-1 and not up or 

even down-regulated in Col-0 are JA responsive. Up-regulated genes during SAR in Col-0 

are to 3.9% JA responsive (Tab. 8). In the absence of SA during SAR, the usually repressed 

JA-responsive genes are induced upon pathogen infection in the distal leaf. The absence of 

SA and its negative regulatory effect on genes involved in JA biosynthesis and signaling is 

shown here. Due to the divergent role of SA and JA in resistance, the compromised basal 

resistance of sid2-1 could be explained with the activation of the JA-defense pathway in the 

local leaf, facilitating bacterial infections. The enrichment in JA responsive genes in the group 

of down-regulated genes in Col-0 during SAR is also shown by comparing publicly available 

microarray data. JA-responsive genes are down-regulated during SAR and up-regulated in 

the absence of SA (Gruner et al., 2013). Zeier and colleagues pointed out the difference 

between activation of JA responsive genes in local and distal leaves (Gruner et al., 2013). 

Contrary to the distal leaf the JA pathway gets strongly activated at the inoculation site, 

leading to enhanced metabolite biosynthesis in the cause of gene activation, like for example 

the SA-methyltransferase BSMT1, the terpene synthase TPS4, cytochrome P450 

monooxygenases (e.g. CYP82G1, CYP94C1, CYP94B3, CYP79B2), and UDP-dependent 

glycosyltransferases (UGT76E12, UGT76E1). 

Category III genes are genes up-regulated in Col-0 and ald1 during SAR and 

therefore Pip-independent SAR genes. This category only consists of two significantly 

expressed genes, CRK6 and PCR1 (Tab. 9). CYSTEINE-RICH RECEPTOR LIKE KINASES 

(CRKs) are one of the largest subgroups of receptor-like kinases in Arabidopsis. CRK6 is an 

active protein kinase involved in oxidative signaling induced by apoplastic ROS that is 

caused by O3 and X + XO in Arabidopsis thaliana (Idänheimo et al., 2014). PLANT 

CADMIUM RESISTANCE1 (AtPCR1) was identified in Arabidopsis thaliana as small plasma 

membrane protein with a Cys-rich domain, placenta-specific 8, involved in Cd resistance in 

plants because of its potential role in the efflux of heavy metals (Song et al. 2004). 

Arabidopsis plants and yeast overexpressing PCR1 were more resistant to Cd (II) compared 
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to the corresponding wild type, whereas PCR1 antisense plants were more sensitive (Song 

et al., 2004). 

We further wanted to check the effects of the SAR state on the metabolic processes 

in the distal leaf of Col-0. Differentially regulated genes were mapped to customized MapMan 

bins and changes were displayed as percentages of up- and down-regulated processes. 

Strikingly the effect of a primary infection in the distal leaf is strongest on genes involved in 

photosynthesis, including the Calvin-Benson-Bessham cycle, photorespiration, and the 

photosynthetic electron transfer, genes involved in tetrapyrrole synthesis, the major 

carbohydrate metabolism and anabolic pathways like N- and S-metabolism. Up-regulated 

MapMan categories include genes involved in redox processes, signaling, biotic stress, 

fermentation and the oxidative pentose phosphate (OPP) pathway (Fig. 23). While the 

photosynthetic apparatus and activity in Col-0 is shut down, only a minor response in the 

SAR leaf is observed in sid2-1 and none at all in ald1 (Fig. 25A+B; 26A+B). The loss of SA 

and Pip does not only have a direct impact on disease resistance, but also circumvent the 

reallocation of resources during defense. To check whether the transcriptional down 

regulation of genes involved in the photosynthesis also has an actual effect on 

photosynthesis, we measured the photosynthetic rate in Col-0, sid2-1, ald1 and sid2-1 ald1 

in the distal leaf after a primary infection. Only in Col-0 the photosynthetic rate was 

significantly reduced after pathogen infection compared to the mock treated plant (Fig. 27A). 

SA- and Pip-deficient plants did not show a significant reduction in the photosynthetic rate 

during activated SAR (Fig. 27A). A reason for a reduced photosynthetic rate in Col-0 could 

be a closure of the stomata. We indirectly measured the stomatal closure by evaluation of 

the transpiration rate in the SAR leaf (Fig. 27B). Like the photosynthetic rate, the 

transpiration rate is significantly reduced in an SA- and Pip-dependent manner. A more direct 

approach would be to measure the stomatal opening after pathogen attack, after exogenous 

SA and Pip treatment, which might be a task for the future. Furthermore, the photosynthetic 

rate should be measured in a time course after pathogen infection, to investigate whether the 

observed reduction is a reversible process. 

Defense priming is contributing to resistance during SAR as primed plants are able to react 

faster and stronger to a potential second threat (Conrath, 2011). Biologically-induced SAR 

priming is characterized by a strong potentiation of systemic accumulation and biosynthesis 

of the metabolites Pip, camalexin and expression of defense associated genes like PR 

genes, ALD1 and FMO1 upon a subsequent pathogen attack due to a potentiation of 

signaling events (Jung et al. 2009; Návarová et al. 2012). This puts the plant into an alarmed 

state for a faster response upon a pathogen threat to enable enhanced defense gene 

expression. This process is ALD1 dependent, as ald1 mutants completely lack the systemic 

response and exhibit an attenuated local response and no increase of SA after a second 
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stimulus providing genetic evidence for a critical role of Pip in SAR priming (Návarová et al. 

2012). It was observed that the priming of the phytoalexin camalexin and PR genes was 

completely absent in the Pip-deficient ald1 mutant (Návarová et al., 2012). Pip is a central 

regulator during SAR, because it is crucial for SAR establishment via a feedback 

amplification mechanism, triggering its own biosynthesis via enhanced ALD1 expression, and 

endogenously mediating of defense priming (Návarová et al., 2012). 

Biological priming experiments were conducted to uncover the impact of SA and Pip 

on the production of the phytoalexin camalexin, total levels of SA and defense gene 

expression during defense priming induced by biological SAR. Priming of camalexin is 

dependent on both, SA and Pip, and an accumulation only occurs after a local Psm stimulus 

in the absence of Pip or SA (Fig. 28A). Because camalexin production is completely absent 

in sid2-1 ald1, we conclude that SA and Pip are both responsible for the local camalexin 

production observed in ald1 and sid2-1, respectively. Furthermore, priming of camalexin and 

production in the local and systemic leaves after inoculation of Psm is strongly dependent on 

EDS1, FMO1 and PAD4 (Fig. 29). Total SA is primed in Col-0, but not in ald1 (Fig. 28B). Like 

in the case of camalexin, free and bound SA does not accumulate upon a systemic stimulus. 

Priming of camalexin and SA is therefore fully dependent on Pip, FMO1 and the lipase-like 

defense regulators EDS1 and PAD4, emphasizing the importance of Pip and its signaling 

pathway for the establishment of systemic SA accumulation and priming during SAR in 

general. We conducted biological priming experiments of defense genes involved in SAR 

that were SA-dependent (ARD3 and PR1), SA-independent (FMO1, ALD1 and SAG13) or 

partially SA-dependent (GRXS13; Fig. 30). The results show that biological activated priming 

during SAR is dependent on SA and Pip. Whereas SA seems to have an important role for 

the gene expression in the local leaf, priming is only conferred in the presence of Pip, as Pip 

deficient mutants do not show any defense gene priming. The mechanisms of systemic gene 

expression, SA-dependent, or SA-independent are consistent with the phenomenon of 

priming. Endogenous Pip is crucial to induce resistance and defense gene priming during 

SAR. 

Since exogenous Pip induces SA biosynthesis and strongly potentiates Psm-triggered 

camalexin production in ald1 (Návarová et al. 2012), we wanted to test the impact of 

exogenous Pip treatment on Psm-triggered defense responses and priming in SA- and Pip-

deficient mutants. Zeier and colleagues showed that exogenous Pip promotes a primed state 

similar to SAR and partially restores defense priming in ald1 and thus is an endogenous 

mediator of defense priming (Návarová et al. 2012). We investigated the Pip- and Psm- 

induced resistance priming of camalexin production in Col-0, ald1, sid2-1 and sid2-1 ald1. 

Priming of camalexin is induced in Col-0 upon exogenous Pip treatment, and partially 
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restored in all mutants tested (Fig. 31). Interestingly, sid2-1 ald1 completely lacks the ability 

to induce production and priming of camalexin upon a biological stimulus, but exogenous Pip 

restores the ability of camalexin production in SA- and Pip-deficient mutants (Fig. 31). We 

furthermore investigated defense gene expression during Pip- and Psm-induced priming. 

Exogenous Pip triggers enhanced induction of ALD1 to enforce its own biosynthesis and 

amplified expression of the downstream mediator FMO1 (Návarová et al. 2012). 

Furthermore, exogenous Pip restores priming of camalexin in sid2-1, ald1 and sid2-1 ald1. 

We also measured Pip-induced priming of the defense genes FMO1, ALD1 and PR-1 in Col-

0, Pip- and SA-deficient mutants. Priming of FMO1 is restored partially upon exogenous Pip-

treatment. As proposed by Zeier and colleagues exogenous Pip might positively influence 

defense priming also because of the ability to endogenously trigger its own production 

(Návarová et al. 2012). A weaker priming response in ald1 might hint to the impaired ability 

of self-amplification of ALD1 and further Pip production. Priming of FMO1 expression in sid2-

1 clearly is SA-independent and even stronger compared to the wild type, but dependent on 

a functional ALD1 gene. This became more evident when FMO1 priming in sid2-1 ald1 was 

evaluated. Priming is restored in sid2-1 ald1, but due to a non-functional ALD1 gene the 

expression of FMO1 was not very strong. In Pip- and Psm-induced priming, the Psm-induced 

FMO1 expression is much lower in sid2-1 ald1, compared to sid2-1 and ald1 (Fig. 32A). It is 

conceivable, that reduced expression of FMO1 in the inoculated leaf might contribute to the 

enhanced susceptibility observed in sid2-1 ald1 (Fig. 32A). Pip-induced priming of ALD1 

expression is independent of SA, emphasizing the impact of a functional ALD1 gene and its 

self-amplification in the establishment of priming (Fig. 32B). The SA-dependent defense 

gene PR-1 is primed upon exogenous Pip application in all mutants, but SA is needed for a 

full priming response (Fig. 32C). 

FMO1 therefore is an important downstream mediator of priming and SAR. We 

wanted to investigate the effect of exogenous Pip on ALD1 and PR-1 gene expression, 

camalexin and total SA production in fmo1 mutants. Pip-induced priming of ALD1 and PR-1 

is absent in fmo1 mutants and only expression in the local leaf is detectable (Fig. 33A+B). 

Camalexin accumulation and priming after exogenous Pip application is almost absent in 

fmo1, but still present compared to the strong priming in Col-0 (Fig. 33C). Also, priming of SA 

accumulation fully depends on a functional FMO1 gene (Fig. 33D). This confirms that FMO1 

is indispensable for the Pip-signaling pathway and Pip-induced defense priming. 

Furthermore, FMO1 is crucial for systemic induction of SA-related defense responses, 

including biosynthesis and signaling.  

To further uncover the relationship and action mode between SA- and Pip- induced 

defense we combined the exogenous Pip treatment with SA-infiltration instead of Psm-
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To conclude we have strong evidence for a scenario in SAR establishment, in which 

Pip is needed in the distal leaf to establish SAR in the first place (Fig. 57A). The input signal, 

the so far unidentified SAR-signal needs to be perceived in the distal leaf to trigger the ALD1, 

FMO1 amplification loop leading to Pip production and accumulation. If SA is missing the SA-

independent SAR machinery will be still working, leading to defense gene priming of ALD1, 

FMO1 and SAG13 and to partial SAR observed in SA-deficient mutants (Fig. 57B). The 

optimal defense situation for the plant however is the combination of an intensified Pip signal 

that leads to an enhanced ICS1 expression and SA production, additional priming of SA-

dependent genes like PR-1, GRXS13 and ARD3 and priming of camalexin (Fig. 57C). All this 

factors will finally lead to a full SAR response and bacterial growth inhibition. Due to the fact 

that Pip accumulated in the petiole exudates of Psm-infected leaves and is a watersoluble 

small molelcule, it is predestined to move throughout the plant vasculature. To prove our 

hypothesis that Pip itself, or a Pip-derivative could be the mobile SAR signal and is perceived 

in the distal leaf, where it would onset the Pip/FMO1 self amplification loop, grafting 

experiments with wild type, ald1 and fmo1 plants, tracer studies of radiolabeled Pip in planta 

and experiments to test the resistance inducing effect of wild type petiole exudates after 

pathogen infection, could be conducted.  

 

ALD1 and FMO1 are separated at the subcellular level 

To identify the subcellular sites of Pip production and catabolism was of special 

interest to contribute to a better understanding of Pip transport at the cellular and whole plant 

level. The results from the transient localization studies in Nicotiana tobacco show that ALD1 

and FMO1 are located to the chloroplasts and the ER, respectively (Fig. 35; 37B; 40). Thus, 

ALD1 and FMO1 are separated at the subcellular level and Pip biosynthesis and catabolism 

therefore take place in distinct subcellular compartments. Subcellular or cell-to-cell transport 

of the immune regulator Pip will require specific membrane-bound transport proteins. 

Potential candidates are pathogen-inducible Pip transporter genes that are co-expressed 

with ALD1 and FMO1 in leaves inoculated with Psm, or systemic tissue. Taking this criteria 

into account, a list of candidate genes including candidates for putative Pip transporters was 

created from own and publicly available microarray data. In the future selected T-DNA lines 

of these transporters will be tested for the ability to enrich Pip in petiole exudates after leaf 

inoculation, for the level of Pip and FMO1-derived Pip oxidation products, and to develop 

SAR. To address the question whether Pip is moving throughout the plant vasculature, 

experiments with radiolabeled D9-Pip will be conducted and as well as grafting experiments. 
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Identification of candidates in the Pip metabolic pathway 

We also wanted to uncover the complete Pip biosynthetic pathway including the 

intermediary steps (Fig. 2). We analyzed T-DNA knock-out lines of ORNCD1 (AT5G52810), 

one of our main candidates to commit the reduction step in the Pip biosynthetic pathway. 

One T-DNA line, orncd1_2, has significantly lower, but still considerable levels of Pip 

accumulating after pathogen attack, but it has no effect on resistance and SAR 

establishment (Fig. 48B; 50A). In the future, we will continue to test other T-DNA lines and 

will also consider the option that ORNCD1 might not work alone in this reaction. It is possible 

that another reductase, e.g. P5CR from the Pro biosynthetic pathway might compensate for 

ORNCD1. Stress induced Pro biosynthesis in the cytosol of Arabidopsis can be synthesized 

from Glu which is reduced to Glu semialdehyde by Δ1-pyrolline-5-carboxylate (P5C) 

synthetase (P5CS). The resulting semialdehyde spontaneously cyclizes to P5C, the 

hydrogenation of the P5C imino bond is conducted by P5C reductase (P5CR) and results in 

Pro formation. Furthermore heterologous expression of ORNCD1 in E. coli to produce 

protein for activity assays in combination with ALD1 would be interesting to identify the 

reaction product which is most likely Pip, when Lys is fed as a substrate. 

Another candidate within the Pip metabolic pathway (Fig. 2) is the sarcosine oxidase/ 

pipecolate oxidase SOX/PIPOX (At2g24580), which was identified in rabbit as PIPOX 

catalyzing the conversion of Pip to P6C/1
-piperideine-6-carboxylic acid in vitro (Goyer et al., 

2004). Hanson and colleagues showed that Arabidopsis RNAi lines of AtSOX accumulated 

Pip up to 6-fold and reduced Aad to 30-fold (Goyer et al., 2004). In Pip feeding experiments 

we observed, besides a rise in Pip levels, also a rise of Aad in leaves of Col-0 and ald1 (Fig. 

8), indicating that Pip is converted to Aad. This might be a mechanism to regulate Pip levels. 

Arabidopsis SOX/PIPOX (At2g24580) knock-out line sox/pipox_2 shows a significant 

increase in Pip levels after pathogen attack compared to Col-0 (Fig. 48A), suggesting that 

the conversion of Pip to Aad might be blocked in soxpipox_2. However, the mutant does not 

show an altered resistance phenotype (Fig. 50B). To uncover the role of SOX/PIPOX in Pip 

metabolism, we started to generate an overexpression line of SOX/PIPOX. Positive 

candidates that constitutively overexpress SOX/PIPOX are currently selected. 

Overexpression of SOX/PIPOX would prohibit the accumulation of Pip and affect resistance 

against pathogens. Furthermore it would allow insights into the role of Aad during pathogen 

attack in the local leaf.  
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VI. MATERIAL AND METHODS 
 

VI.1. PLANT MATERIAL 
 

Seeds of wild-type Arabidopsis thaliana (L. Heynth., Arabidopsis) ecotype Col-0 and Ler, mutants in 

Col-0 background ald1 (SALK_007673), orncd1_1 (SALK_131295), orncd1_2 (gk-428e01.01), 

sox/pipox_1 (SALK_017108c), sox/pipox_2 (SALK_099135c) from the SALK Institute collection 

(Alonso et al., 2003) and fmo1 (Mishina and Zeier, 2006), npr1-2 (npr1, NASC ID: N3801), pad4-1 

(pad4, Glazebrook et al., 1997), cpr5 (Bowling et al., 1997), sid2-1 (ics1, Nawrath and Métraux, 1999), 

ics1 ics2 (Garcion et al., 2008), eds5 (sid1, Nawrath and Métraux, 1999), ndr1 (Century et al., 1995), 

agd2-1 (Song et al., 2004a), Ler rsp2/dhdps2-2 (Stuttmann et al., 2011), Ler dmr4-1 (van Damme et 

al., 2009), coi1-2 (Xu et al., 2002), dde2-2 (von Malek et al., 2002), etr1-1 (Bleecker et al., 1988) and 

sid2-1 ald1 were sown in soil. The 14-days-old seedlings were transferred into 120-ml pots containing 

a mixture of soil (Klasmann-Deilmann, Substrat BP3) vermiculite and sand (8:1:1). Plants were 

cultivated in a growth chamber at photoperiod 9 h day (110 μE m-2 s1, 21°C) and 15 h night (18°C) 

cycle at 70% relative humidity. Plants were watered as needed. All experiments were done with 5-6- 

weeks old, naïve plants exhibiting a uniform appearance without any signs of stress. 

Nicotiana tobacco (Nicotiana tabacum cv Samsun NN) plants were grown in 1.5 L pots with ready-

mixed soil Growth conditions were 25/22 °C (night/day) under a 12-h photoperiod with full light 

intensity of 250 µE·m-2 s1. 

 

VI.1.1. CROSSING OF SID2-1 AND ALD1 TO GENERATE A DOUBLE 

MUTANT 
For the generation of a sid2-1 ald1 double mutant the respective single mutants ald1 and sid2-1 were 

used. To avoid the use of self-fertilized flowers, only closed flowers were used for crossing. For the 

male parent, open flowers that were visibly shedding pollen were selected. If the cross was successful, 

the silliques would have elongated after 3 days. All crosses were performed by emasculating the 

flowers of the recipient genotype and pollinating with the pollen from the donor. From every fertilized 

silique, the F1-seeds were collected individually and dried before planting. About 110 sid2-1 ald1 

plants were analyzed in the F2 generation. Two positive F2 candidates (sid2-1 ald1 #6 and #51) were 

selfed and used for experiments. The position of the EMS-generated mutation in sid2-1 results in a 

stop codon (TAA) at residue 449 instead of a glutamine (Wildermuth et al., 2001). To discriminate for 

the EMS-generated mutation site specific primers were designed and the specific annealing 

temperature of 64°C evaluated in a gradient PCR. To identify the homozygous T-DNA insertion of ald1 

by PCR, the method described by Alonso et al. (2003) was applied, using gene-specific primers 

(Návarová et al., 2012). The primer pairs used to identify the single point mutation in sid2-1 and the T-

DNA insertion in ald1 in the double mutant are shown in table 12. sid2-1 ald1 did not show any 

detectable expression of ICS1 and ALD1.  
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As control genomic DNA from Col-0 wild type and sid2-1 was used, respectively. Positively identified 

double mutants were further checked for gene expression and content of salicylic acid and pipecolic 

acid. 

 

 

Table 12. Primer sets used to identify sid2-1 ald1 double mutant 

 

VI.2. CULTIVATION OF PSEUDOMONAS SYRINGAE 
 

The virulent pathogen Pseudomonas syringae pv. maculicola strain ES4326 (Psm) and the avirulent 

Pseudomonas syringae pv. maculicola ES4326 carrying the plasmid containing the avirulence gene 

pLAFR3::avrRpm1 [Psm(avrRpm1)] were cultivated on King's medium B (King et al., 1954) agar plates 

containing appropriate antibiotics. Agar plates for Psm were supplemented with 50 μg/δ rifampicin 

(A2220, AppliChem), and for Psm(avrRpm1) with 50 μg/δ rifampicin and 15 μg/δ tetracycline (Aβββ8, 

AppliChem). 

 

VI.2.1. PSEUDOMONAS SYRINGAE RESISTANCE ASSAY AND 

INOCULATION PROCEDURES 
P. syringae strains Psm ES4326 and Psm (avrRpm1) were cultured at 28°C (240 rpm) in King's 

medium B with appropriate antibiotics and used for inoculation at the following day. The bacteria were 

used in log growth phase and washed three times with 10 mM MgCl2 (Acros Organics). Psm strain 

was inoculated with an optical density at 600 nm (OD600) of 0.005 for determination of local 

accumulation of metabolite and free amino acid levels, local gene expression, SAR induction and 

petiole exudates collection. For the second infiltration during a SAR assay in growth experiments Psm 

culture was diluted to OD600 0.001 and Psm (avrRpm1) to OD600 0.002. The bacterial solution was 

infiltrated with a needleless 1 mL syringe into the abaxial side. 10 mM MgCl2 was infiltrated as mock 

treatment, if not indicated otherwise.  

In a classical SAR experiment a plant was first inoculated with P. syringae, or 10 mM MgCl2 in three 

lower (local) 1° leaves between 10-12 AM and two days later three distal leaves of a plant either were 

inoculated with Psm. Bacterial growth in the distal leaves during SAR was measured three days after 

the second treatment. For local growth assays plants were inoculated with virulent Psm (OD600 

0.001) and levels of bacteria as well were assessed 3 days later. Three leaf discs of different infiltrated 

leaves were homogenized in 500 μδ of 10 mε εgCl2 and plated in appropriate dilutions on King’s B 

medium containing 50 μg/δ rifampicin. Colonies grown on agar plates were counted after β to γ days 
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after incubation in 28°C. For analysis of metabolite levels, and gene expression, local, treated leaves 

and distal, non-treated leaves were harvested. During biological defence priming, analysis of 

metabolite and gene expression was measured 10 hours after the second treatment in distal leaves 

inoculated with either 10 mM MgCl2 or Psm (OD600 0.005). 

 

VI.3. EXOGENOUS CHEMICAL TREATMENT 
 

VI.3.1. PIPECOLIC ACID 
One day prior to local inoculation or 1° treatments in case of a SAR experiment, 10 mL of 1 mM (10 

μmol) D,δ-pipecolic acid solution (S47167; Sigma-Aldrich) was pipetted onto the soil substrate of 

individually. Control plants were supplemented in the same manner with 10 mL of water only. 24 h 

post exogenous D,L-pipecolic acid/water treatment, leaves were inoculated with Psm (OD 0.005).  

VI.3.2. SALICYLIC ACID 
SA was infiltrated into leaves in a concentration of 0.5 mM SA (S5922; Sigma-Aldrich) with a pH of 

7.0. Control infiltrations were performed with ddH2O. 

VI.3.3. FLAGELLIN EPITOPE FLG22 
The flg22 peptide from P. aeruginosa with the amino acid sequence QRLSTGSRINSAKDDAAGLQIA 

which represents the elicitor active domain of bacterial flagellin was ordered from EZBiolabs. flg22 was 

diluted in 10 mM MgCl2 to a final concentration of 100 nM (flg22) and infiltrated into leaves.  

 

VI.4. DNA EXTRACTION 
 

Genomic DNA (gDNA) was extracted from leaf of 5-week-old plants. Leaf material was homogenized 

with a tissuelyser (Qiagen, TissueLyser II) in Eppendorf tubes and resuspended in 800 μL of 

extraction buffer (1.5 M Tris-HCl pH 8.0; 1 M NaCl; 0.5 M EDTA; 10 % w/v SDS). The sample was 

heated for 5 min at 65 C and then β00 μL of chloroform was added. The plant material was pelleted by 

5 min centrifugation at 14000 rpm. The supernatant (500 μL) was transferred to a new Eppendorf tube 

and precipitated with 2-propanol (1:1) for 10 min at -20°C. The gDNA was pelleted by centrifugation 5 

min, at 14000 rpm and the pellet was washed with 70% v/v ethanol, centrifuged and air-dried for 10 

min. The dried pellet was dissolved in γ0 μL of water (MolBio grade, AppliChem).  

 

VI.4.1. CHARACTERIZATION OF T-DNA MUTANTS 
The knock-out lines ordered were checked for insertion of the T-DNA fragment by three PCRs with 

gene-specific and T-DNA-specific primers. Genomic DNA of the respective T-DNA line was amplified 

in the first PCR with only gene-specific primers (RP+LP; Tab. 13) and another two samples were 

amplified with gene-specific primer RP or LP and LB primer specific for the T-DNA insertion (Tab. 13). 

Genomic DNA of Col-0 was amplified with all primer sets tested. The PCR was performed with 0.25 
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με of each primer, 60 με of each nucleotide, 0.25 U of Taq DNA polymerase (M0273; New England 

Biolabs) and 5X ThermoPol buffer in the final volume of β0 μδ. PCR annealing temperature was 55 

°C, polymerizing for 1 min for a total amount of 35 cycles. The PCR product was separated on a 1% 

w/v agarose gel with 0.5X TAE buffer [β0 mε Tris; 10 mε boric acid; 0.5 mε EDTA] and 0.05 μg/mL 

ethidium bromide and visualized under UV light (GelDoc, INTAS). Based on the result of the three 

PCRs, seeds of plants homozygous in the T-DNA insertion were harvested and used for further 

experiments.  

 

 

Table 13. List of primers used for characterization of T-DNA insertion lines. 

 

VI.5. RNA EXTRACTION AND CDNA SYNTHESIS 
 

Total RNA was isolated from frozen leaves using peqGOLD RNAPure reagent (PeqLab, Erlangen) 

following the manufacturer’s instructions. RNA concentration was determined by absorption at β60 nm 

(BioPhotometer plus, Eppendorf) and 1 μg was treated with DNase I (EN05β1; Fermentas) for 30 min 

at 37°C to remove genomic DNA. The DNase reaction was inactivated by incubation at 70°C for 10 

min in the presence of 2.5 mM EDTA. The mRNA was converted to cDNA with the OligodT primers 

and the reverse transcriptase (205113; Omniscript RT Kit, Qiagen) according to the manufacturer’s 

instructions. An equivalent of 11.γ ng of total RNA was amplified in the total 10 μL of reaction volume 

with 5 μL of SenziMix SYBR Green (SMP5-111C, Bioline) and 0.75 με gene-specific primers (Table 

14).  

VI.5.1. QUANTITATIVE REALTIME PCR 
The qPCR reaction was performed in triplicate in a Rotor-Gene Q apparatus (Qiagen) using the 

following cycling program: 95°C for 7 min, followed by 45 cycles at 95°C for 10s, 60°C for 30 s, and 

finally 72°C for 3 min. The gene encoding a polypyrimidine tract-binding (PTB) protein 1 (At3g01150) 

was used as a housekeeping gene. The data were analyzed using the Rotor-Gene Q 2.0.2 software, 

with a threshold of 0.1 of the normalized fluorescence. This corresponded to the exponential phase of 

the fluorescence signal. The resulting CT and E values were used to calculate the relative mRNA 

abundance according to the ΔΔCT method. The values of expression amplified with gene specific 
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extracts were dried over Na2SO4. After removal of the organic solvent under a stream of nitrogen, the 

residue was dissolved in 400 mL of dichloromethane/methanol (3:1), methylated and subjected to 

vapor phase extraction as described previously. A volume of 4 μL of the sample mixture was 

separated on a gas chromatograph (GC 7890 A; Agilent Technologies) equipped with a fused silica 

capillary column (ZB-5MS 30m x 0.25mm, Zebron, Phenomenex) and combined with a 5975C (EI) 

mass spectrometric detector (Agilent Technologies). The initiation injection was at 250°C and then the 

metabolites were separated by a temperature program: 50°C/3min with 8°C/min to 240°C, with 

20°C/min to 320°C/3 min, under constant flow of helium, 1.2 mL/min. For quantitative determination of 

metabolites, peaks originating from selected ion chromatograms were integrated. The area of a 

substance peak was related to the peak area of the corresponding internal standard [SA (m/z 120) –

D4-salicylic acid (m/z 124) and camalexin (m/z 200)–indolepropionic acid (m/z 130)], and 

experimentally determined correction factors for each substance/standard pair were considered. 

 

VI.7. GAS CHROMATOGRAPHIC DETERMINATION OF AMINO ACIDS  
 

The amino acid levels were determined by the EZ:faast free amino acid analysis kit for GC-MS 

(Phenomenex), based on the separation and mass spectrometric identification of propyl 

chloroformate-derivatized amino acids (Kugler et al., 2006). Homogenized leaf material (50 mg) was 

extracted with 200 μL of buffer (25% acetonitrile in 0,01 N HCl). The sample was shaken thoroughly 

for 15 min at room temperature and centrifuged at 14 000 rpm, for 4 min. Aliquot (100 μL) of 

supernatant was extracted following the EZ:faast user’s manual (Phenomenex). The dry residue was 

then dissolved in 70 μL of dichloromethane and subjected to GC/MS analysis. 

The sample mixture (γ μL) was separated on a silica capillary column (ZB-AAA 10m x 0.25mm, 

Zebron, Phenomenex). The initiation injection was at 250°C and then the metabolites were separated 

by a temperature program: 70°C/3min with 8°C/min to 240°C, with 20°C/min to 320°C/2 min, under 

constant flow of helium, 1.2 mL/min. For quantitative determination of individual amino acids, peaks 

originating from selected ion chromatograms were integrated: Gly (m/z 116), Ala (m/z 130), Val (m/z 

158), ȕ-Ala (m/z 116), Leu (m/z 172), Ile (m/z 172), GABA (m/z 130), Ser (m/z 146), Thr (m/z 101), 

Pro (m/z 156), Pip (m/z 170), Aad (m/z 244), Asp (m/z 216), Glu (m/z 84), Asn (m/z 69), Gln (m/z 84), 

Cys (m/z 248), Orn (m/z 156), Lys (m/z 170), His (m/z 282), Phe (m/z 148), Tyr (m/z 107), Trp (m/z 

130), Homoserine (m/z 128) and m/z 256. The area of substance peak was related to the peak area of 

norvaline (m/z 158), which served as an internal standard or calculated as relative amount per g FW 

(Fresh weight) if no correction factor was determined. Experimentally determined correction factors for 

each amino acid were considered. Arg and Met could not be analyzed with the applied method. 

 

VI.8. SUBCELLULAR LOCALIZATION OF ALD1 AND FMO1 
 

For generation of a construct for subcellular localization of ALD1 and FMO1 the GATEWAY® system 

was used. Therefore primer pairs were generated that contained the attB1 and attB2 site, respectively. 
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VI.8.1.3. Analyzing transformants 
 

To analyze the transformants 10 colonies were picked with a toothpick and placed in 3-5 mL LB 

medium containing the appropriate antibiotics and incubated at 37°C overnight in a horizontal shaker. 

Plasmid DNA was isolated the next day using the Wizard® PlusSV Minipreps DNA Purification 

System. 

To isolate plasmid DNA 5 mL of culture was spun down at 10,000 ×g for 10 min. The cell pellet was 

resuspended with 250 μL suspension solution. 250 μL cell lysis solution was added and the tube 

inverted for 4 times to mix. 10 μL of Alkaline Protease Solution was added to the solution and invert 4 

times to mix. Incubate 5 minutes at room temperature. 350 µL of neutralization solution was added 

and inverted 4 times to mix. The lysate was centrifuged at top speed for 10 min at room temperature. 

The spin column was inserted into a collection tube and the cleared lysate decanted into the spin 

column. After centrifugation at top speed for 1 min at room temperature the flow through was 

discarded and the column reinserted into a collection tube. For the first wash step 750 µL of wash 

solution was added and centrifuged at top speed for 1 min. The flow through is discarded and 250 µL 

of wash solution added to the column and centrifuged at top speed for 2 min. After removal of the flow 

through, the spin column was centrifuged again to remove all traces of wash solution. The column was 

inserted into a new 1.5 mL microcentrifuge tube. 30 µL of nuclease free water was added to the spin 

column and centrifuged at top speed for 1 min at room temperature. The plasmid DNA was stored at -

20°C. 

 

VI.8.1.4. Agrobacterium transformation 
 

For transient plant transformation, the binary vector constructs were transformed into the 

Agrobacterium tumefaciens strain GV3101:pMP90RK. 5 µL of LR plasmid DNA were added to 90 µL 

of 10% glycerol and 5 µL of GV3101 competent cells. The mixture was incubated on ice for 5 minutes 

and transferred to a cuvette (1mm). The electroporation machine was set to 130-200 Ω and a charging 

voltage of 1.44 kV. The cuvette was placed into the electroporation chamber and the pulse activated 

for approximately 5 ms. Immediately 1 mL of LB medium was added and the mixture transferred to an 

Eppendorf tube incubated at room temperature for 1 h without agitation. The cells were plated on 

selection plates containing the appropriate antibiotics and grown at 28°C overnight. 

  

VI.8.1.5. Transient expression of cDNAs in Nicotiana tobacco 

 

For transient plant transformation, the transformed GV3101:pMP90RK carrying the desired binary 

vector constructs were grown overnight in LB medium with appropriate concentration of antibiotics. 

The culture was incubates at 28°C for 24 h to an OD of 0.02 - 0.1 and 20 µL of the cultures are 

transferred to an 1.5 mL Eppendorf tube and spun down at 5000 xg for 5 min. After removal of the 

supernatant the pellet was suspended in 500 µL of ddH2O. The solution was infiltrated with a 

needleless syringae into the fully expanded tobacco leaf as described by Witte et al. (2004). The 

tobacco plant was incubated for 48hours before observing the fluorescent signal using a confocal 
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labeled precursor proteins to a final total volume of 300 µL. Reactions were incubated for 30 minutes 

at room temperature, under room light. After import, the reactions were divided into two 100 µL 

aliquots. One aliquot did not receive Trypsin treatment [(-) control] and intact chloroplasts were directly 

recovered by centrifugation through a 40% Percoll cushion. The second aliquot was incubated with 

Trypsin for 30 minutes on ice. After quenching with Trypsin Inhibitor, intact chloroplasts were again 

recovered by centrifugation through a 40% Percoll cushion, lysed and then fractionated into a total 

soluble (S) and total membrane fraction (P). All fractions were analyzed by SDS-PAGE and then 

subjected to fluorography and exposed to X-ray film (Eastman, Kodak, Rochester, NT, USA). 

 

VI.16. REPRODUCIBILITY OF EXPERIMENTS AND STATISTICAL 

ANALYSES 

 

In most of the cases, unless stated otherwise, the data shown in this thesis resulted from a single 

biological experiment and were similar in three biologically independent experiments. At least three 

samples in μg.g-1 fresh weight (FW) were analysed for metabolic experiments and the data represent 

the mean ±SD (SD=standard deviation). Bacterial numbers values represent mean values ±SD of 

colony forming units (cfu) per square centimetre from at least seven replicate samples, each 

consisting of three leaf disks. Statistical analyses were performed using two-tailed Student’s t test. 

Asterisks denote statistically significant differences between Psm- (OD 0.005) and MgCl2-samples (***: 

P < 0.001; **: P < 0.01; *: P < 0.05).  
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VIII. ABBREVIATIONS 

AAA 
 

Aromatic amino acids  
AABA  α-amino butyric acid 
ABA 

 
Abscisic acid 

ABI 
 

Abscisic acid insensitive 
AGD  ABERRANT GROWTH AND CELL DEATH 
ALD  AGD2-LIKE DEFENSE RESPONSE PROTEIN 
AM  Ante Meridiem 
AOC  ALLENE OXIDE CYCLASE  
AOS  ALLENE OXIDE SYNTHASE 
Avr 

 
avirulence  

ARD  ACIDOREDUCTONE DIOXYGENASE 
AzA  Azelaic acid 
AZI  AZELAIC ACID INDUCED 
BABA  ȕ-aminobutyric acid 
BAK 

 
Brassinosteroid insensitive1-associated kinase 

BCAA 
 

Branched-chain amino acids  
BCAT  BRANCHED-CHAIN AMINOTRANSFERASE 
BOS  BOYTRITIS SUSCEPTIBLE 
bp  Base pair 
BRI  BRASSINOSTEROID-INSENSITIVE  
BSMT  Salicylic acid/benzoic acid carboxyl methyltransferase 
BTH  Benzo (1,2,3) thiadiazole-7-carbothioic acid S-methyl ester 
°C  Celcius 
CC 

 
coiled-coil 

cDNA  
 

complementary DNA 
CDPK  CALCIUM DEPENDENT PROTEIN KINASE 
cfu 

 
colony forming units 

CoA 
 

coenzym A 
COI  Coronatine insensitive 
Col  Columbia 
CPR  CONSTITUTIVE EXPRESSION OF PR GENES 
CRK  Receptor-like protein kinase 
cT 

 
cycle threshold 

DA 
 

Dehydroabietinal 
DAMP 

 
Damage-associated molecular patterns 

DAP-AT  Diaminopimelate aminotransferase 
DHDPS  DIHYDRODIPICOLINATE SYNTHASE 
DIR  DEFECTIVE IN INDUCED RESISTANCE 
DND  DISEASE NO DEATH 
dpi  day post inoculation 
EEE  Excess excitation energy  
EDR 

 
ENHANCED DISEASE RESISTANCE  

 EDS 
 

ENHANCED DISEASE SUSCEPTIBILITY 
EDTA  

 
Ethylen-diamine tetra-acetic acid  

EFR 
 

ELONGATION FACTOR TU RECEPTOR 
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EF-Tu 
 

Elongation factor Tu  
EIN 

 
ETHYLENE INSENSITIVE  

EMS  Ethylmethane sulphonate  
ET 

 
Ethylene 

 ETI 
 

effector-triggered immunity 
FLS2 

 
FLAGELLIN SENSING 2 

FMO1 
 

FLAVIN-DEPENDENT MONOOXYGENASE 1 
FW 

 
fresh weight  

GABA  Ȗ-amino butyric acid 
G3P 

 
glycerol-3-phosphate 

gDNA 
 

genomic DNA  
GFP 

 
green fluorescent protein 

GRXS  Glutaredoxin 
GST  Gluthathione S-transferase 
h 

 
hour 

HL  High light 
HMW  High molecular weight 
Hpa  Hyaloperonospora arabidopsidis 
hpi 

 
hours post inoculation 

HR 
 

hypersensitive response 
 IAA 

 
indole acetic acid, auxin 

IBI  BABA-INDUCED DISEASE IMMUNITY 
ICS1 

 
ISOCHORISMATE SYNTHASE 1 

IEM  Inner envelope membrane 
IMS  Intermembrane space 
INA  2,6-dichloro-isonicotinic acid 
IR  Induced resistance  
ISR 

 
Induced systemic resistance 

JA 
 

jasmonic acid 
JA-Ile  (+)-7-iso-jasmonoyl-L-isoleucine 
JAZ 

 
JASMONATE ZIM DOMAIN  

LKR 
 

LYSINE KETOGLUTARATE REDUCTASE 
LL  Low light 
LMW  Low molecular weight 
LPS  lipopolysaccharides 
LRR 

 
leucine-rich repeat 

LSD  LESION SIMULATING DISEASE 
M 

 
mol.l-1 

MAMP 
 

microorganism-associated molecular patterns  
MAP 

 
mitogen-activated protein 

 MAPK/MPK  
 

mitogen activated protein kinase 
MeJA 

 
methyl jasmonate  

MeSA 
 

methyl salicylate 
MES  MeSA esterase 
min  minute 
mRNA  

 
messenger RNA 

NahG   salicylate hydroxylase 
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NB 
 

nucleotide-binding site domain 
NB-LRR 

 
nucleotide-binding – leucine rich repeats 

NDR1 
 

NON RACE SPECIFIC DISEASE RESISTANCE 1 
NLS  Nuclear localization sequence 
NO  Nitric oxide 
NPR1 

 
NON-EXPRESSOR OF PR GENES1 

NPQ  Non-photochemical quenching 
OEM  outer envelope membrane 
ONA  9-oxononanoic acid 
PAD 

 
PHYTOALEXIN DEFICIENT 

PAL 
 

phenylalanine ammonia-lyase  
PAMP 

 
pathogen-associated molecular patterns  

PBS3 
 

AvrPphB SUSEPTIBLE 3 
PCR 

 
polymerase chain reaction 

PDF  PLANT DEFENSIN 
PEPR  PEP Receptor 
PEX  Petiole exudate 
Pip  Pipecolic acid 
PM  Post meridiem 
PR  pathogenesis-related 
PRR  pattern recognition receptors  
PS  Photosystem 
Psm 

 
Pseudomonas syringae pv. maculicola ES4326 

Psm(avrRpm1) 
 

Psm carrying the avirulence gene pLAFR3::avrRpm1 
Pst 

 
Pseudomonas syringae pv. tomato DC3000 AvrRpm1 

PTI 
 

PAMP-triggered immunity  
qRT-PCR  quantitative RT-PCR 

R 
 

resistance 
RIN 

 
RPM1-INTERACTING PROTEIN 

RK 
 

receptor kinase 
RLP 

 
receptor-like proteins 

ROS 
 

reactive oxygen species 
RuBisCo  ribulose-1,5-bisphosphate carboxylase/oxygenase 
s  second  
SA 

 
salicylic acid 

 SABP   SA BINDING PROTEIN   
SAG  SA O-ȕ-glucoside 
SAGT  SA glucosyltransferases 
SAMT  SA methyltransferase1 
SAR 

 
systemic acquired resistance  

SARD  SAR-Deficient 
SD 

 
standard deviation 

SDH 
 

SACCHAROPINE DEHYDROGENASE 
SFD 

 
SUPPRESSOR OF FATTY ACID DESATURASE DEFICIENCY 

SGE  Salicyloyl glucose ester 
SID 

 
Salicylic acid induction deficient 

SOX/PIPOX  SARCOSINE OXIDASE/PIPECOLATE OXIDASE 
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SYP  SYNTAXIN OF PLANTS 
TAE 

 
tris-acetate-ethylenediamine tetraacetic acid 

TAT  TYROSINE AMINOTRANSFERASE 
TCA   tricarbocylic acid 
T-DNA 

 
transposable DNA 

TIC  Translocon at the inner envelope membrane of chloroplasts 
TIR 

 
toll, interleukin 1R and resistance 

TLR  Toll-like receptor 
TMV  tobacco mosaic virus 
TOC  Translocon at the outer envelope membrane of chloroplasts 
T3SS 

 
Type-III secretion system  

YFP  Yellow fluorescent protein 
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IX. ADDENDUM  
 

IX.1. VECTOR MAPS 

 

http://www.addgene.org/vector-database/2393/

https://www.promega.co.uk
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http://www.5prime.com/support/vectorsequences/pivex1_4_vectormap.aspx

http://www.invitrogen.com/content.cfm?pageid=4072
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