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Chemically-induced plant disease resistance offers opportunities for both crop protection and studying the plant immune system. (R)-β-aminobutyric acid ((R)-BABA) is a well-characterised priming agent which induces strong resistance against a broad-spectrum of pathogens. However, (R)-BABA also triggers plant stress in higher concentrations. The identification of a structural analogue of (R)-BABA that induces resistance without plant stress would be a major step towards the reliable use of chemical priming agents. A small library of structural analogues of (R)-BABA were screened for induced resistance against the biotrophic oomycete Hyaloperonospora arabidopsidis (Hpa) without affecting plant growth. (R)-β-homoserine (RBH) was found to strongly induce resistance without stunting plant growth. Despite its structural similarity to (R)-BABA, RBH primes partially distinct pathogen-dependent responses including callose deposition, camalexin and JA/ET-dependent defence signalling. Crucially, RBH was found to have minimal effects on plant growth and metabolism and is effective in inducing resistance in an economically-important crop species, tomato. Subsequently, an untargeted metabolomic approach was used to analyse the metabolic basis of RBH-IR against Hpa and the necrotrophic fungus Plectosphaerella cucumerina (Pc), showing that RBH primes common and specific metabolic pathways, depending on the infection strategy of the challenging pathogen. Finally, a collection of homozygous T-DNA insertion lines of Arabidopsis was screened for mutants that are impaired-in-(R)-β-homoserine-induced-resistance (iri) against Hpa. The identification of 104 partial iri mutant lines provides new insights about the quantitative genetic basis of RBH-IR and associated signalling pathways. Several complete iri lines were also identified, which are fully impaired in RBH-IR against Hpa. Of these, the iri1 mutant, which is impaired in expression of the non-specific amino acid transporter LHT1, was further characterised. Using an LHT1-over-expression line, LHT1 was shown to be critical for the expression of RBH-IR and the uptake of RBH by the roots, as well as plant tolerance to RBH.
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[bookmark: _Toc534272086]Chapter 1: General Introduction
[bookmark: _Toc534272087]1.1 Engaging the plant immune system to build a sustainable future food supply.  
Over the past 60 years, global agriculture has become heavily reliant on elite crop varieties and synthetic agrichemicals (Khush, 2001). The yield increases realised through this process of agricultural intensification, also known as the ‘Green Revolution’, have partially mitigated food insecurity in the face of rapid human population growth. However, increases in food production have also led to environmentally-damaging changes in agricultural practice and unsustainable diets. For instance, there has been a significantly increased consumption of meat and dairy per capita (Nibert & Winders, 2004; Pingali, 2012), which in turn has led to more pollution, waste and unsustainable  use of land, water and nutrients (Poore & Nemecek, 2018). Environmental side-effects of high-input agriculture accelerate the depletion of ecosystem services that have the potential to support agricultural production in a more sustainable manner (Matson et al., 1997). The ‘Green Revolution’ has thus set in motion an environmentally unsustainable cycle of consumption and agricultural intensification. 
The agricultural intensification agenda also seeks to protect crops against plant-environment interactions that might limit or complicate food production (Matson et al., 1997). Amongst these, plant diseases are a significant target; around 20% of global crop yields are lost to disease even with the widespread adoption of anti-microbial pesticides and disease-resistant crop varieties (Oerke, 2006). However, these crop protection strategies place a strong selection pressure on microbial pathogens to evolve pesticide-resistance or virulence against resistant varieties and there are ample examples of such co-evolution occurring in the field (McDonald & Linde, 2002; Hawkins et al., 2018). In addition, there is considerable public opposition to the use of synthetic pesticides, which has led to legally binding directives that restrict their use (Hillocks, 2012). Unfortunately, a side-effect of restricting the range of pesticides is that it will increase the likelihood of pathogens and herbivores evolving resistance to these chemicals (Lamichhane et al., 2017). Thus, both the evolutionary and environmental sustainability agenda of agricultural intensification is being called into question. 
There is an urgent need to develop a suite of new approaches to sustainably protect agricultural systems for future decades (Pretty et al., 2018). Fundamental to guaranteeing the sustainability of novel techniques will be a focus on utilising a diversity of molecular tools to understand interactions between crops and their environment. Therefore, it is crucial to develop a comprehensive molecular understanding of plant immune systems, which have evolved over millions of years to guarantee plant survival and offer protection against diseases. Such an approach will open opportunities to enhance the durability of current crop protection schemes, thus building more resilient agricultural systems with reduced synthetic inputs.









[bookmark: _Toc534272088]1.2 Understanding plant immunity 
Plants have evolved a diverse array of physical and chemical defence mechanisms to resist attack by pathogenic microbes. Constitutive defences, such as the secondary cell wall, are under the control of plant developmental programs and are therefore present in the absence of pathogens (Miedes et al., 2014). By contrast, inducible defence mechanisms, such as deposition of anti-microbial compounds or accumulation of pathogenesis-related proteins (PR) in response to pathogen attack, are regulated by the plant immune system (Jones & Dangl, 2006). The regulatory system controlling these inducible defence mechanisms is termed ‘the innate immune system’ or ‘innate immunity’. 

[bookmark: _Toc534272089]1.2.1 Signalling in innate immunity. 
Initially, effective activation of inducible defences requires reliable detection of the pathogen. This is achieved through recognition of specific Pathogen-Associated Molecular Patterns (PAMPs) or Damage-Associated Molecular Patterns (DAMPs) by a broad class of membrane-localised Pattern Recognition Receptor (PRR) proteins (Fig. 1.1) (Macho & Zipfel, 2014). The form of innate immunity resulting from recognition of such patterns is termed ‘PAMP-Triggered Immunity’ or ‘Pattern-Triggered Immunity’ (PTI).
Subsequent to pathogen recognition, the effective co-ordination of inducible defences is dependent on complex crosstalk between multiple-layered signalling cascades (Pieterse et al., 2012). PRRs typically relay information to apoplastic or cytoplasmic signalling components, which act to transduce and/or amplify the initial PAMP/DAMP signal. An example of an early signalling response is the apoplastic oxidative burst, a de novo generation of Reactive Oxygen Species (ROS) occurring mostly through the action of NADPH oxidase enzymes (Torres et al., 2005). ROS generation has been linked with further defence signalling processes such as increases in cytosolic Ca2+ ions and activation of Mitogen-Activated Protein Kinases (MAPKs), which occur both upstream and downstream of ROS accumulation. Complex interplay between PTI signalling [image: ]components can then lead to early acting defence phenotypes such as deposition of callose, a β-1,3-glucan polymer, at the plant cell wall (Fig. 1.1) (Bednarek et al., 2009; Clay et al., 2009; Bigeard et al., 2015). Figure 1.1 A model of PAMP-triggered signalling for callose deposition in Arabidopsis (Bednarek et al., 2009; Clay et al., 2009). 1) Fungal/oomycete spore lands on leaf cuticle and germinates, secreting enzymes which degrade the cuticle and cell wall to facilitate entry. 2) PAMPs (e.g. chitin) are released by the pathogen and recognised by membrane-localised PRRs. Fungus/oomycete invaginates plasma membrane through development of a feeding structure (e.g. a haustorium) 3) PRRs trigger early PTI signalling responses such as Ca2+ fluxes, ROS production and MAPK phosphorylation, with ROS also directly affecting pathogen growth. 4) PTI signalling triggers ethylene biosynthesis. 5) Ethylene triggers de novo biosynthesis of indole-glucosinolates (e.g 4MI3G) and their subsequent hydrolysis by the myrosinase PEN2. Hydrolytic breakdown products of 4MI3G trigger callose synthesis by membrane-localised GSL5, de novo GSL synthesis and transport to plasma membrane, as well as directly targeting pathogen growth through deposition in the developing cell wall papillae surrounding the haustorium. 6) Callose is deposited between the plasma membrane and the cell wall, acting as a structural defence against further growth and as matrix for the deposition of anti-microbial compounds. A similar process is regulated by a different class of indole-derivatives, the benzoxazinoids, in wheat (Ahmad et al., 2011).


Downstream from early signalling responses, small-molecule hormones play a vital role in orchestrating further defence responses. Hormonal modulation of innate immunity has received much attention over the past 20 years, and as such is relatively well characterised (Pieterse et al., 2012). Defence hormones include salicylic acid (SA), jasmonic acid (JA), abscisic acid (ABA) and ethylene (ET), which can be activated or synthesised de novo in response to early PTI signalling (Pieterse et al., 2012). For instance, pathogen-induced Ca2+ fluxes are significant upstream events in the SA-biosynthesis signalling pathway (Du et al., 2009; Michal Johnson et al., 2014). SA accumulation then activates other signalling components to co-ordinate effective defence against biotrophic pathogens, which feed on living host tissue. By contrast, activation of a specific MAPK (MPK4)-dependent pathway is associated with the activation of  ET- and JA-co-regulated defences (Petersen et al., 2000; Andreasson et al., 2005; Brodersen et al., 2006). JA and ET generally co-ordinate effective defence against necrotrophic pathogens, which kill host tissue and feed on necrotic tissue. Hence, the targeting of specific modules to each signalling transduction pathway can prioritise defence against a specific pathogen lifestyle (Glazebrook, 2005).
In addition to promoting a specific defence-signalling program, components of either SA- or JA-signalling pathways also exert an antagonistic influence on one another through crosstalk. MPK4, for example, has a negative influence on SA-signalling (Petersen et al., 2000), whereas cytosolic NPR1 inhibits transcription of JA-responsive genes (Spoel et al., 2003; Yuan et al., 2007). The negative signalling cross-talk between JA- and SA-dependent pathways allows plants to prioritise resource allocation to the most appropriate defence response, dependent on the nature of the attacker. 
[bookmark: _Toc534272090]1.2.2 Defence metabolites: phytoalexins versus phytoanticipins. 
Plants are also able to synthesise a great diversity of secondary metabolites that are known to have in vitro anti-microbial activity, thus holding potential for roles in plant defence. These compounds can be classified into two broad groups (van Etten et al., 1994). Phytoalexins are anti-microbial compounds, which are synthesised by and accumulated in plants after exposure to micro-organisms. A well-known example is camalexin, synthesised by Brassicaceae in response to attack by pathogens (Glawischnig, 2007). Alternatively, phytoanticipins are defined as anti-microbial compounds that are produced by plants in pre-existing but inactive quantities. Their defence activity can be activated from the pre-existing constituents in response to attack by pathogens or insects (van Etten et al., 1994). A classic example in cereals is the benzoxazinoid compound 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one (DIMBOA), which is produced through herbivore- or pathogen-induced hydrolysis of the inactive DIMBOA-glucoside (Niemeyer, 2009). Another example comes from the glucosinolates, which are produced by Brassicaceae. Glucosinolates are synthesised from selected amino acids, such as tryptophan, phenylalanine or methionine, and a glucone moiety, linked together by an isothiocyanate group (Halkier & Gershenzon, 2006). In both cases, the release of the toxic defence product relies on enzymatic hydrolysis of the glucose group by beta-glucosidases (Bones & Rossiter, 1996; Niemeyer, 2009). In addition to their direct biocidal effects, phytoanticipins can also contribute to innate immunity system by acting as apoplastic defence signals that induce cell wall defence (Fig. 1.1) (Bednarek et al., 2009; Clay et al., 2009; Ahmad et al., 2011).

[bookmark: _Toc534272091]1.2.3 The evolutionary ‘arms race’ between the plant immune system and pathogen virulence. 
The evolution of ever more sophisticated immune signalling has provided further molecular switches with which plants can regulate inducible defences. However, each additional signalling component also represents an evolutionary opportunity for increased pathogen virulence. As such, pathogens have evolved the ability to regulate host immunity to favour their own proliferation, by secreting proteins called effectors (Toruño et al., 2016). The study of this evolutionary arms race has given rise to the term Effector-Triggered Susceptibility (ETS; Fig. 1.2) (Dangl and Jones, 2006). 
A broad range of pathogen effectors have been cloned and functionally characterised. For example, some virulent strains of the bacterial pathogen Pseudomonas syringae (Pst) secrete a JA-conjugate analogue, Coronatine (COR). COR represses SA-dependent defence by promoting JA-dependent defences, and stimulates stomatal opening, thus promoting bacterial proliferation in plant tissues (Mittal & Davis, 1995; Melotto et al., 2006). Another Pst effector, Hop1A, de-phosphorylates MAPK proteins thus suppressing their role in promoting SA-dependent defence signalling (Zhang et al., 2007). In fungi, the apoplastic PEP1 effector has been shown to suppress host ROS generation, thus interfering with a key component of basal host defence (Hemetsberger et al., 2012). 
More recent work has revealed novel pathogen virulence strategies. For instance, a recent study proposed that a virulent strain of Xylella fastidiosa has evolved modified cell surface lipopolysaccharides (LPSs) that mask the perception of other LPSs and PAMPs on the bacterial cell surface, thus delaying host PTI signalling (Rapicavoli et al., 2018). Meanwhile, work on tetra-trophic interactions has uncovered further layers of immune suppression in pathogen virulence. Tan et al. (2018) found that parasitoid wasps harbour symbiotic polydnaviruses, which suppress the immune system of herbivorous caterpillars into which the wasp lays its eggs. Surprisingly, the polydnaviruses also suppress plant defences against caterpillar herbivory, by modulating caterpillar salivary signals (Tan et al., 2018).
In a further layer of co-evolution, plants have evolved resistance (R) genes, which encode proteins that recognise the action of pathogen effectors. R genes initiate a highly effective form of immunity, called race-specific resistance, or Effector-Triggered Immunity (ETI; Fig. 1.2a) (Jones & Dangl, 2006; Cui et al., 2015). ETI is often associated with rapid localised programmed cell death (PCD), termed the Hypersensitive Response (HR). The majority of R genes characterised so far are cytoplasmic, which is consistent with the cytoplasmic localisation of pathogen effectors. However, there also examples of cell membrane-localised R genes (Cui et al., 2015). R genes can act directly, through binding to effectors, or indirectly, by recognising modifications to host proteins or metabolism by pathogen effectors (Dangl & Jones, 2001; Dangl & McDowell, 2006).  
ETS and ETI thus generate an intense evolutionary ‘arms race’, which strongly influences the pace and mode of evolutionary change in immune signalling. This is illustrated by the rapid rate of evolution reported in genes encoding plant R genes (Karasov et al., 2014). A zig-zag model has been proposed to explain this arms race between pathogens and plants over evolutionary time (Fig. 1.2a) (Jones & Dangl, 2006). However, this model remains limited in use to conceptualising evolutionary interactions between plants and biotrophic pathogens and seems less suitable to conceptualise interactions with necrotrophic pathogens (Anderson et al., 2010). 


b
a
Figure 1.2. Dynamics of the evolutionary arms race between plants and pathogens. (a) The zig-zag model (Adapted from Jones & Dangl (2006)) of evolution in plant-biotrophic pathogen interactions. (b) An alternative model of plant-pathogen interactions (Adapted from Anderson et al. (2010) which incorporates alternative pathogen lifestyles, and highlights plant- and pathogen-encoded factors that may be under diversifying, stabilising, or opposing selection. 



The evolutionary arms race has also favoured the emergence of more complex pathogen lifestyles. For example, pathogens with a hemibiotrophic lifestyle initially adopt a biotrophic infection strategy, before switching to a necrotrophic strategy (Horbach et al., 2011). This switch from a biotrophic to necrotrophic lifestyle, post-initiation of SA-dependent defence by the plant, enables the pathogen to pursue an infection strategy against which SA-dependent defences are largely ineffective. Alternatively, specific necrotrophs have evolved the capacity to secrete host specific toxins (HSTs), which can trigger extensive programmed cell death (PCD) through the elicitation of R proteins (Keller et al., 2016). These layers of immune subversion are incorporated into an adapted model of plant-pathogen co-evolution (Fig. 1.2b).












[bookmark: _Toc534272092]1.3 A trick up the sleeve: Plant acquired immunity
Pathogen effectors and other virulence strategies, such as hemi-biotrophy, represent significant evolutionary hurdles for the plant innate immune system. However, the plant immune system has also evolved the capacity to adapt in response to specific environmental stimuli. This immune-related phenotypic plasticity is often referred to ‘acquired immunity’, ‘acquired resistance’ or ‘induced resistance’. Acquired immunity constitutes a reinforcement of basal resistance (Conrath et al., 2006), and often operates via a ‘priming’ of inducible defences, whereby innate immune signalling pathways are sensitised to respond more quickly and effectively to subsequent pathogen attack (Fig. 1.3). Thus, alongside the evolutionary genetic adaptation of PRRs and R genes, plants are also capable of adapting non-genetically and develop immunological ‘memory’ via priming.Box 1. Distinguishing priming from induced resistance.
‘Induced resistance’ or ‘acquired immunity’ is a term encompassing all enhanced disease resistance phenotypes resulting from prior exposure to specific stimuli. This includes direct induction of defence mechanisms and systemic production of anti-microbial metabolites. Direct induction of defence requires metabolic investments and/or hormonal activity that divert resources away from growth towards defence and is, therefore, considered to be relatively costly to the plant. 
‘Priming’ is an alternative mechanism by which induced resistance/acquired immunity can operate. As opposed to sustained up-regulation of inducible defences, priming acts as an ‘immunological memory’, which allows plants to respond more quickly and/or strongly to subsequent pathogen attack. Since the inducible defences are not up-regulated upon priming treatment alone, the resulting induced resistance/acquired immunity is associated with fewer costs (Van Hulten et al. 2006).  
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Figure 1.3. Priming of plant immunity confers a faster, stronger response to pathogen attack. (a) Specific stimuli trigger transient activation of immune responses (ONSET), which is followed by a period of sensitisation of defence responses (MAINTENANCE) termed ‘priming’. Upon subsequent pathogen attack, primed plants respond more quickly and strongly than un-primed plants, increasing the likelihood of successful defence against attack. (b) Primed plant cells can rapidly activate pre-invasive immune responses, thus avoiding pathogen effector-mediated suppression of the basal defence pathways upon which priming depends, and resulting in reduced pathogen colonisation.








[bookmark: _Toc534272093]1.3.1 Priming stimuli: which cues do plants respond to? 
Priming was first proposed as a mechanism of plant acquired immunity in the 1930s, when it was suggested that early evidence for acquired immunity could be explained by a ‘sensitisation’ of the immune system (Chester, 1933). However, it has only been in the last quarter century that molecular tools have enabled and accelerated the identification and characterisation of priming phenomena. A diverse range of priming stimuli have since been described. 

[bookmark: _Toc534272094]1.3.2 Abiotic priming stimuli
Abiotic stimuli include synthetic compounds and abiotic stress stimuli, such as salinity, heavy metals or ultra-violet light. Synthetic compounds can act as functional analogues of endogenous plant signalling compounds or mimic MAMPs and DAMPS, whereas abiotic environmental factors can stimulate hormonal stress pathways that trigger endogenous accumulation of immune priming compounds (Mauch-Mani et al., 2017). Synthetic priming compounds are of great interest in both fundamental and applied plant science. Firstly, as these compounds are typically less rapidly metabolised within the plant, they offer a more tractable and sustained activation of the downstream signalling modules. Secondly, they could act via novel signalling modules that could represent targets for genetic modification and/or breeding. Although many synthetic priming compounds have been identified over recent years, there are still significant knowledge gaps that prevent large-scale exploitation of synthetic priming compounds. As illustrated by Table 1, we understand little of their uptake or perception, mode(s) of action, non-target effects and resilience to degradation. 

[image: ]Table 1.1. Identified synthetic priming agents and knowledge gaps (Adapted from Bektas & Eulgem, 2015) 
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Table 1. Continued. 

[bookmark: _Toc534272095]1.3.2 Biotic priming stimuli 
In addition to synthetic priming, there has also been a significant amount of work on priming conferred by biotic stimuli, such as might be encountered by a plant in its environment. Those reported include DAMPs, PAMPs, rhizobacteria, arbuscular mycorrhizal fungi (AMF), herbivory or volatile signals from neighbouring plants under attack (Mauch-Mani et al., 2017). Priming by beneficial microbes such as rhizobacteria or AMF is understood through the terms Induced Systemic Resistance (ISR) and Mycorrhiza Induced Resistance (MIR), respectively (Fig. 1.4). 
Priming associated with ISR or MIR is the result of a highly-complex, multi-stage regulatory process (Cameron et al., 2013). Whilst the beneficial microbe may produce (a) key compound(s) that directly elicit(s) a priming response, a range of concomitant developmental and immune-suppressive processes occur at the same time that facilitate the establishment of the symbiosis (Cameron et al., 2013). As a result, symbiosis-specific signalling could obscure the signalling that controls the priming response. Thus, the identification of microbe-derived signals should be a key goal as it could greatly advance the mechanistic understanding of priming elicited by beneficial root microbes. Furthermore, isolation of these signals will aid dissection of immune signalling networks where mutations in regulatory genes are lacking, or where convergent symbiotic and defence signalling preclude dissection by forward mutant screens.
There have been some promising insights into the nature of microbe-derived priming signals. For instance, 2-diacetylphloroglucinol (2-DAPG) biosynthesis by ISR-inducing Pseudomonas fluorescens CHA0r was found to be a significant factor in ISR against the oomycete Hyaloperonospora arabidopsidis (Hpa) (Iavicoli et al., 2003). Crucially, exogenous 2-DAPG mimicked the ISR effects seen with P. fluorescens root inoculation, proving that this compound is a key component of the ISR phenotype triggered by P. fluorescens CHA0r (Iavicoli et al., 2003). Other work has focused on the role of bacterial quorum-sensing compounds, acyl-homoserine lactones (AHLs), which are abundant in areas of high bacterial density (Fuqua & Greenberg, 2002). Early evidence showed that root colonisation of tomato plants by Serratia liquefaciens MG44, which is impaired in AHL production, was less effective in priming plant defence against Alternaria alternata than the wild-type MG1 strain (Schuhegger et al., 2006). This loss of priming was likely due to the absence of AHL production rather than reduced rhizosphere colonisation, as bacterial growth rate was unaffected in the AHL-non-producing MG44 strain. This was supported by the finding that exogenous AHL application triggers SA accumulation and defence gene expression (Schuhegger et al., 2006). Subsequent work has shown that defence priming by AHLs is effective against a broad range of pathogens, and acts via MAPK signalling and augmented cell wall defence (Schikora et al., 2011; Schenk et al., 2014).
Microbial volatile compounds have also been implicated as key factors in ISR (Fig. 1.4). Prompted by the knowledge that low molecular weight volatile hormone analogues MeJA and MeSA can induce resistance, Ryu et al. (2003) investigated the ISR effects of volatiles such as 2,3-butanediol harvested from ISR-inducing Bacillus spp. The authors found that these volatile mixtures induced resistance to the bacterial pathogen Pectobacterium. carotovora in Arabidopsis, by activating ET/JA-dependent defence signalling (Ryu et al., 2003). More recently, Zamioudis et al., (2015) showed that Pseudomonas simiae  WCS417-derived volatiles activate the root-specific MYB72 transcription factor, which is essential for establishment of ISR. Work from the same group has since shown that volatiles are also important for ISR by fungal Trichoderma species, which also acts via activation of MYB72 (Martinez-Medina et al., 2017). 
As stated above, the identification of microbe-derived ISR-eliciting signals has enabled the dissection of different aspects of plant-rhizobacteria interactions. In the case of AHLs, it was shown that short-chain AHLs contribute to the rhizobacteria-induced plant growth promotion, whereas long-chain AHLs are responsible for priming of resistance (Schenk et al., 2012). Alternatively, identification of volatile signals showed that MYB72-dependent ISR signalling requires a shoot-derived signal, whereas the role of MYB72 in plant iron homeostasis acts independently of this shoot-derived signal (Zamioudis et al., 2015).  
A further layer of complexity comes from the lack of knowledge about the extent to which mycorrhiza/rhizobacteria-induced priming requires other microbial partners in the rhizosphere. Indeed, given the scarcity of evidence for mycorrhiza-induced priming in axenic conditions, it might be that mycorrhiza-induced resistance is largely conferred by rhizobacteria recruited to the rhizosphere after mycorrhizal establishment (Cameron et al., 2013). Now that several pathways controlling rhizobacteria-mediated ISR have been characterised, genetic studies with knockout and over-expression lines in key regulatory compounds of ISR could shed further light on the differences and similarities between ISR and MIR.
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Figure 1.4. Arbuscular Mycorrhizal Fungi (AMF), rhizobacteria, localised pathogen attack, and herbivory trigger systemic signals which prime immunity in distal plant tissues. Priming in a natural setting involves a localised stimulus leading to augmented defence in distal plant tissues. In the case of ISR, this involves beneficial rhizobacteria or mycorrhiza which associate with root tissues to trigger above-ground resistance or release volatiles which activate systemic defence mechanisms. Alternatively, localised attack by pathogens triggers the onset of SAR, through which systemic tissues are primed for enhanced defence. Finally, herbivory can trigger the production and release of volatile compounds that prime herbivore-specific defences in distal plant tissues.








[bookmark: _Toc534272096]1.4 Plant regulation of the onset and maintenance of priming
Some forms of acquired immunity and priming are have been studied extensively over the past few decades. The classical example is pathogen-induced systemic acquired resistance (SAR), during which plant responses to localised pathogen attack result in priming of SA-dependent defences in distal tissues (Fu & Dong, 2013). By contrast, rhizobacteria-mediated induced systemic resistance (ISR) is elicited by plant-beneficial soil bacteria and is typically based on priming of JA/ET-dependent defence mechanisms and cell wall defences (Verhagen et al., 2004; Van der Ent et al., 2009). However, the majority of this work has focused on post-challenge defence pathways controlling the augmented defence response, while relatively little is known about the signalling pathways leading to the pre-challenge primed defence state (Fig. 1.3). 
For several reasons, it is important to develop a better understanding of the molecular mechanisms controlling the onset of priming (Balmer et al., 2015). For instance, in field conditions, it is difficult to control pre-exposure of plants to priming agents. Accordingly, if there are no reliable markers for the priming phase, there are no other means for characterising the primed defence state, apart from studying the augmented defence response following secondary challenge treatment (Martinez-Medina et al., 2016). Moreover, in considering the evolutionary durability and likelihood of effectiveness across crop species of a priming agent, it is important to understand which pathways are involved in the onset of priming. Finally, as evidenced by the finding that the chemical priming agent (R)-BABA inhibits a highly-conserved enzyme involved in primary protein metabolism (Luna et al., 2014a), chemical priming agents could pose a risk to human health if used in agriculture without a firm understanding of the uptake mechanisms, perception mechanisms and metabolic breakdown pathways. Molecular studies about the onset and maintenance of the pre-challenge priming stage are therefore crucial for a better understanding and future exploitation of the priming phenomenon.

[bookmark: _Toc534272097]1.4.1 Genetic and metabolic factors. 
Recently, more studies have focused on key genes and proteins controlling the pre-challenge priming phase (Fig. 1.3) (Mauch-Mani et al., 2017). Membrane-localised PRRs FLS2 and CERK1 are critical in innate immune responses as they are involved in the perception of MAMPs (e.g. the bacterial flagellin and fungal chitin, respectively (Zipfel, 2014)). However, PRRs are also important in the elicitation of SAR (Mishina & Zeier, 2006). A recent study found that repeated exposure to benzo(1,2,3)thiadiazole-7-carbothioic acid S-methyl ester (BTH), a functional analogue of SA, triggers accumulation of both FLS2 and CERK1 (Tateda et al., 2014). This increased accumulation of FLS2 was associated with enhanced responsiveness of plants to flg22, the conserved N-terminal sequence of flagellin that is recognized by FLS2 (Tateda et al., 2014). Thus, it is plausible that priming is, at least partially, based on an increased accumulation of membrane-localised PRRs. This role for PRRs in immune priming is supported by evidence that IOS1, an Arabidopsis protein which associates with FLS2 and the bacterial EF-Tu-receptor EFR, is required for priming of PTI (Yeh et al., 2016).
Downstream from PRRs, MAPKs have been shown to contribute to the establishment of priming. Accumulation of inactive MAPKs, specifically MPK3, during the SAR priming phase was shown to contribute to augmented defence gene induction following challenge inoculation with Pst (Beckers et al., 2009). Accumulation of inactive MAPKs has also been shown to contribute to ISR by Trichoderma spp. in cucumber, proving the ubiquity of MAPKs in systemic priming of immunity (Shoresh et al., 2006). Perhaps an indicator of the adaptive significance of MAPK signalling in priming is that particular pathogens secrete MPK3-dephosphorylating effectors to counteract amplification of defence signalling (Conrath et al., 2015). Furthermore, increased production of inactive defence-regulatory transcription factors (TFs) could have a contribution to priming. Van der Ent et al. (2009) showed that priming induced by BABA or rhizobacteria is associated with increased transcription of genes encoding defence-regulatory TF genes. 
In addition, changes in primary and secondary metabolism could have a contribute to the onset of priming. For example, priming by BABA treatment increases the accumulation of phenylpropanoid lignin pre-cursors, which might provide an increased capacity for post-challenge reinforcement of the cell wall at the sites of pathogen attack (Pastor et al., 2014). Alternatively, highly specific modulation of branched chain amino acid homeostasis has been shown to result in enhanced cell wall defence against Hpa, via a mechanism independent of many well-characterised innate defence signalling pathways (van Damme et al., 2009). Taking a more global approach, a recent analysis found systemic downregulation of metabolites and genes related to nitrogen (N) metabolism and JA/ET-signalling in response to local ETI after Pst inoculation (Schwachtje et al., 2018). It was proposed that these changes in N metabolism during the SAR-related priming phase restrict the pathogen’s access to sources of nutrition and counteract hijacking of plant hormonal signalling, respectively. However, these studies do not provide a mechanistic explanation of how altered homeostasis of specific metabolites mediates an augmented defence response during the post-challenge phase. Indeed, perturbations in primary metabolism could result in reduced pathogen colonisation due solely to reduced nutritional value of distal tissues. Importantly, none of the studies discussed above conclusively prove that accumulation of specific inactive compounds upstream of defence metabolites provides a pool of pre-cursors to accelerate the release of defence-related metabolites upon perception of attack. 
Several specific metabolites have been linked to the onset of systemic resistance and priming. For instance, the lysine-catabolite pipecolic acid (Pip) was found to accumulate in distal Arabidopsis leaves expressing SAR-related priming following localised inoculation with avirulent Pst (Návarová et al., 2012). Mutation of the ALD1 gene, which encodes a Pip-biosynthesis enzyme, compromises both Pip accumulation and SAR. Accordingly, Pip supplementation rescues SAR in the ald1 mutant (Návarová et al., 2012). These defence phenotypes coincided with ALD1-dependent priming of PR1 expression and camalexin biosynthesis. Moreover,  exogenous Pip application mimicked the SAR phenotype (Návarová et al., 2012). Subsequent work has elucidated the Pip-biosynthetic pathway (Ding et al., 2016), and shown that Pip acts via SA-dependent and SA-independent pathways (Bernsdorff et al., 2016). Two very recent studies provided further evidence that the effects of Pip are mediated by N-hydroxypipecolic acid (NHP), a hydroxylated Pip-catabolite (Hartmann et al., 2018; Chen et al., 2018a). This hydroxylation is catalysed by a flavin-containing monooxygenase, FMO1. Interestingly, the authors found that NHP, but not Pip, accumulated to higher levels in SA-non-producing sid2 and SA-non-responsive npr1 plants (Hartmann et al., 2018; Chen et al., 2018a). These findings suggest that SA exerts a negative feedback loop on FMO1, perhaps contributing a further layer of regulation to the establishment of SAR. These recent advances in our understanding of the role of Pip metabolism in SAR are summarised in Fig. 1.5.
[image: ]Figure 1.5. Recent advances in our understanding of the role of Pipecolic acid (Pip) metabolism in Systemic Acquired Resistance (SAR). Upon localised pathogen inoculation, ALD1 is upregulated, leading to the biosynthesis of Pip from Lysine. Pip is subsequently converted to N-hydroxy-pipecolic acid (NHP) via the action of FMO1. NHP contributes to the upregulation of ICS1, leading to upregulated biosynthesis of isochorismic acid and salicylic acid, enhanced PR1 expression and the onset of SAR. NHP and salicylic acid independently contribute to increased camalexin biosynthesis, and NHP exerts a positive feedback effect on FMO1 and ALD1 expression. Genes are shown in red.

The lipid derivative azelaic acid (AZA) was also identified as a key regulator of priming in SAR  (Jung et al., 2009). AZA accumulates rapidly in the vascular sap upon infection with Pst, suggesting that it plays a role as a mobile priming signal during SAR. Indeed, AZA treatment primes SA biosynthesis or PR1 expression, but does not induce these responses directly. This systemic role in priming SA accumulation is dependent upon AZI1, a lipid transfer protein (Jung et al., 2009). The role of AZI is particularly interesting as it is specific to priming during SAR, since AZA-insensitive azi mutants are not compromised in local PR1 expression, SA accumulation or basal resistance (Jung et al., 2009). 
Subsequent work has shed more light on how AZA orchestrates SAR, and has even uncovered a role for AZA in rhizobacteria-mediated ISR. Yu et al. (2013) showed that AZA-induced SAR requires the accumulation of glycerol-3-phosphate (G3P). This study also showed that AZI is involved in a complex feedback loop with G3P and DIR1, a local orchestrator of AZA responses. Cecchini et al. (2015) subsequently demonstrated that AZI acts in concert with a paralog EARL1 to translocate AZA or its biologically active derivative. Interestingly, this study also found that AZI1 and EARL1 are required for ISR triggered by Pseudomonas simiae WCS417 (Cecchini et al., 2015).  However, this could be due to alternative roles for AZI1/EARL1 in the transport and/or perception of ISR-specific signals, rather than the involvement of AZA in ISR.
In some cases, it can be difficult to distinguish stress-specific signals from signals specific to the onset and regulation of priming. For instance, as (R)-BABA concomitantly induces plant stress and priming, it can be difficult to separate stress-related signals from priming-specific signals (Roland Schwarzenacher and Jurriaan Ton, unpublished results). Nonetheless, the available data suggest that regulation of the pre-challenge priming phase involves processes at the post-transcriptional, post-translational and metabolic levels. 

[bookmark: _Toc534272098]1.4.2 Epigenetic factors. 
Epigenetic modifications provide an important layer of gene regulation, involving a range of non-coding modifications to DNA and DNA-associated histones, such as acetylation or methylation (Pikaard & Mittelsten Scheid, 2014). For instance, expression of genes in a specific region can be upregulated by de-condensation of the chromatin structure, which facilitates interactions with the transcriptional machinery. As such, they could influence the transcriptional capacity and responsiveness of genes. While in most cases these modifications are transient, they can be maintained over longer periods. Some modifications, such as DNA methylation, can even be faithfully transmitted to following generations. Thus, in addition to regulating innate immune responses to attack, it was proposed that epigenetic modifications may also confer an adaptive plant stress ‘memory’ (Bruce et al., 2007). 
In subsequent years, the roles of epigenetic modifications during the onset and maintenance of priming have received much attention (Holeski et al., 2012; Conrath et al., 2015). An early study found that chemical priming of WRKY genes was associated with systemically increased levels of methylation and acetylation of lysine residues in histones surrounding WRKY promoter regions (Jaskiewicz et al., 2011). Crucially, this altered chromatin state only affected transcription of defence-regulatory WRKY genes upon subsequent challenge (Jaskiewicz et al., 2011). These findings were supported by evidence that chemical priming with the SA-analogue BTH results in histone modifications in the promoter regions of SA-responsive defence genes (López et al., 2011). More recently, a study found that the novel priming agent Sulphoraphane induces de-condensation of chromatin at the WRKY6 promotor through covalent histone modifications, thereby priming the induction of the WRKY6 gene (Schillheim et al., 2018). 
DNA methylation has also been shown to play a role in the regulation of immune priming. Initially, cis-regulation of defence-related genes by DNA methylation was suggested to be responsible. First indications that DNA methylation plays a role in priming came from López et al. (2011), who showed that a mutation affecting RNA-directed DNA methylation results in constitutive priming of SA-dependent defence genes. In subsequent years, the correlation between reduced DNA methylation and defence gene priming has been confirmed by independent groups, based on the analysis of a wider range of Arabidopsis mutations in DNA (de)methylation machinery (Luna & Ton, 2012; Yu et al., 2013a; López Sánchez et al., 2016). In addition, independent groups have reported that inoculation of Arabidopsis with Pst leads to  genome-wide reduction in DNA methylation (Pavet et al., 2006; Dowen et al., 2012), suggesting that disease by this pathogen can cause epigenetic modifications that are transferable to following generations. Indeed, later studies confirmed that Pst induces transgenerational acquired resistance (TAR) that is associated with priming of defence genes (Luna et al., 2012; Lopez et al., 2016). Interestingly, the regulation of priming of defence genes is not necessarily controlled by nearby DNA methylation. Slaughter et al. (2012) failed to detect changes in DNA methylation of the PR1 gene, despite the fact that this gene was primed in TAR-expressing progeny from BABA-primed plants. Furthermore, a genome-wide transcriptome study of hyper- and hypo-methylated mutants of Arabidopsis revealed that the majority of defence genes that are altered in responsiveness by these mutations do not show changes in nearby DNA methylation that correlate with their transcriptional responsiveness. Hence, the majority of defence genes whose transcriptional responsiveness is inversely correlated with global DNA methylation are indirectly regulated via trans-acting mechanisms by DNA methylation.  
The observation that progeny of diseased Arabidopsis plants express TAR and defence gene priming provides compelling evidence for an epigenetic basis of priming (Luna et al., 2012). Rasmann et al. (2012) showed that this phenomenon is not taxonomically restricted or confined to SA-dependent signalling, by demonstrating transgenerational priming of JA-dependent defence against herbivory in tomato. Since then, transgenerational priming has also been shown to occur in legumes (Martinez-Aguilar et al., 2016). TAR can be sustained over two stress-free generations (Luna et al., 2012; Stassen et al., 2018), suggesting that the epigenetic signal is stable over multiple meiotic events. The finding that the ros1-4 mutation in the DNA de-methylase ROS1 blocks TAR (Lopez et al. 2016), while independent mutations affecting DNA methylation mimic TAR (López et al., 2011; Luna & Ton, 2012), suggests that the epigenetic imprinting in the parental generation requires active ROS1-dependent DNA methylation.  
The findings of Rasmann et al. (2012) and Martinez-Aguilar et al. (2016) are particularly interesting from an evolutionary perspective. It can be expected that transmission of priming may be beneficial to a short-generation plant species like Arabidopsis, when progeny may experience a similar level of disease pressure as the parent. However, both tomato and bean have a far longer relative generation times, suggesting that any fitness cost of transgenerational priming is sufficiently insignificant to favour the loss of this trait. Furthermore, although transgenerational SAR can be maintained over two stress-free generations when triggered by a repeated inoculation with virulent Pst strain (Luna et al., 2012; Stassen et al., 2018), Slaughter et al. (2012) showed that TAR upon a single inoculation with avirulent Pst is reversed after one stress-free generation. This suggests that the intensity of stress encountered in the paternal generation serves as a proxy to the durability of TAR over stress-free generations. It is clear, however, that the evolutionary and ecological significance of TAR requires further investigation, addressing not only the durability and reversibility of TAR, but also the costs and specificity of TAR. 
In summary, much remains to be determined about the mechanistic link between chromatin modifications, DNA methylation and defence gene transcription. However, it is evident that epigenetic mechanisms are an important factor in establishing the long-term pre-challenge priming. 




[bookmark: _Toc534272099]1.5 Costs of priming. 
[image: ]As mentioned above in the context of transgenerational priming, the fitness costs of priming are critical to understand the evolution of plant immunity and potential application of priming in agriculture. These costs can broadly arise from metabolic allocation costs, negative signalling cross-talk with developmental pathways or pathways controlling resistance to other (a)biotic stresses, and ecological costs such negative effects on interactions with pollinating insects or plant-beneficial microbes (Fig. 1.6). Figure 1.6. Important under-investigated aspects of plant responses to priming agents. A priming stimulus is taken up and/or transported, converted to an active metabolite(s), degraded, perceived. Perception leads to defence, but might also lead to metabolic allocation and antagonistic signalling with abiotic stress resistance signalling or the establishment of beneficial interactions.




There are many studies that have reported costs of direct defence induction on plant growth, typically caused by the diversion of metabolic resources and signalling away from growth (Heil, 2014). Fewer studies have sought to quantify the costs associated specifically with priming. It can be expected that the costs of priming are lower than the costs of prolonged up-regulation of inducible defence, since these costly defence mechanisms are merely sensitised in primed plants. However, over recent years, evidence has accumulated that there are costs associated with the primed immune state, explaining why priming is an inducible response in plants. In addition, there is evidence that priming in environments with high disease pressure confers a fitness advantage over plants with constitutively activated or naïve immune systems. 
Van Hulten et al. (2006) found that primed Arabidopsis displays a minor reduction in relative growth rate (RGR) and seed production compared to non-treated plants. However, growth and reproduction costs were far higher in Arabidopsis plants constitutively expressing inducible defences. Moreover, when primed plants were challenged with a pathogen, they displayed similar levels of resistance to plants that were constitutively expressing defence. Although the experiments by van Hulten et al. (2006) were conducted under ideal growth conditions in a non-competitive setting, the results suggested that priming entails a relatively low-cost defence strategy that is particularly beneficial to plants in hostile environments (van Hulten et al., 2006). This conclusion was supported by a further study (Walters et al., 2008), demonstrating that chemical priming of barley confers a fitness advantage under high disease pressure. Interestingly, this also study showed that priming treatment under field conditions increased grain yield slightly, although not significantly (Walters et al., 2008). Therefore, the available data suggest that in environments where pathogen attack is likely, priming could confer a fitness advantage over individuals with a ‘naïve’ or constitutively active immune system (Fig. 1.7).
The lack of further empirical studies on the growth dynamics of priming limits the conclusions that can be drawn from existing data. So far, most studies have focused on a small selection of priming agents and constitutively primed mutants, and the costs associated with those priming mechanisms might be specific to the corresponding priming responses. Moreover, priming and acquired immunity has evolved in natural plant environments, where inter/intra-specific competition and simultaneous exposure to other stresses could be important factors in determining the growth-resistance balance. To date, these environmental factors have rarely been addressed in studies about the costs of plant defence priming.  
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Figure 1.5. Under-investigated potential costs of plant responses to priming agents. A priming stimulus is taken up and/or transported, converted to an active metabolite, degraded, perceived. Perception leads to defence, but might also lead to metabolic allocation and antagonistic signalling with abiotic stress resistance signalling or the establishment of beneficial interactions.


Figure 1.7. A cost-benefit model of priming innate inducible immune responses (Adapted from Martinez-Medina et al., 2016). The onset and maintenance of defence priming subsequent to a priming stimulus is typically associated with low fitness costs. Upon subsequent pathogen attack, primed plants display a stronger activation of defence and are more resistant to attack, leading to a smaller fitness cost of infection. Therefore, in a hostile environment, the disease-suppressive benefits of priming would likely outweigh any initial fitness costs.



A recent study took a modelling approach to study the growth benefits of defence priming against herbivores in a range of environmental conditions (Douma et al., 2017). Importantly, this study investigated how fitness dynamics of priming change within a plant community setting. The models confirmed the above empirical studies in that priming confers an advantage over direct induction of defence under high pressure by biotic stress. In addition, this study revealed that the probability, severity, and timing of attack may be important factors and predicted that the sensitivity to priming cues decreases with plant age. As competition within the community was considered in the model, the study also predicted that the fitness benefits of priming will be greater where neighbouring individuals lost substantial leaf area through greater herbivory, since photosynthetic gains for primed plants would outweigh initial growth losses (Douma et al., 2017). 
Evidence for costs arising from negative signalling cross-talk are relatively scarce. As with research into metabolic allocation costs, there are considerably more studies about the costs of signalling cross-talk during direct activation of defence (Heil, 2014; Vos et al., 2015). However, there are a few studies indicating that there can be significant costs of priming that stem from negative signalling cross-talk. For example, Luna et al., (2012) demonstrated that TAR-related priming of SA-dependent defences against (hemi)biotrophic pathogens is associated with suppression of JA-dependent defences against the necrotrophic fungus Alternaria brassicicola. Transgenerational priming of SA-dependent defences thus carries costs on the induction of JA-dependent resistance and could therefore reduce plant fitness when TAR-expressing plants encounter necrotrophic pathogens or herbivores (Luna et al., 2012). Aside from the ecological and evolutionary implications of the priming costs from antagonistic signalling cross-talk, these costs are also relevant for the development of agricultural priming agents. 
The ecological costs of priming remain poorly understood. Direct induction of defences with BTH and ASM has been shown to reduce colonisation by mycorrhizal fungi and beneficial rhizobacteria (Ludovic et al., 2009; de Román et al., 2011), suggesting that there could be ecological costs arising from loss of plant-beneficial interactions. However, knowledge of the effects of priming on such mutualistic interactions remains fragmented and more studies are required to elucidate the effects of priming treatment on pathways controlling the symbiosis with mycorrhiza and rhizobia. 
Another neglected question is how priming minimises allocation costs at the molecular level. To minimise costs during the pre-challenge phase, continuous generation of defence compound pre-cursors or antagonistic signalling with growth-regulating pathways would need to be avoided. For these reasons, epigenetic mechanisms have emerged as a plausible mechanism to minimise allocation costs. However, despite increased knowledge about the epigenetic mechanisms controlling priming (see above), it remains difficult to explain how relatively aspecific genome-wide regulatory mechanisms, such as DNA methylation and histone modifications, selectively prime defence-related genes. Clearly, more research is required to characterise the molecular mechanisms by which priming averts growth costs, both to advance our understanding of the evolution of priming, but also to aid identification of low-cost priming agents for exploitation in agriculture.
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1.6 Exploiting priming in crop protection: progress to date 
Alongside advances in our mechanistic understanding of priming, research has sought to explore the viability of priming as part of crop protection strategies (Walters et al., 2013). Priming is attractive in crop protection for several reasons. Firstly, priming acts via multiple defence pathways and genes, and is therefore typically effective against a broad spectrum of pathogens and considered to be resilient against co-evolving pests and diseases (Ahmad et al., 2010). Secondly, priming can be long lasting (Worrall et al., 2012; Luna et al., 2014b; Wilkinson et al., 2018), reducing the need for frequent treatments which can be environmentally and/or economically costly. Thirdly, as opposed to many conventional pesticides, priming can act alongside other methods of biocontrol within an Integrated Pest Management (IPM) strategy, which is increasingly favoured in the design of sustainable agro-ecosystems (Pretty et al., 2018).
Despite these benefits of priming, a number of limitations hindering commercial exploitation have been identified (Walters et al., 2013). One commonly used argument against application of priming under field conditions is the extent to which crop plants in the field are already primed, which could limit the beneficial protective effect of priming agents. There is also evidence to suggest that prior inoculation with pathogens can inhibit a plant’s future capacity to be primed (Walters et al., 2011). On the other hand, evidence from work on transgenerational SAR have shown that the offspring of primed plants are ‘primed to be primed’, suggesting that priming could be effective in a field setting (Slaughter et al., 2012). Further, there is empirical evidence that in certain conditions, a second priming stimulus can result in even stronger defence responses to attack (Heil & Ploss, 2006). Above all, evidence for the assumption that field-grown plants are already maximally primed for defence is not supported by experimental evidence. 
Another important factor to consider is the genetic variation within and between plant species in their capacity to be primed. This can relate to the ability of the plant to effectively uptake and respond to the priming stimuli, or the ability of the plant to form ISR-inducing mutualisms. In addition, life history traits, such as flowering time, could provide variation in responsiveness to priming agents (Heil & Ploss, 2006).
Finally, chemical priming agents must be evaluated for their ability to form chemical residues, both in planta and in agricultural waste streams. A key factor in the public distrust in agrichemicals, such as pesticides, is their persistence in food crops and accumulation in ecosystems, irrespective of whether they pose a risk to humans or the environment (Koch et al., 2017). Besides the duty to address a perceived threat by building public trust in agrichemicals, the identification of BABA as an inhibitor of a highly conserved enzyme in primary metabolism shows that chemical priming agents can represent a real toxicological threat. Indeed, BABA treatment of tomato seedlings results in the presence of BABA in the tomato fruit, which were harvested 10 weeks post treatment (Wilkinson et al., 2018). Such assessments are important in the pre-competitive stages of commercial research into novel priming agents. 







[bookmark: _Toc534272101]1.7 BABA-induced resistance and IBI1: Challenges and opportunities
(R)-β-amino butyric acid ((R)-BABA) is a non-protein amino acid which primes a wide range of plant species for enhanced defence against a broad spectrum of pathogens (termed (R)-BABA-IR) (Papavizas, 1964; Cohen et al., 2016). This broad-spectrum effectiveness is likely due to (R)-BABA priming of both SA-dependent and SA-independent defence mechanisms (Ton et al., 2005). However, high concentrations of (R)-BABA trigger a plant stress response, which stunts growth (Cohen, 1994; Wu et al., 2010). This negative consequence of (R)-BABA treatment has hampered its application as a crop protection tool.

[bookmark: _Toc534272102]1.7.1 A four-stage model of the onset of BABA-induced priming. 
Recently, an aspartyl-tRNA-synthetase, named IBI1, has been identified as a receptor of (R)-BABA, shedding light on the mechanisms of both defence priming and plant stress (Luna et al., 2014a). When (R)-BABA binds to IBI1, the protein is blocked from its canonical activity in protein synthesis, and primed for a function in defence. This non-canonical defence function becomes active after pathogen attack, and is marked by a translocation of the protein from the ER to the cytoplasm (Fig. 1.8). This subcellular translocation response of IBI1 is strongly enhanced in (R)-BABA-primed cells (Fig. 1.8), enabling an augmented defence reaction in (R)-BABA-treated plants (Luna et al., 2014a). In agreement with this 4-stage model, recent findings confirm that IBI1 has the ability to interact with cytosolic defence-related transcription factors, such as VOZ1 and VOZ2 (Roland Schwarzenbacher and Jurriaan Ton, unpublished results).

[image: ]Figure 1.8. A four-stage model of IBI1-dependent defence and priming of IBI1-dependent defence by (R)-BABA. During canonical function in protein synthesis within an un-challenged immune system, IBI1 is localised to the endoplasmic reticulum (ER). (R)-BABA treatment blocks IBI1 from this canonical function and loosens its association with the ER, thereby priming the protein for a function in defence. During basal defence, IBI1 transcription is upregulated and some disassociation from the ER occurs, leading to a signalling role for IBI1 in basal defence. If (R)-BABA is applied prior to pathogenic attack, IBI1 is primed for its cytoplasmic signalling role and basal defence responses are faster and stronger.



[bookmark: _Toc534272103]1.7.2 (R)-BABA-induced stress and (R)-BABA-induced resistance are controlled by genetically separate pathways. 
A major obstacle to the exploitation of (R)-BABA as a crop protection agent is the phyto-toxicity of the chemical when applied in higher doses (Cohen, 1994; Wu et al., 2010). As (R)-BABA is not readily metabolised (Jakab et al., 2001), the aspartic acid binding pocket of IBI1 is blocked for a sustained period. This leads to an accumulation of uncharged tRNAs and an activation of the GCN2-dependent stress pathway (Luna et al., 2014a). Crucially, mutation of GCN2 did not affect BABA-IR (Luna et al., 2014a), demonstrating that (R)-BABA-induced resistance and (R)-BABA-induced stress are controlled by separate pathways. These findings suggested that it is possible to reduce the phytotoxicity of (R)-BABA, while maintaining the resistance-inducing activity of the agent. Firstly, genetic manipulation of either IBI1 or GCN2 can reduce stress signalling. Over-expression of IBI1 has already been shown to reduce phytotoxicity, as the plant has an increased capacity to bind (R)-BABA, whereas gcn2 mutant plants are more tolerant to (R)-BABA as they are less responsive to accumulation of uncharged tRNAs (Luna et al. 2014a). Secondly, structural analogues of (R)-BABA may be less stable in planta and thereby less phytotoxic, while maintaining their ability to prime IBI1 for its non-canonical defence activity. In combination, these strategies could achieve a stronger BABA-IR effect whilst simultaneously reducing phytotoxicity.















[bookmark: _Toc534272104]1.8 Scope of the PhD
To date, various natural and xenobiotic priming compounds have been identified (Bektas & Eulgem, 2014; Conrath et al., 2015; Mauch-Mani et al., 2017). However, only a few of these have been characterised in terms of their mode of action, while even less still is known about their mode of plant perception, side-effects, metabolic stability and natural origin (Table 1). Against the backdrop of public concerns about agrichemicals, this knowledge is critical for integration of priming agents into future crop protection schemes. Moreover, research in these areas is essential for the discovery of yet undiscovered regulators of plant immunity, physiology and xenobiotic detoxification.
(R)-BABA is perhaps the best characterised synthetic priming agent (Cohen et al., 2016). Perception, downstream signalling mechanisms, in planta stability and even biological relevance have all been reported for BABA (Thevenet et al., 2016). However, the fine line between the resistance-inducing benefits of BABA and its considerable phytotoxicity, as well as its ability to form chemical residues in crop products and its inhibitory activity on a highly conserved primary enzyme in primary metabolism, make BABA an unattractive agent for exploitation. As discussed above, the identification of a structural analogue of BABA that elicits immune priming, but avoids plant stress due to resilience against metabolic breakdown, would be a major step towards the safe exploitation of chemical immune priming in crops. Therefore, this PhD aimed to identify structural analogues of (R)-BABA and characterise their modes of action, using a range of computational, genetic and metabolomic approaches. 
Chapter 1 of this thesis describes a screen of a small library of structural analogues of (R)-BABA for induced resistance without affecting plant growth. This study describes a range of resistance-inducing compounds, of which two acted as weak functional analogues of (R)-BABA in terms of induced resistance and growth repression. In addition, one compound, (R)-β-homoserine (RBH), stood out for its high level of induced resistance without affecting plant growth.  This Chapter subsequently focuses on in depth characterisation of RBH in terms of effectiveness against pathogens with different infection strategies and mode of action. Despite its structural similarity to BABA, RBH primes partially distinct signalling defence responses. In particular, RBH-IR does not require IBI1 and RBH does not inhibit AspRS function. Finally, this Chapter describes the effects of RBH on plant growth and metabolism and its performance as a resistance-inducing agent in a crop (tomato).
Chapter 2 describes the use of liquid chromatography coupled to mass spectrometry in order to identify metabolic pathways that are primed by RBH. Although mutant analysis and profiling of known defence metabolites in Chapter 1 revealed contributions of known defence networks, these approaches remain biased by their targeted nature. Therefore, the work described in this Chapter takes an unbiased and untargeted approach to analysing the metabolic basis of RBH-IR. The results in this Chapter reveal common and specific metabolic pathways that become primed by RBH, depending on the nature of the challenging pathogen.
Chapter 3 reports the results of a genome-wide reverse genetic screen in Arabidopsis. Whilst the approaches described in Chapters 1 and 2 revealed different layers of signalling underpinning RBH-IR, neither revealed the key regulatory genes underpinning transport, perception or upstream signalling in RBH-IR. These regulatory modules could provide targets for genetic enhancement of RBH-IR, or help to explain the potential biological significance of RBH. The recent availability of a genome-wide collection of homozygous T-DNA insertion lines of Arabidopsis allowed screening for mutants that are impaired-in-(R)-β-homoserine-induced-resistance (iri) against Hpa. Since this collection allows for the screening of multiple individuals per line, the assessment of the iri mutant phenotypes is not based on individual plants, as would be the case in conventional mutant screens. Consequently, this screen not only enables identification of complete iri mutants, but also offers a reliable screening method to identify leaky iri mutants that are partially impaired in RBH-IR. Considering that RBH-IR is based on an augmentation of multigenic quantitative resistance, the identification of partial iri mutant lines provides new insights about the quantitative genetic basis of RBH-IR and associated signalling pathways. In addition, this Chapter reports the identification of several complete iri lines, which are fully impaired in RBH-IR against Hpa. Of these, the iri1 mutant, which is impaired in expression of the non-specific amino acid transporter LHT1, is further characterised. Using an LHT1-over-expression line of LHT1 and mass spectrometry-based quantification of RBH uptake, this Chapter shows that LHT1 is critical for the uptake of RBH by the roots. Moreover, this Chapter provides evidence that LHT1 expression regulates plant tolerance to RBH. 

[bookmark: _Hlk534012630]




[bookmark: _Toc534272105]Chapter 2: Materials and Methods
[bookmark: _Toc534272106]2.1 Plant material and growth conditions.
Arabidopsis experiments were performed with Arabidopsis thaliana wild-type accessions Col-0 and Ler, the Col-0 mutant lines ibi1-1, ibi1-1 35S:IBI1-YFP (Luna et al., 2014a), sid2-1 (Wildermuth et al., 2001), npr1-1 (Cao et al., 1994), jar1-1 (Staswick et al., 1992), ein2-1 (Guzman & Ecker, 1990), pad3-1 (Zhou et al., 1999), lht1-1 35S:LHT1 (Ganeteg et al., 2017) and the Ler mutant lines eds1-2 and eds1-2 dmr1-1 and eds1-2 dmr1-1 35S:AtHSK (van Damme et al., 2009). Details of lines used in the mutant screen and corresponding growth conditions (Chapter 5) are describes in section 2.6. Surface-sterilized seeds were sown on MS agar (1.5%), or in pots containing a 2:1 (v/v) peat/sand mixture. Seeds were stratified at 4 °C in darkness for 2-3 d before cultivation under short-day growth conditions (8 h-day; 150 µmol photons m-2 s-1; 21 °C; and 16 h-night; 18 °C) at ~60% relative humidity (RH) for experiments detailed in Chapters 3 and 5. Tomato seeds (Solanum lycopersicum (L.) cultivar Micro-Tom; Chapter 3) were sown in petri dishes on wetted filter paper and kept at 28 °C until germinated. Once germinated, seedlings were transplanted into pots with Scott’s Levington M3 soil and were cultivated under long-day conditions (16 h-day; 150 µmol photons m-2 s-1; 23 °C; and 8h-night; 20 °C) at ~60% RH. 

[bookmark: _Toc534272107]2.2 Chemical treatments. 
The experimental screen for induced resistance and growth repression (Chapter 3) was performed using a small library of 10 different amino acids: (R/S)-BABA (Sigma-Aldrich, St. Louis MO, USA; A4420-7), (L)-aspartic acid (Sigma-Aldrich; A-9256), (R)-β-homoserine (Sigma-Aldrich; Fluka-03694), (S)-β-homoserine (Astatech, Bristol PA, USA; 27226), (D/L)-threo-3-methylaspartic acid (Sigma-Aldrich; M6126), (R/S)-β-aminopentanoic acid (Sigma-Alrich; BBO000720), (R/S)-β-aminohexanoic acid (ABCR, Karlsruhe, Germany; 212683), (R/S)-β-aminoheptanoic acid (Sigma-Aldrich; CBR00513), β-alanine (Sigma-Aldrich, UK; 146064) and β-glutamic acid (Sigma-Aldrich; G1763). Soil-drench treatment with chemicals was performed by injecting a 10x concentrated solution at 10% of the pot volume. Lids were removed for 1 d after treatment to increase solution uptake by soil. Chemical concentrations in agar media were as indicated in figures.  

[bookmark: _Toc534272108]2.3 Site-directed mutagenesis. 
This work was primarily carried out by Drs. Roland Schwarzenbacher and Estrella Luna, but has been included in this PhD thesis for reasons of completeness. A point mutation converting the glutamine residue (GLN308) of the (L)-Asp-binding site in IBI1 to a non-polar alanine residue (ALA308) was introduced by site-directed mutagenesis. Mutagenesis was performed using the Phusion Site-Directed Mutagenesis kit of ThermoScientific (Waltham MA, USA; #F-541). PCR was carried out on a pENTR plasmid (Invitrogen, Waltham MA, USA; # K243520), containing a 1674bp wild-type coding sequence of IBI1 without stop (17), using the following 5’-phosphorylated primers to replace the GLN308 residue in IBI1 with an apolar ALA308 residue:
 
Reverse wild-type primer: 5’- ACTGAGCTAGACAAGCAGGTTG -3’
Forward mutant primer: 5’-CTCCTGCTCTCCACAAGCAAATGGC -3’

After ligation following the manufacturer’s protocol, the pENTR plasmid was transformed into E. coli (One-shot Mach1TM-T1R Chemically Competent E. coli, Invitrogen, Waltham MA, USA; #C8620-03) to confirm the mutation in the IBI1 cDNA. A PCR-amplified fragment (m13fwd/m13rev) from the plasmid with boarding attL1 and attL2 sequences was used for recombination into pEarleyGate-101, as described previously (Luna et al., 2014). Transformation of Agrobacterium tumefaciens GV3101::pMP90 and Arabidopsis ibi1-1 was carried out as described previously (Luna et al., 2014). Selected T2 progeny were verified for monogenic segregation of BASTA resistance and YFP fluorescence (Leica MZ FLIII fluorescence stereomicroscope, excitation filter BP 470/40 nm, barrier filter BP 525/50 nm). BABA tolerance of segregating T2 progeny of 6- and 11-day-old seedlings was analysed by comparing growth phenotypes of YFP-fluorescent plants on water- and 0.5 mM BABA-containing ½ MS agar plates, as described above. 

[bookmark: _Toc534272109]2.4 in silico interaction modelling of interaction between BABA-structural and the (L)-Asp-binding domain of AspRS proteins.
Modelling of ligand interactions between β-amino acids and the (L)-Asp binding domain of IBI1 was based on Thermococcus kodakaraensis AspRS co-crystalized with (L)-Asp (PDB:3NEL) (Luna et al., 2014). Simulations were performed using the Discovery Studio (DS)(Accelrys Software Inc) platform. Ligands ((L)-Asp, (R)-BABA, (S)-BABA, (R)-β-homoserine, (S)-β-homoserine, (d)-threo-3-methylaspartic acid, (L)-threo-3-methylaspartic acid, (R)-β-aminopentanoic acid, (S)-β-aminopentanoic acid, (R)-β-aminohexanoic acid, (S)-β-aminohexanoic acid, (R)-β-aminoheptanoic acid, (S)-β-aminoheptanoic acid, β-glutamic acid, β-alanine) were prepared using the ‘Prepare_Ligands’ tool in DS for generating three-dimensional coordinates and pH-based ionization forms. Docking was performed using DS CDOCKER, which is a grid-based molecular docking method using CHARMm. Using high temperature molecular dynamics at 1,000 K, random ligand conformations were generated from the initial ligand structure which was followed by random rotations. Grid-based simulated annealing was used to optimize ligand orientations, followed by a final full force field minimization. A score, which includes the internal force-field, was assigned to each docked ligand pose. The highest scoring orientation was recorded for each ligand.

[bookmark: _Toc534272110]2.5 Pathogen strains and induced resistance assays. 
The biotrophic oomycete Hyaloperonospora arabidopsidis (Hpa), strain WACO9 (compatible with Ws and Col Arabidopsis accessions), was maintained on SA-non-accumulating Ws NahG plants (Delaney et al., 1994; Ton et al., 2005). The Hpa strain CALA (compatible with Arabidopsis accession Ler), was maintained on Ler eds1. Challenge inoculation was performed by spraying a suspension of Hpa conidiospores (1 x 105 ml-1) onto leaves at 2 days after chemical treatment of 2-week-old plants. Trays were sealed with lids to maintain 100% RH. At 5-7 dpi shoot tissues were collected for trypan-blue staining (Ton et al., 2005).
Hpa colonization was quantified microscopically by assigning leaves to four different classes: I, no Hpa colonization; II, hyphal colonization without conidiospores, III, hyphal colonization plus conidiospores; IV, extensive hyphal colonization with both conidiospores and oospores. Differences in class distributions between treatments were assessed using Pearson’s or Fisher’s exact χ2 test (SPSS, v.22). 
Assessment of direct toxicity of RBH to Hpa was performed as described by (Zimmerli et al., 2000). Two-week-old plants were spray-inoculated with Hpa (105 conidiospores ml-1) and subsequently soil-drenched with 0.5mM RBH at 2 dpi. After inoculation and chemical treatment, plants were kept at 100% RH. Hpa colonization was assessed, as described above.
The fungal pathogen Plectosphaerella cucumerina (Pc) was cultivated as described previously (Ton & Mauch-Mani, 2004), except that spores were collected and suspended in water. Challenge inoculation was performed at 2 d after chemical induction treatment of 5 week-old Arabidopsis plants by applying 6 µL droplets of spore suspension (5 x 106 spores ml-1) to 5 fully expanded leaves per plant. After infection, trays were sealed with lids to maintain 100% humidity. Disease symptoms were scored at 7 dpi by (i) measuring the maximum necrotic lesion diameter in 12 plants per condition or (ii) determining the percentage of spreading lesions. Leaves showing no lesion were recorded as a lesion size of 0mm. Spreading lesions were defined as necrotic lesions surrounded by a >4 mm wide chlorotic halo. Differences in disease incidence were statistically tested by Student’s t-tests (lesion diameters) or Pearson’s χ2 tests (spreading lesions), using SPSS, v.22. Estimation of fungal biomass by qPCR analysis of single copy Pc DNA was performed as described previously (López Sánchez et al., 2016). Briefly, lesion-containing leaf discs from inoculated plants were pooled into 8 replicate tubes with 2 plants per replicate, and DNA was extracted. Relative amounts of single-copy Pc β-TUBULIN were compared to single-copy Arabidopsis DNA (ACT and UBI) by qPCR, as detailed below in 2.9 (Sanchez-Vallet et al., 2010; López Sánchez et al., 2016). Direct effects of RBH to Pc were measured by placing colonized agar plugs onto PDA medium (18.6 g PDA, 7.5 g Bacto-agar L-1) containing 0 or 0.5 mM (R)-β-homoserine and maximal diameter of hyphal outgrowth was measured at 4 d after plate inoculation.
The fungal pathogen Botrytis cinerea (Bc) strain R16 was cultivated on potato dextrose agar (PDA; Difco Tm). Spores were obtained by vortexing one quarter of an agar plate containing a 4-week old Bc culture in 10 ml of sterile water containing 0.01% Tween 20. This mixture was filtered through Miracloth® (EDM Millipore, Burlington MA, USA), and spores precipitated by centrifuging for 10 minutes at 1792 g. Spores were re-suspended in sterile water and inoculum was prepared by adjusting the spore concentration to 3 x 105 spores ml-1 in 10 mM glucose and KH2PO4 (pH 5) and incubated at room temperature for 1 h. 8 plants per treatment were used for the infection with B. cinerea. For each plant, the 3rd and 4th true leaves were excised, after which the 3 biggest leaflets were inoculated by applying two 5 μl-drops on either side of the main vein (i.e. 6 drops per leaf). Inoculated leaves were kept in the dark, at 21 °C and 100% RH for 2-4 days to allow for disease progression. Disease was scored at 4 dpi by measuring the maximum lesion diameter in 8 plants (6 lesions x 2 leaves per plant) and percentage of spreading lesions (asymmetric lesions showing chlorosis and necrosis > 1cm beyond the side of inoculation). Differences in comparison to water-treated controls were statistically tested by Student’s t-tests (lesion diameter) or Pearson’s χ2 tests (spreading lesions), using SPSS, v.22. Assays for direct effects of RBH on Bc growth were performed as described for Pc.

[bookmark: _Toc534272111]2.6 Screen for impaired in RBH-induced resistance mutants. 
Homozygous T-DNA insertion lines from the SALK and SAIL collections (Alonso et al., 2003) were purchased from the Nottingham Arabidopsis Stock Centre (http://arabidopsis.info/CollectionInfo?id=72). The annotated sets ordered were: N27941, N27951, N27942, N27943, N27944, N27945. 
Approximately 10-15 seeds of each seed line were sown in individual wells of 400-well trays (Teku JP 3050/230 H), containing a 2:1 (v/v) peat/sand mixture, and stratified at 4 °C in darkness for 3-4 d before cultivation under short-day growth conditions (8 h-day; 150 µmol photons m-2 s-1; 21 °C; and 16 h-night; 18 °C) at ~60% relative humidity (RH). Chemical treatment with RBH was performed by soil drenching. To this end, 1,500 mL of 2x concentrated RBH solution (1mM) was added to each tray and left to saturate the soil, resulting a final soil concentration of ~ 0.5mM RBH. The next day, excess RBH solution (~300 mL) was removed. Challenge-inoculation was performed by spraying a suspension of Hpa conidiospores (1 x 105 ml-1) onto leaves at 2 days after chemical treatment of 2 week-old plants. As a positive control for RBH-IR, each tray contained 4 equally distributed wells containing Col-0 seedlings; as a positive control for Hpa disease and sporulation, 2 additional wells containing Col-0 seedlings were cut from the tray and left outside during the uptake of RBH solution to prevent RBH-IR. Hpa was maintained on a combination of Col-0 and Ws NahG plants to minimize variation in Hpa virulence arising from either selection for increased virulence (upon continuous propagation on Col-0 plant that express SA-dependent basal resistance), or from selection for loss of virulence (upon continuous propagation on SA non-accumulating hyper-susceptible Ws NahG). Trays were sealed with clingfilm to maintain 100% RH. At 5-7 dpi, trays were visually inspected for Hpa sporulation if sporulation on Col-0 seedlings in the 2 un-treated wells could be confirmed. 
All lines developing sporulation within 7 dpi were logged as Stage 1 impaired-in-(R)-β-homoserine-induced-resistance (S1 iri) lines. The un-germinated lines were logged as Stage 1 un-germinated (S1 ug) lines. All S1 iri and ug lines were pooled for a stage 2 screen in 400-well trays, as described above. S1 iri lines developing visible sporulation for the second time were logged as Stage 2 iri (S2 iri) lines. S1 ug lines that germinated and showed signs of sporulation were re-tested for S2 iri phenotypes, as described above. All confirmed S2 iri lines were selected for seed propagation and grown at long-day growth conditions (16 h-day; 150 µmol photons m-2 s-1; 21 °C; and 8 h-night; 18 °C) at ~60% relative humidity (RH). The iri phenotypes of propagated S2 iri1 lines were confirmed in controlled pot experiments at Stage 3 (S3) as described in section 2.5. Finally, to estimate of variation in the strength of RBH-IR during the S3 pot experiments, a control experiment was performed, containing 20 control- and RBH-treated Col-0 replicates.

[bookmark: _Toc534272112]2.7 DNA extraction for quantification of Pc biomass by qPCR. 
Snap frozen leaf tissues were homogenized in 2-ml tubes containing 3 metal beads (Atlas Ball and Bearings Co. Ltd.) in a mill (SPEX 8000M) for 30-45 seconds. DNA extraction for pathogen biomass quantification was performed by CTAB. Frozen samples were treated with 1ml of CTAB buffer (2% CTAB, Sigma; 100mM Tris-HCl pH 8, Melford; 1.4M NaCl, Fisher Chemical; 20mM EDTA, Melford; 1% PVP- 40, Sigma; 2µM ml-1 2-Mercaptoethanol, Aldrich, was added immediately before use), homogenised and incubated for 60 min at 65°C. Then 1 vol of chloroform (Fisher Chemical) was added and mixed by vortex before centrifuging 8 m at 9500g. The aqueous phase was transferred to a clean tube then DNA was precipitated using 1 vol of isopropanol (Fisher Chemical) and incubating for 30 min at room temperature. After centrifuging for 15 min (16,500 g at 4°C), the pellet was washed with 70% ethanol (Fisher Chemical) and centrifuged for 5 minutes (16,500 g at 4°C). The pellets were air-dried and resuspended in water. RNA was removed by precipitation with 2M of LiCl (Sigma), incubation at 4°C overnight and centrifugation for 20 min (16,500 g at 4 °C). The soluble DNA was precipitated with absolute ethanol for 4 hr at -20°C and centrifuging for 20 min (16,500 g at 4°C). DNA pellets were washed with 70% ethanol and centrifuged for 5 min (16,500 g at 4°C), air-dried and resuspended in water. The DNA was quantified using a nanodrop spectrophotometer (Nanodrop 8000 Spectrophotometer, Thermo Scientific) and standardised to 200 ng μl-1 for all the samples. 
For PCR-based biomass quantification of Plectosphaerella cucumerina, the DNA was amplified using the set of primers described by Sanchez-Vallet et al. (2010), and detailed below:
Pcβ-TUB:
Forward 5′-CAAGTATGTTCCCCGAGCCGT-3′
Reverse 5′- GAAGAGCTGACCGAAGGGACC-3′
AtUBI  
Forward 5′-AAAGGACCTTCGGAGACTCCTTACG-3′
Reverse 5′-GGTCAAGAATCGAACTTGAGGAGGTT-3′
AtACT2  
Forward 5’-AAT CAC AGC ACT TGC ACC A-3’
Reverse 5’-GAG GGA AGC AAG AAT GGA AC-3’

[bookmark: _Toc534272113]2.8 RNA extraction and reverse-transcription quantitative PCR (RT-qPCR). 
Snap frozen leaf tissues were homogenized in 2-ml tubes containing 3 metal beads (Atlas Ball and Bearings Co. Ltd.) in a mill (SPEX 8000M) for 30-45 s. For RNA extraction, powder was vortexed for 30 s in 1 ml Extraction buffer [1 M guanidine thiocyanate (Amresco), 1 M ammonium thiocyanate (Sigma-Aldrich), 0.1 M Sodium Acetate (Fisher Scientific), 38% v.v AquaPhenol (MP Biomedicals) and 5% v.v glycerol (Fisher Scientific)], and incubated at room temperature for 1 min before centrifuging for 5 min at 16,500 g. In a new tube, the supernatant was mixed with 200 μl chloroform by vortexing 10-15 seconds. After centrifuging for 5 min (16,500 g), the aqueous phase was transferred to new tubes. Next, 350 μl 0.8M sodium citrate and 350 μl isopropanol were added, gently mixed by inverting closed tubes, and left at room temperature for 10 minutes. The samples were then centrifuged for 15 min at 16,500 g in a pre-cooled (4°C) centrifuge. Pellets were washed in 1 ml 70% ethanol twice, centrifuged at 16,500 g for 1 min, before removing the ethanol, and left to air dry before being dissolved in 50 μl nuclease-free water. The amount of total RNA in each of the samples was measured by nanodrop and standardised. Samples were treated with DNase I (Promega) for 30 minutes at 37°C to remove residual DNA. First-strand cDNA synthesis was performed from 1 μg RNA, using SuperScript III Reverse Transcriptase (Invitrogen) in accordance to the supplier’s recommendations. For qPCR reactions, the Rotor-Gene SYBR Green PCR Kit (Qiagen) was used in conjunction with a Rotor-Gene Q (Qiagen) real-time PCR cycler, according to the manufacturer’s instructions. Relative gene expression was quantified using Livak’s ΔΔCT method (Livak & Schmittgen, 2001) with correction for PCR efficiency of each sample. Gene expression was normalised against average expression values of AT1G13440 (GAPDH), AT5G25760 (UBC) and AT2G28390 (SAND family protein; (Czechowski et al., 2005)). qPCR primers for AT2G14610 (PR1), AT5G44420 (PDF1.2), AT5G24770 (VSP2) and reference genes AT1G13440 (GAPDH), AT5G25760 (UBC9) and AT2G28390 (SAND family gene) are detailed below:
AT2G14610 (PR1):
Forward 5′-CGTCTTTGTAGCTCTTGTAGGTGC-3′
Reverse 5′-TGCCTGGTTGTGAACCCTTAG-3′
AT5G44420 (PDF1.2):
Forward 5′-TTCTCTTTGCTGCTTTCGACG-3′
Reverse 5′-GCATGCATTACTGTTTCCGCA-3′
AT5G24770 (VSP2):
Forward 5’-GGA CTT GCC CTA AAG AAC GAC ACC-3’
Reverse 5’-GTC GGT CTT CTC TGT TCC GTA TCC-3’
AT1G13440 (GAPDH):
Forward 5’-GCCATCCCTCAATGGAAAATT-3’
Reverse 5’-GAGACATCAACGGTTGGAACAC-3’
AT5G25760 (UBC9):
Forward 5’-TCA CAA TTT CCA AG GTG CTG C-3’
Reverse 5’-TCA TCT GGG TTT GGA TCC GT-3’
AT2G28390 (SAND family protein):
Forward 5’-AAC TCT ATG CAG CAT T-3’
Reverse 5’-GGT GGT ACT AGC ACA A-3’
[bookmark: _Toc534272114]2.9 Staining for callose deposition against Hpa. 
Deposition of Hpa-induced callose was examined at 2 dpi in aniline blue/calcofluor-stained leaves, using UV epi-fluorescence microscopy as described previously (Ton et al., 2005). Briefly, effectiveness of callose deposition was quantified by the percentage of germinated conidiospores of which the proximal end of the emerging germ tube was encapsulated in callose.
Quantification of basal callose deposition in un-challenged leaves was performed as described previously (Luna et al., 2011). Briefly, UV epi-fluorescence photographs of un-challenged aniline blue/calcofluor-stained leaves water- or RBH-treated leaves were examined at 2 dpi.

[bookmark: _Toc534272115]2.10 Stress and relative growth rate (RGR) assays. 
Phenotypic stress symptoms by β-amino-acids were recorded by digital photography of seedlings at 11 d after planting surface-sterilized seeds on control- (water) or β-amino-acid-supplemented 1.5% MS agar (10 g sucrose, 5 g MES, 4 g MS, 15 g Bacto-agar/L, pH 5.7). For relative growth rate (RGR) analysis in Arabidopsis, 2 week-old seedlings were transplanted into fresh pots, with 5 seedlings per pot. Transplanted seedlings were treated 9 d post-transplantation, with chemical treatments administered by soil injection as for the induced resistance assays. Plants (20; divided between 4 pots) were harvested and weighed prior to treatment (time-point 1). Rosettes from treated plants were then harvested and weighed 7 days after treatment (time-point 2). RGR was calculated using the following formula: RGR= (ln w2-ln w1)/t2-t1, where w2 and w1 represent plant weight (g) at time points 2 and 1 (days), respectively. For relative growth rate (RGR) analysis in Tomato cv. Micro-Tom, plant height was measured between soil and apical meristem prior and 4 d after treatment with RBH. RGR was calculated using the following formula: RGR= (ln h2-ln h1)/t2-t1, where h2 and h1 represent plant height (cm) at time points 2 and 1 (days), respectively.

[bookmark: _Toc534272116]2.11 Analysis of defence-related metabolic responses by liquid chromatography coupled to mass spectrometry analysis. 
For analysis of RBH-primed Hpa- and Pc-induced metabolic responses, induced resistance assays were carried out as described above in 2.4. For Hpa assays, 100-200 mg (FW) of seedlings were harvested at 2 and 3 dpi into 4 replicate tubes (1 pot per replicate tube), and freeze-dried. For Pc assays, 100-200mg (FW) of seedlings were harvested at 3, 4 and 5 dpi into 4 replicate tubes (1 pot per replicate tube), and freeze-dried.  Dry tissue was extracted into 1000 µL of cold extraction buffer (MeOH:H2O:Formic acid, 10:89.99:0.01, v/v/v). 
Targeted profiling of defence-related metabolites in mock (dH2O), Hpa and Pc-inoculated plants was performed by Ultra-High-Performance Liquid Chromatography coupled to Triple-Quadrupole mass spectrometry (UPLC-TQD; Table S1), as described previously (Gamir et al. 2012). 
Briefly, an Acquity UPLC system (Waters, Mildford, MA, USA) was interfaced to a TQD mass spectrometer (Waters, Manchester, UK). The LC separation was performed by HPLC SunFire C18 analytical column 5 μm particle size, 2.1 × 100 mm (Waters). Analytes were eluted with a gradient of methanol and water containing 0.01% HCOOH. The gradient started with aqueous mobile solvent 90% and linearly reached 10% in 12 min. In the following 3 min, the gradient was kept in isocratic conditions and then returned to initial conditions in 4 min. The column was allowed to equilibrate for 3 min, giving a total time of 22 min per sample. The solvent flow rate was 0.3 ml min−1. The injection volume was 20 μL. For ESI–MS/MS operation, drying and nebulizing gas as well as cone gas was nitrogen. The desolvation gas flow was set to 700 L/h and the cone gas was set to 40 L/h. Collision gas was Argon >99.9% (Praxair, Valencia, Spain) with a pressure of approximately 4 × 10−3 mbar in the T-wave collision cell. Capillary voltage of 3.3 kV in the negative electrospray ionization mode was applied. The interface temperature was set to 350 °C and the source temperature to 120 °C. The column temperature was set to 40 °C. Several collision energies (from 12 to 15 eV) were used. The m/z values for the precursor ions were obtained after combining the spectra acquired at each retention time. In the product ion scan, acquisition functions of the potential indole ring derivative at 160 m/z were acquired at collision energies of 12 eV for characterization purposes. Masslynx v 4.1 (Waters, Manchester, UK) software was used to process the quantitative data obtained from calibration standards and samples.
Non-targeted profiling of defence-related metabolites in mock (dH2O), Hpa and Pc-inoculated plants was performed by Ultra-High-Performance Liquid Chromatography coupled to quadrupole Time-Of-Flight mass spectrometry (UPLC-qTOF). Briefly, an acquity UPLC system (Waters, Mildford, MA, USA) was interfaced to hybrid quadrupole time-of-flight (QTOF Premier). The chromatographic separation conditions were as described above for targeted profiling experiments. The drying gas and the nebulizing gas was nitrogen. The desolvation gas flow was set to approximately 600 L/h, and the cone gas flow was set to 60 L/h. A cone voltage of 20 V and a capillary voltage of 3.3 kV were used in both negative and positive ionization mode. The nitrogen desolvation temperature was set at 350 °C, and the source temperature was set at 120 °C. The instrument was calibrated in the m/z 50–1000 range with a 1/1 mixture of 0.01 M NaOH/1% HCOOH ten-fold diluted with acetonitrile/water (80/20, v/v). A solution of Leucine enkephaline at a concentration of 2 ppm in acetonitrile/water (50/50, v/v) with 0.1% of formic acid was simultaneously introduced into the Q-TOF instrument via the lock-spray needle for accurate m/z determinations. The [M − H]− ion of leucine enkephalin at m/z 554.2615 was used for recalibrating the m/z axis in negative mode. The [M + H]+ ion of leucine enkephalin at m/z 556.2695 was used for recalibrating the m/z axis in positive mode. Mass accuracy was calculated as < 10ppm.
Mass profiles from MassLynx (v. 4.1 Waters, Elstree UK) were analysed using XCMS (Smith et al., 2006) of R-bio-conductor (v. 3.4), which identifies differences in peak intensities from chromatograms and lists identified m/z values, their retention times, and intensities for each replicate sample in a .csv file. Intensity values were normalized by dry weight and Pareto-scaled prior to statistical analyses with MetaboAnalyst (https://www.metaboanalyst.ca/; (Chong et al., 2018)) and MarVis 2.0 (http://marvis.gobics.de/; (Kaever et al., 2009)), as detailed in Chapter 3.

[bookmark: _Toc534272117]2.12 Untargeted metabolomics by reversed phase Ultra-High-Performance Liquid Chromatography coupled to quadrupole-orthogonal Time-Of-Flight mass spectrometry (UPLC-qTOF). 
Shoot tissues of were harvested 3 d after chemical soil-drenching of 3 week-old plants.  Samples were divided between 4 replicate tubes per treatment (10 plants per tube, collected from different trays), frozen at -80 °C, freeze-dried and weighed. Dry tissue was extracted into 1000 µL of cold extraction buffer (MeOH:H2O:Formic acid, 80:19.9:0.1, v/v/v), with extracts split into 3 aliquots. Mass spectra were recorded in negative electro-spray ionization mode using a Waters UPLC system (Waters) interfaced to hybrid quadrupole time-of-flight (qTOF G2). Separation was performed with an Acquity UPLC BEH C18 analytical column, 1.7 mm particle size, 2.1 x 50 mm (Waters). The gradient started with aqueous mobile solvent (95%), reached 65% in 3 min, then 0% in 3 min. In the following 2 min, the gradient was kept under isocratic conditions for 1.5 min and then returned to initials conditions in 10 s. The column was allowed to equilibrate to a total run time of 7.6 min. Solvent delay was eliminated to prevent losing compounds with high polarity. The solvent flow rate was 0.6 mL min-1, with an injection volume of 10 µL. Nitrogen was used as the drying and nebulizing gas. Desolvation gas flow was adjusted to approximately 800 L/h, and the cone gas flow was set to 40 L/h. A cone voltage of 25 V and capillary voltages of 3.0 kV/2.5 kV were used in positive/negative ionization modes. The nitrogen desolvation temperature was set at 250 °C, and the source temperature was set at 120 °C. The instrument was calibrated in 50-1200 m/z range, with a sodium formate solution. Leucine enkephaline (Sigma-Aldrich, St. Louis MO, USA) in MeOH:H2O (50:50) with 0.1% Formic acid was simultaneously introduced into the qTOF instrument via the lock-spray needle for recalibrating the m/z axis. Mass accuracy was calculated as < 10ppm.
Mass profiles from MassLynx (v. 4.1 Waters, Elstree UK) were analysed using XCMS (Smith et al., 2006) of R-bio-conductor (v. 3.4), which identifies differences in peak intensities from chromatograms and lists identified m/z values, their retention times, and intensities for each replicate sample in a .csv file. Intensity values were normalized by dry weight and Pareto-scaled prior to statistical analyses. Putative IDs were obtained by cross-referencing m/z values with the Metlin Database (www.metlin.scripps.edu). Unsupervised/supervised (PCA/OPLS-DA) multivariate statistical analyses of differentially expressed m/z values between samples and treatments were performed with SIMCA (v. 13.0.3 Umetrics).

[bookmark: _Toc534272118]2.13 Targeted profiling of amino acids by Hydrophilic Interaction Liquid Chromatography coupled to quadrupole-orthogonal Time-Of-Flight mass spectrometry (HILIC-qTOF). 
Shoot tissues were collected at 1 and 2 d after soil-drenching and divided into 4 replicate tubes per treatment (5 plants per tube, divided from separate trays), frozen at -80 °C, freeze-dried and weighed. Dry tissue was extracted into 1000 µL of cold extraction buffer (MeOH:H2O:Formic acid, 10:89.99:0.01, v/v/v), with extracts split into 3 aliquots. Amino acid standards were prepared as individual standards (750 μM) and as standard pools containing each amino acid at a range of concentrations (200, 100, 50, 10 μM). Mass spectra were recorded in positive and negative electro-spray ionization mode using a Waters UPLC system (Waters) interfaced to a QTOF (G2). Separation was performed with an Acquity HILIC BEH Amide analytical column, 1.7 mm particle size, 2.1 x 50 mm (Waters). The gradient started with an organic mobile solvent (acetonitrile) at 99%, reached 30% in 7 min. In the following 10 seconds, the gradient was kept under isocratic conditions and then returned to initial conditions. The column was allowed to equilibrate to a total run time of 10 min. The solvent flow rate was 0.3 mL min-1, with an injection volume of 10 µL. Nitrogen was used as the drying and nebulizing gas. Desolvation gas flow was adjusted to approximately 800 L/h, and the cone gas flow was set to 50 L/h. A cone voltage of 25 V and capillary voltages of 2.5 kV/2.1 kV were used in positive/negative ionization modes. The nitrogen desolvation temperature was set at 350 °C, and the source temperature was set at 120 °C. The instrument was calibrated in 20-1200 m/z range, with a sodium formate solution, and a targeted mass enhancement was set at m/z = 170. Leucine enkephaline (Sigma-Aldrich, St. Louis MO, USA) in methanol:water (50:50) with 0.1% Formic acid was simultaneously introduced into the qTOF instrument via the lock-spray needle for recalibrating the m/z axis. 
Quantification of amino acids in tissues was achieved by comparison of peak areas in standards of known concentrations to peak areas in sample extracts (MassLynx v4.1, Waters, Elstree UK). Amino acids identities were confirmed by co-elution of daughter fragment ions with parent ions and matching peak retention times to individual amino acid standards.
















[bookmark: _Toc534272119]Chapter 3: Identification and characterization of (R)-beta-homoserine as a novel defence priming agent with minimal costs to plant growth. (Adapted from Buswell et al. (2018))
[bookmark: _Toc534272120]3.1 Abstract
(R)-β-Aminobutyric acid (BABA) induces broad-spectrum disease resistance, but also represses plant growth, which has limited its exploitation in crop protection. Perception of the active R enantiomer of BABA relies on binding to the aspartyl-tRNA synthetase (AspRS) IBI1, which primes this enzyme for secondary defence activity. The current study aimed to identify structural (R)-BABA analogues that induce resistance without stunting plant growth. Using site-directed mutagenesis, this Chapter demonstrates that the (L)-aspartic acid-binding domain of IBI1 is critical for (R)-BABA perception. Based on interaction models of this domain, a small library of structural (R)-BABA analogues was screened for growth repression and induced resistance against biotrophic Hyaloperonospora arabidopsidis (Hpa). A range of resistance-inducing compounds were identified, of which (R)-β-homoserine (RBH) was the most effective. Surprisingly, RBH acts through different signalling pathways than (R)-BABA. Unlike (R)-BABA-IR, RBH-induced resistance (RBH-IR) against Hpa functioned completely independently of salicylic acid, partially relied on camalexin, and was associated with augmented cell wall defence. RBH-IR against necrotrophic Plectosphaerella cucumerina (Pc) acted via priming of ethylene- and jasmonic acid-dependent defences. RBH-IR was also effective in tomato against Botrytis cinerea. Metabolic profiling revealed that RBH, unlike (R)-BABA, does not majorly affect plant metabolism. RBH primes distinct defence pathways against biotrophic and necrotrophic pathogens without stunting plant growth, indicating strong potential for exploitation in crop protection.
[bookmark: _Toc534272121]3.2 Introduction.
Plants rely on their innate immune system to resist microbial pathogens. This defence regulatory system controls a wide range of pathogen-inducible defence mechanisms, such as transcriptional activation of defence genes, production of secondary metabolites and structural reinforcements of the cell wall (Jones & Dangl, 2006). A range of small signalling molecules, including reactive oxygen species (ROS), salicylic acid (SA), jasmonic acid (JA) and ethylene (ET), play critical roles in the coordination of these inducible defences (Pieterse et al., 2012). In addition to innate immunity, plants also can acquire immunity upon perception of speciﬁc biotic and abiotic stimuli, a process mediated largely by priming of inducible defences (Conrath et al., 2006). Immune priming enables faster and/or stronger induction of inducible defences following subsequent pathogen attack. A classic example is systemic acquired resistance (SAR), whereby localized pathogen attack primes SA-dependent defences in distal tissues (Jung et al., 2009). Interactions with beneﬁcial soil microbes, such as growth-promoting rhizobacteria and fungi, can also elicit systemic priming of JA- and ET-dependent defences (Verhagen et al., 2004; Van der Ent et al., 2009), which is commonly referred to as induced systemic resistance (ISR; (Van Wees et al., 2008)) or mycorrhiza-induced resistance (MIR; (Cameron et al., 2013)). Because priming augments multigenic basal resistance, the resulting disease protection can be more durable than race-speciﬁc resistance, which is based on single resistance genes (Ahmad et al., 2010). Therefore, despite the fact that priming rarely provides complete disease protection (Walters et al., 2013), application of priming-inducing agents is increasingly considered for exploitation in integrated pest and disease management (Beckers & Conrath, 2007; Conrath et al., 2015). 
β-amino butyric acid (BABA) is a well-known chemical priming agent that induces broad-spectrum disease resistance in a wide range of economically important crop species (Cohen et al., 2016). BABA-induced resistance (BABA-IR) is based on priming of multiple defence mechanisms that are controlled by SA-dependent and SA-independent pathways (Zimmerli et al., 2001; Ton et al., 2005). Recently, BABA was found to occur naturally at low concentrations in plant tissues (1–20 ng g FW-1), which can increase ﬁve- to 10-fold upon exposure to (a) biotic stress (Thevenet et al., 2016). Consistent with a function as an endogenous defence regulatory signal, a receptor protein for BABA previously discovered (Luna et al., 2014a). 
A genetic screen for Arabidopsis thaliana (Arabidopsis) mutants in BABA-IR identiﬁed the IMPAIRED IN BABA-INDUCED IMMUNITY 1 (IBI1) gene, which encodes an aspartyl-tRNA synthetase (AspRS). Binding of the active (R)-enantiomer of BABA to IBI1 primes this enzyme for alternative defence activity in the cytoplasm. Despite the documented ability of (R)-BABA to protect against a wide range of commercially relevant crop diseases, agricultural exploitation of the chemical has been hampered by its growth-repressing effects (van Hulten et al., 2006; Wu et al., 2010). This phytotoxicity is caused by the inhibitory activity of (R)-BABA on AspRS enzyme activity (Luna et al., 2014a), which is aggravated by its slow metabolic turnover in the plant (Jakab et al., 2001; Slaughter et al., 2012). Consequently, treatment of plants with (R)-BABA progressively blocks AspRS activity, causing cellular accumulation of uncharged tRNA-Asp, GCN2-dependent repression of gene translation, and plant stress (Luna et al., 2014a). Because the chemical structures of (L)-Asp and (R)-BABA are strikingly similar, it was suggested that this AspRS-inhibiting effect of (R)-BABA is due to aspeciﬁc binding to the (L)-Asp binding site of AspRS proteins (Luna et al., 2014a). This mode of action explains why mutants in IBI1 are not only impaired in BABA-IR, but also hypersensitive to (R)-BABA induced stress. The reduced concentrations of AspRS protein in ibi1 plants lowers (R)-BABA sequestration capacity, causing increased accumulation of un-charged tRNA-Asp, and enhanced stress after BABA treatment (Luna et al., 2014a). 
This chapter describes a chemical approach to identify resistance-inducing analogues of BABA with fewer non-target effects on plant growth. Based on ligand-interaction models of the conserved (L)-Asp-binding domain of IBI1, a small library of β-amino acids was screened for resistance-inducing activity and growth repression. Seven resistance-inducing compounds were identified, of which ﬁve acted independently of AspRS inhibition. (R)-β-homoserine (RBH) showed the strongest resistance inducing activity, which acted via partially different signalling pathways than BABA, without affecting vegetative growth or global plant metabolism. Because RBH protects taxonomically unrelated plant species against biotrophic and necrotrophic pathogens, the results of this study indicate that RBH represents a promising new agent in crop protection strategies.



[bookmark: _Toc534272122]3.3 Results 
[bookmark: _Toc534272123]3.3.1 The (L)-Asp-binding domain of IBI1 is essential for plant perception of BABA. Based on previous models of the interaction between IBI1 and (R)-BABA, it can be predicted that the polar glutamine residue in the (L)-Asp-binding domain interacts with both the carboxyl and amino group of (R)-BABA (Luna et al., 2014a). To conﬁrm the importance of the (L)-Asp-binding domain of IBI1 in BABA perception, site-directed mutagenesis was used to replace the glutamine residue in this domain with a nonpolar alanine. After transformation of ibi1-1 with constitutively expressed (WT) (35S:IBI1YFP) or mutant (35S:IBI1m-YFP) constructs, T2 plants were compared to WT (Col-0) and ibi1-1 plants for BABA tolerance and BABA-IR against biotrophic H. arabidopsidis (Hpa). YFP ﬂuorescent T2 plants expressing WT IBI1-YFP fully complemented the ibi1-1 mutant for tolerance on BABA-containing agar (0.5 mM; Figs. 3.1a and S3.1). By contrast, YFP ﬂuorescent T2 plants expressing mutant IBI1m-YFP showed a comparable delay in seed germination and stunted growth as ibi1-1 plants (Figs. 3.1a and S3.1). Furthermore, YFP ﬂuorescent T2 plants expressing WT IBI1-YFP complemented the ibi1-1 mutant for BABA-IR, whereas YFP ﬂuorescent T2 plants expressing mutated IBI1m-YFP failed to develop statistically signiﬁcant levels of BABA-IR (Fig. 3.1b). Hence, the (L)-Asp-binding domain of IBI1 is essential for BABA perception.
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Figure 3.1. The (L)-Asp-binding domain of IBI1 is essential for BABA tolerance and BABA-induced resistance against Hyaloperonospora arabidopsidis (Hpa) in Arabidopsis thaliana. The ibi1-1 mutant was transformed with p35S:IBI1-YFP constructs with and without a point mutation that converts the polar glutamine residue in the (L)-Asp-binding domain into a non-polar alanine. To ensure sufficient expression of transgenes, only YFP-fluorescent T2 individuals were selected for analysis. (a) Relative germination rates of Col-0, ibi1-1, ibi1-1 35S:IBI1-YFP and ibi1-1 35S:IBI1m-YFP carrying the point mutation. Shown are percentages of germinated seedlings (n = 15-25) on MS agar with and without BABA (0.5 mM) at 6 days after planting. (b) BABA-IR against Hpa in Col-0, ibi1-1, ibi1-1 35S:IBI1-YFP and ibi1-1 35S:IBI1m-YFP plants. Two-week-old plants were soil-drenched with water or BABA (0.1 mM) and challenge-inoculated with Hpa. Colonization by Hpa was analyzed microscopically at 6 dpi in trypan blue-stained leaves by assigning leaves to different classes (see Fig. 3.3 for representative examples), ranging from I (no hyphal colonization) to IV (extensive hyphal colonization and formation of (a)sexual spores). Asterisks indicate statistically significant differences in class distributions (Fisher’s Exact Test) compared to the water-treated controls (p < 0.05; ns: not significant). Photos of representative plants were taken at 23 days after planting in bright light (upper panels) and YFP-fluorescent light (lower panels).








[bookmark: _Toc534272124]3.3.2 In silico interaction models between β-amino acids and the (L)-Asp-binding domain of AspRS. 
Having established experimentally that the (L)-Asp-binding domain is critical for BABA perception in Arabidopsis (Fig. 3.1), the interaction between structurally related β-amino acids and the (L)-Asp-binding domain of IBI1 was modelled to select for potential functional analogues of (R)-BABA. Because this domain is highly conserved between eukaryotic and prokaryotic AspRS enzymes, binding simulations were based on the co-crystallized structure of (L)-Asp-bound AspRS from T. kodakaerensis, as described previously (Luna et al., 2014a). (S)-β-homoserine, (L)-threo-3-methylaspartic acid, β-alanine, and the (R)-enantiomers of β-aminopentanoic acid, β-amino-hexanoic acid and β-aminoheptanoic acid all docked in a similar orientation to (L)-Asp and (R)-BABA, which is determined by interactions of the positively charged amine group of these molecules with residue GLN308 and residues ASP348 and SER307 via a bridging water molecule (Fig. 3.2). By contrast, (R)-β-homoserine and β-glutamic acid docked in a different orientation to (R)-BABA and (L)-Asp, due to different positioning of their amine groups (Fig. 3.2). 





Figure 3.2. Computational modelling of interactions between structural BABA analogues and the conserved (L)-Asp-binding domain of aspartyl-tRNA synthetase (AspRS). Models show docking orientations of each compound (green carbon backbone) and the (L)-Asp-binding pocket of AspRS (grey carbon backbone). Shown are interactions for the lowest energy (Ecd) binding. Dashed green lines represent simulated hydrogen bonds. 

[bookmark: _Toc534272125]3.3.3 AspRS inhibitory activity by structural BABA analogues. 
Arabidopsis mutants in IBI1 are hypersensitive to BABA-induced inhibition of AspRS function (Luna et al., 2014a), causing delayed germination and dramatically repressed growth on BABA containing agar (Figs. 3.1a and S3.1). This mutant phenotype was further exploited to screen the β-amino acids for AspRS inhibitory activity. To this end, growth phenotypes of 1-week-old ibi1-1 and Col-0 seedlings were compared on agar plates containing 0.5 mM of each of the β-amino acids (Fig. 3.3). The analysis for threo-3-methylaspartic acid, β-aminopentanoic acid, β-aminohexanoic acid and β-aminoheptanoic acid was based on racemic mixtures, because no enantiomer-pure preparations of these chemicals were available. Germination and growth of Col-0 was unaffected by any of the β-amino acids (Fig. 3.3). As expected, BABA selectively repressed germination and growth of ibi1-1 (Fig. 3.3). To a lesser extent, ibi1-1 seedlings also showed stunted growth on plates containing (S)-β-homoserine and β-alanine, indicating that these compounds exert weak AspRS inhibitory activity. None of the other β-amino acids repressed growth in ibi1-1, suggesting that they do not affect AspRS function (Fig. 3.3).

[bookmark: _Toc534272126]3.3.4 Induced resistance by structural BABA analogues. 
In order to assess the resistance-inducing activities of the β-amino acids, 2-week-old Col-0 plants were soil-drenched with increasing concentrations of each chemical and challenged with Hpa. Resistance was determined 5–6 dpi by scoring Hpa colonization in trypan blue-stained leaves. (S)-β-homoserine and β-alanine induced partial resistance against Hpa, which was proportional to their growth-repressing effects on ibi1-1 (Fig. 3.3), indicating that these molecules act as weak functional analogues of BABA. (D/L)-threo-3-methylaspartic acid failed to induce resistance against Hpa, consistent with its inability to induce selective growth inhibition in ibi1-1 (Fig. 3.3). Surprisingly, (R)-β-homoserine, (R)-β-aminopentanoic acid, (R/S)-β-aminohexanoic acid, (R/S)-β-aminoheptanoic acid and β-glutamic acid all induced statistically signiﬁcant levels of Hpa resistance, even though they did not repress ibi1-1 growth (Fig. 3.3), suggesting alternative perception mechanisms. Of these ﬁve β-amino acids, (R)-β-homoserine (RBH) showed the strongest resistance-inducing activity, reaching near complete levels of protection at 0.5 mM and 1.5 mM in the soil (Fig. 3.3). Therefore, subsequent experiments focused on the characterization of RBH-induced resistance (RBH-IR).










Figure 3.3. AspRS inhibitory activity (left) and resistance-inducing activity (right) of eight structural analogues of BABA in Arabidopsis thaliana. AspRS inhibitory activity was deduced from selective growth inhibition of ibi1-1 mutant seedlings, which signifies reduced AspRS enzyme activity (Luna et al., 2014). Shown are 11 day-old wild-type (Col-0) and ibi1-1 seedlings on MS agar plates, containing 0.5 mM of each β-amino acid. Scale bar = 0.25cm. Resistance-inducing activity was determined by soil-drenching 2 week-old Col-0 with increasing concentrations of the chemicals, followed by challenge inoculation with Hyaloperonospora arabidopsidis (Hpa) 2 days later. Shown are percentages of leaves in different Hpa colonization classes at 5 - 6 dpi (n = 70 - 80). Insets show representative examples of Hpa colonization classes. Asterisks indicate statistically significant differences in class distributions (Fisher’s Exact Test) compared to the water-treated controls (0 mM; *: 0.01 < p < 0.05; **:  p < 0.01).




















[bookmark: _Toc534272127]3.3.5 Role of IBI1 in RBH-IR. 
In order to examine the role of IBI1 in RBH-IR, WT (Col-0), ibi1-1 and IBI1-overexpressing 35S:IBI1-YFP plants (T3; homozygous) were compared for RBH-IR against Hpa (Fig. 3.4a). Although BABA failed to induce resistance in ibi1-1, RBH induced WT levels of resistance in ibi1-1 (Fig. 3.4a). Thus, despite the fact that the docking models suggested potential binding of RBH to the (L)-Asp-binding pocket of IBI1 (Fig. 3.2), RBH-IR does not require IBI1, which is supported by the ﬁnding that RBH does not repress ibi1-1 growth (Fig. 3.3). Nonetheless, the IBI1-overexpressing plants showed near complete levels of resistance following RBH treatment, which was similar to the level of protection induced by BABA (Fig. 3.4a). Hence, elevated IBI1 expression acts additively or synergistically on the defence mechanisms underpinning RBH-IR against Hpa.

[bookmark: _Toc534272128]3.3.6 RBH primes the efﬁciency of defence-related callose. 
IBI1-dependent resistance is associated with augmented efﬁciency of callose deposition to halt Hpa colonization (Zimmerli et al., 2001; Ton et al., 2005; Luna et al., 2014a). To test whether RBH-IR is associated with a similar defence mechanism, 2-week-old seedlings were soil-drenched with increasing concentrations of RBH, and evaluated for the efﬁciency by which callose halts Hpa colonization at 2 dpi. Epi-ﬂuorescence microscopy of calcoﬂuor/aniline blue stained leaves revealed that RBH augments callose efﬁciency in a dose-dependent manner, reaching similar levels at 1.5 mM RBH to plants pre-treated with 0.5 or 1.5 mM BABA (Fig. 3.4b). Because RBH-treated plants did not deposit enhanced callose in the absence of Hpa (Fig. S3.2), it can be concluded that RBH, like BABA, primes deposition of resistance-enhancing callose.
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Figure 3.4 RBH-induced resistance in Arabidopsis thaliana against Hyaloperonospora arabidopsidis (Hpa) acts independently of IBI1 and is associated with increased defence efficiency of callose. (a) BABA- and RBH-induced resistance against Hpa in Col-0, ibi1-1 and ibi1-1 35S:IBI1:YFP plants. Two-week- old plants were soil-drenched with water, 0.5 mM BABA, or 0.5 mM RBH, and challenge-inoculated with Hpa 2 days later. Shown are percentages of leaves (n = 70-80) in different Hpa colonization classes at 5 dpi. For details, see legends to Figs. 1 and 2. Asterisks indicate statistically significant differences in class distribution compared to water-treated controls (Fisher’s exact test; p < 0.05; ns: not statistically significant). (b) Efficiency of callose deposition to arrest Hpa colonization. Two-week-old Col-0 plants were soil-drenched with increasing concentrations of RBH or BABA, and challenged 2 days later with Hpa. Shown are mean percentages of callose-arrested Hpa germ tubes at 2 dpi (± SEM; n = 9). Asterisks indicate statistically significant differences in RBH- (black) and BABA- (gray) treated plants compared to water-treated controls (0mM; Student’s t-test, p < 0.05).






[bookmark: _Toc534272129]3.3.7 RBH-IR operates independently of SA signalling. 
Because SA-dependent resistance is effective against Hpa (Ton et al., 2002), the effect of RBH on expression of the SA-inducible marker gene PR1 was quantified. Leaves of water- and RBH-treated plants (Col-0) were sprayed with water (control) or 0.5 mM SA, and analysed for SA-induced PR1 gene expression at different time-points after treatment. RBH did not induce PR1 expression directly, nor did it augment or accelerate SA-induced PR1 expression (Fig. 3.5a). Furthermore, RBH-IR against Hpa was unaffected in both the SA induction mutant sid2-1 (Nawrath & Metraux, 1999), and the SA response mutant npr1-1 (Cao et al., 1994) (Fig. 3.5b). To account for the possibility that disease protection by RBH is caused by direct toxicity to Hpa, plants were treated with RBH at 2 dpi with Hpa, as described previously for BABA (Zimmerli et al., 2001). Like BABA, this post-inoculation treatment had no statistically signiﬁcant effect on Hpa colonization (Fig S3.3). Thus, RBH-induced protection against Hpa is based on plant-mediated resistance that operates independently of SA signalling.
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Figure 3.5. RBH induces resistance against Hpa independently of SA signalling. (a) PR1 gene expression in water- and RBH-treated (0.5 mM) plants (Col-0) at 4, 8 and 24 h after challenge of the leaves with water (mock) or 0.5 mM SA. Shown are average transcript levels (± SEM), relative to water-treated mock-inoculated plants. ns: no statistically significant differences between water- and RBH-treated plants (Student’s t-test, p < 0.05, n = 3). (b) RBH-IR (0.5 mM) against Hpa in Col-0, the SA induction mutant sid2-1 and the SA insensitive mutant npr1-1. For details, see legend to Fig. 3.3. Asterisks indicate statistically significant differences in class distribution compared to water-treated controls (Fisher’s exact test; p < 0.05). 









[bookmark: _Toc534272130]3.2.8 RBH-IR against Hpa partially relies on priming of camalexin induction. Arabidopsis disease resistance relies on pathogen-induced production of metabolites with defence signalling and/or antimicrobial activity (Ahuja et al., 2012). To search for additional mechanisms underpinning RBH-IR against Hpa, a range of defence-related metabolites were profiled in water- and RBH-treated plants after mock and Hpa inoculation, using targeted ultra-high-performance liquid chromatography-triple quadrupole detector (UPLC- TQD) analysis. In 2-week-old plants, RBH did not directly induce SA or the phytoalexin camalexin, which are effective in mounting resistance against Hpa (Glazebrook et al., 1997). Furthermore, both SA and camalexin showed statistically signiﬁcant levels of induction at 3 dpi with Hpa (Table 3.1). However, although SA induction was similar between water- and RBH-treated plants, camalexin induction was strongly augmented in RBH-treated plants (Fig. 3.6a; Table 3.1). To determine whether this priming of camalexin production contributes to RBH-IR, RBH-IR levels were compared between WT (Col-0) plants and the camalexin-deﬁcient pad3-1 mutant (Zhou et al., 1999). Although the pad3-1 mutation did not abolish RBH-IR, the mutant showed a statistically signiﬁcant reduction in efﬁciency of RBH-IR across a range of RBH concentrations (Fig. 3.6b). Thus, RBH-IR against Hpa relies partially on priming of PAD3-dependent camalexin.
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Figure 3.6 RBH-induced resistance in Arabidopsis thaliana against Hyaloperonospora arabidopsidis (Hpa) partially depends on priming of camalexin induction. (a) Relative quantification of camalexin in extracts from RBH- and water-pre-treated plants during Hpa infection. Two-week-old plants were soil-drenched with water or RBH (0.5 mM) and challenged 2 days later with Hpa. Leaf samples were collected at 3 dpi, and analyzed by UPLC-TQD in selected reaction monitoring (SRM) mode. Shown are mean fold-changes in camalexin levels between mock- and Hpa-inoculated plants for primed (RBH) and un-primed (water) plants (± SEM; n = 8). Asterisk indicates a statistically significant difference to the water-treated control (Student’s t-test; p < 0.05). Right panels show representative UPLC-TQD traces. (b) RBH-IR against Hpa in Col-0 and the camalexin-deficient pad3-1 mutant, across a range of RBH concentrations. For details, see legend to Fig. 3.3. Black asterisks indicate statistically significant differences between similarly treated Col-0 and pad3-1; grey asterisks statistically significant differences compared to the water control within each genotype (Fisher’s Exact Test; p < 0.05).  











Table 3.1. Quantification of defence metabolites during RBH-primed defence against Hpa. Relative UPLC-TQD quantification (normalized to averaged values in water- and mock-treated plants; ± SEM, n=8) of selected defence metabolites in water- and RBH-treated Col-0 plants (2 week-old) at 3 days after spray inoculation with water (Mock) or Hpa conidiospores.
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[bookmark: _Toc534272131]3.3.9 RBH-IR against Hpa acts through different mechanisms than (L)-α-homoserine-induced resistance in the dmr1-1 mutant. 
Arabidopsis mutants in the chloroplastic homoserine kinase (HSK) gene DMR1 accumulate (L)-α-homoserine (LAH), which induces SA-independent resistance against Hpa (van Damme et al., 2009). This dmr1-induced resistance is based on endogenous accumulation of LAH, is associated with increased callose deposition, and can be reverted by genetic overexpression of DMR1, encoding chloroplastic HSK (van Damme et al., 2009). Although α- and β-amino acids have fundamentally different chemistries, three different experiments were conducted to investigate whether RBH-IR acts through a similar mechanism as LAH-induced resistance (LAH-IR) in the dmr1-1 mutant. Firstly, the resistance-inducing activities of RBH and LAH were compared after exogenous soil drench application at increasing concentrations. As shown in Fig. 3.7a, RBH-IR showed partial effectiveness at 0.15 mM and complete resistance at 0.5 mM, whereas LAH-IR was ineffective at 0.15 and 0.5 mM, and only showed a relatively weak induced resistance response at the highest concentration of 1.5 mM. Hence, RBH is an order of magnitude more potent in eliciting resistance to Hpa than LAH. Secondly, it was examined whether RBH enhances endogenous LAH accumulation by affecting homoserine kinase activity of DMR1. To this end, the effects of genetic overexpression of the DMR1 gene on RBH-IR were tested. Although DMR1 overexpression abolished LAH-induced resistance in Ler eds1-2 dmr1-1 plants, it did not reduce RBH-IR (Fig. 3.7b). Hence, RBH does not trigger endogenous accumulation of resistance-inducing concentrations of LAH by blocking homoserine kinase activity. However, it is still possible that RBH and LAH share the same immune receptor(s) and elicit a similar immune response. To address this possibility, the contribution of camalexin to LAH-IR was investigated. In contrast to RBH-IR, which is partially compromised by the pad3-1 mutation (Fig. 3.7b), LAH-IR was not reduced by the pad3-1 mutation (Fig. 3.7c). Hence, camalexin plays no role in LAH-IR, which supports previous results by (van Damme et al., 2009) and reinforces the conclusion that RBH and LAH induce, at least partially, different immune responses.










Figure 3.7. RBH acts independently of the endogenous accumulation of (L)-Asp-derived amino acids. (a) Comparison of induced resistance activity between RBH and L-α-homoserine (LAH). Shown are percentages of leaves (Col-0) in different Hpa colonization classes at 5 dpi. For details, see legends to Figs. 1 and 2. (b) RBH-IR (0.5 mM) against Hpa (CALA2) in Ler eds1-1, the homoserine kinase (HSK) mutant Ler eds1-1 dmr1-1, and the HSK over-expressing Ler eds1-1 dmr1-1 AtHSK line. Shown are percentages of leaves in different Hpa colonization classes at 5 dpi. For details, see legend to Fig. 3.3. (c) Comparison of LAH-induced resistance against Hpa in Col-0 and camalexin-deficient pad3-1 plants. Shown are percentages of leaves in different Hpa colonization classes at 5 dpi. (d) Shoot concentrations of (L)-Asp-derived amino acids at 24 and 48 h after soil drenching of 3-week old plants (Col-0) with RBH (0.5 mM). Shown are mean quantities (± SEM; n = 4). For all panels, asterisks indicate statistically significant differences compared to water-treated controls (Student’s t-test, *: 0.01 < p < 0.05, **: p < 0.01). 




















[bookmark: _Toc534272132]3.3.10 RBH-IR against Hpa is not caused by perturbations in branched-chain amino acids. 
Apart from dmr1-1, other mutations causing accumulation of (L)-Asp-derived branched-chain amino acids have been reported to boost Hpa resistance (Stuttmann et al., 2011). To examine whether enhanced accumulation of these amino acids plays a role in RBH-IR, quantities of RBH (positive control), (L)-Asp, (L)-Lysine, (L)-(iso)leucine, (L)-threonine, (L)-methionine and (L)-α-homoserine were profiled at 24 and 48 h after soil-drench treatment with RBH. Leaves of RBH-treated plants contained high RBH concentrations (Fig. 3.7d), illustrating that RBH is rapidly taken up by the roots and transported to the leaves. However, apart from a small reduction in (L)-methionine at 24 h after RBH treatment, none of the other branched-chain (L)-amino acids, including LAH, showed a statistically signiﬁcant change upon RBH treatment. Therefore, it can be concluded that RBH-IR does not act via changes in endogenous accumulation of (L)-Asp-derived branched-chain amino acids.

3.3.11 RBH primes JA- and ET-dependent defence against the necrotrophic fungus Plectosphaerella cucumerina. 
To investigate whether RBH induces resistance against pathogens other than Hpa, RBH-IR was tested for effectiveness against Plectosphaerella cucumerina (Pc), which adopts a necrotrophic lifestyle when inoculated at high spore densities (Petriacq et al., 2016). Compared to water-treated control plants, RBH-treated plants (0.5 mM) showed a statistically signiﬁcant reduction in lesion diameter and percentage of spreading lesions at 7 dpi (Fig. 3.8a). Quantiﬁcation of single copy DNA of Pc relative to host plant DNA at 7 dpi conﬁrmed that this disease suppression is based on reduced fungal colonization (Fig. S4). To account for direct biocidal activity of RBH to Pc, fully colonized agar plugs were placed on PDA medium with 0 or 0.5 mM RBH and examined for hyphal outgrowth. RBH did not reduce fungal colony size after 4 d of growth (Fig. S5a), excluding biocidal activity as a causal factor for RBH-induced protection against Pc. Because JA controls resistance against necrotrophic pathogens (Thomma et al., 1998; Ton et al., 2002), JA-dependent expression of VSP2 and PDF1.2 was quantified in water- and RBH-treated plants at different time-points after challenging leaves with mock or 0.1 mM JA solution (Fig. 3.8b). Although VSP2 and PDF1.2 are both inducible by JA, the PDF1.2 gene is co-regulated by ET (Penninckx et al., 1998), whereas the VSP2 gene is repressed by ET (Lorenzo et al., 2004). RBH did not induce expression of both genes directly, but repressed VSP2 induction at 8 h after JA treatment, whereas it augmented PDF1.2 induction at 4 and 8 h after JA treatment (Fig. 3.8b). This gene expression pattern suggests that RBH primes the ET-dependent branch of the JA response pathway, which controls resistance against necrotrophic fungi (Lorenzo et al., 2004; Pré et al., 2008). To gain further evidence for this mode of action, RBH-IR against Pc was quantified in the JA-insensitive jar1-1 mutant and ET-insensitive ein2-1 mutant (Fig. 3.8c). In contrast to the WT (Col-0), both mutants failed to develop statistically signiﬁcant levels of RBH-IR at 7 dpi, reinforcing the notion that RBH-IR against this fungus is based on priming of JA- and ET-dependent defences (Fig. 3.8c). Interestingly, however, although RBH primed the induction of PAD3-dependent camalexin by biotrophic Hpa (Fig. 3.7; Table 3.2), it did not augment camalexin induction after challenge with Pc (Fig. 3.6). This indicates that RBH primes distinct defence mechanisms against necrotrophic and biotrophic pathogens.
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Figure 3.8. RBH primes jasmonic acid (JA) and ethylene (ET)-dependent defences in Arabidopsis thaliana against necrotrophic Plectosphaerella cucumerina (Pc). Five-week old plants were soil-drenched with water or RBH (0.5 mM) and challenged 2 days later with Pc or JA. (a) Quantification of RBH-induced resistance (RBH-IR) in wild-type plants (Col-0) against Pc. Shown are mean lesion diameters (± SEM; n = 60; left), and percentages of spreading lesions (SL) and non-spreading lesions (NSL; right) at 7 dpi. Asterisks indicate statistically significant differences compared to water-treated controls (Student’s t-test (left) or Pearson’s chi-square test (right) p < 0.05). (b) Quantification of VSP2 (top panel) and PDF1.2 (bottom panel) gene expression in water- and RBH-treated plants (Col-0) at 4, 8 and 24 h after challenge treatment of the leaves with water (mock) or JA (0.1 mM). Shown are average transcript levels (± SEM; n = 3), relative to control-treated mock-inoculated plants at 4 h after challenge. Asterisks indicate statistically significant differences between water- and RBH-treated plants (Student’s t-test, p < 0.05; ns: not statistically significant). (c) RBH-IR in Col-0, the JA-insensitive jar1-1 mutant, and the ET-insensitive ein2-1 mutant. Asterisks indicate statistically significant differences to water-treated controls (Student’s t-test, p < 0.05; ns: not statistically significant). 
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Table 3.2. Quantification of defence metabolites during RBH-primed defence against Pc.  Relative UPLC-TQD quantification (± SEM, n=8) of selected defence metabolites in water- and RBH-treated plants (Five-week old) at 3 days after droplet inoculation with water (Mock) of Pc spores. 
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3.3.12 RBH does not majorly affect plant growth. 
Although RBH did not visibly affect agar-grown Arabidopsis (Fig. 3.3), the potential non-target effects of RBH at later developmental stages was investigated by comparing relative growth rates (RGRs) in 3- to 4-week-old plants after soil-drenching with increasing concentrations of RBH or BABA. As expected, BABA reduced RGR in a dose dependent manner, which was statistically signiﬁcant at concentrations of 0.15 mM and higher. Conversely, RBH did not reduce RGR at any of the concentrations tested (Fig. 3.9a).
[bookmark: _Toc534272134]3.3.13 RBH does not majorly affect global plant metabolism. 
To assess non-target effects of RBH on global plant metabolism, untargeted metabolic proﬁling of leaf tissues was performed at 3 d after soil-drench treatment, using by UPLC-qTOF. BABA-treated plants showed 38 differentially abundant ions in comparison to water-treated plants, whereas RBH-treated plants showed only four differentially abundant ions (Welch’s t-test, P<0.01; Fig. 3.9b). Although putative identities of differentially abundant ions at one time-point before pathogen challenge provide limited information about the underpinning resistance mechanisms (Table S3.1), the > 9-fold disparity in the number of differentially abundant ions illustrates that RBH has a relatively minor impact on global plant metabolism in comparison to BABA (Fig. 3.9b). Subsequent multivariate statistical analysis of data supported this notion: unsupervised principal component analysis (PCA) revealed separate clustering of samples from BABA-treated plants relative to samples from water- and RBH-treated plants (ESI-: R2X=0.44, Q2 =0.11; Fig. 3.9c). More stringent supervised orthogonal partial least-square discriminant analysis (OPLS-DA) revealed a similar clustering pattern (ESI-: R2X=0.408, R2Y=0.498, Q2 =0.286), and failed to separate samples from RBH- and water-treated plants (Fig. 3.9c). Because OPLS-DA of untargeted Q-TOF data is suitable for detection of subtle shifts in plant stress metabolism (Petriacq et al., 2016), it can be concluded that the non-target effects of RBH on plant metabolism are negligible in comparison to those of BABA.
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Figure 3.9 Non-target effects of RBH and BABA on growth and metabolism of Arabidopsis thaliana. (a) Relative growth rates (RGR) of 3 to 4 week-old plants (Col-0) after soil-drench treatment with increasing concentrations of BABA and RBH. Shown are mean values (± SEM; n = 20). Asterisks indicate statistically significant differences between treatments and water-treated controls (0 mM; Student’s t-test, *: 0.01 < p < 0.05; **: p < 0.01; ns: not statistically significant). (b) Un-targeted UPLC-Q-TOF analysis of differentially abundant metabolic markers in RBH- (red) and BABA- (blue) treated plants. Leaf material was collected at 3 days after soil-drench treatment with water (control), 0.5 mM BABA, or 0.5 mM RBH. Venn diagram shows numbers of differentially abundant ions (m/z values) in RBH- and/or BABA-treated plants (Welch’s t-test; p < 0.01). Data were obtained in negative electrospray ionization mode (ESI-). (c) Multi-variate statistical analysis metabolic profiles from UPLC-Q-TOF analysis. Upper panels show unsupervised principal component analysis (PCA) of m/z intensities from UPLC-Q-TOF (R2X = 0.44, Q2 = 0.11). Lower panels show orthogonal partial least squares-discriminant analysis (OPLS-DA) (R2X = 0.408, R2Y = 0.498, Q2 = 0.286).  




[bookmark: _Toc534272135]3.3.14 RBH induces resistance in tomato without non-target effects on growth. 
In order to investigate whether RBH is effective in an economically important crop species, RBH-IR was quantified in Solanum lycopersicum (tomato) against Botrytis cinerea (Bc), a necrotrophic fungus that affects global fruit and vegetable production. Sixteen-day old seedlings (cv. Micro-Tom) were soil-drenched with 0.5 mM RBH and inoculated with Bc. At 4 dpi, RBH-treated plants showed a 35% reduction in mean necrotic lesion diameters compared to water-treated plants, whereas the percentage of spreading lesions by Bc was reduced from 83% in water-treated plants to 34% in RBH-treated plants (Fig. 3.10a). RBH did not reduce in vitro growth of Bc (Fig S5B), conﬁrming that the observed disease suppression is plant-mediated. To examine whether RBH reduces vegetative growth of tomato, RGRs were compared between water-, BABA- and RBH-treated plants over a 4-d period after soil-drenching treatment. Consistent with previous results (Luna et al., 2015), 0.5 mM BABA reduced relative growth rate (RGR) by 51% compared to water-treated plants, which was statistically signiﬁcant (Fig. 3.10b). By contrast, 0.5 mM RBH did not reduce RGR, even though it was sufﬁcient to induce resistance against Bc (Fig. 3.10a). Hence, RBH induces resistance in tomato against an economically damaging disease without affecting vegetative growth.
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Figure 3.10. RBH induces resistance in tomato against Botrytis cinerea (Bc) without affecting growth. 16-day-old tomato (cv. MicroTom) were soil-drenched with water or β-amino acids (0.5 mM), and examined for induced resistance against Bc and relative growth rate (RGR). (a) RBH-induced resistance (RBH-IR) against Bc. Shown are mean lesion diameters per leaf (± SEM; n = 16; left) and percentages of spreading lesions (SL) versus non-spreading lesions (NSL; right) at 4 dpi (n = 96). Asterisks indicate statistically significant differences compared to water-treated controls (Student’s t-test (left) or Pearson’s chi-square test (right), p < 0.05). (b) Mean RGR values (± SEM; n = 8) over a 4-day interval after chemical treatments. Asterisks indicate statistically significant differences between treatments and water-treated controls (Student’s t-test, p < 0.05).











[bookmark: _Toc534272136]3.4 Discussion
Non-target effects on plant growth have hampered agricultural exploitation of chemical plant defence activators (van Hulten et al., 2006; Walters & Heil, 2007). In the case of β-aminobutyric acid (BABA), plant growth repression is caused by inhibitory binding to aspartyl-tRNA synthetase (AspRS) enzymes (Luna et al., 2014a). Furthermore, BABA is not metabolized quickly in plant tissues (Jakab et al., 2001; Slaughter et al., 2012), increasing the likelihood that the compound accumulates as a chemical residue in crop products. Because BABA inhibits AspRS enzymes (Luna et al., 2014a), which are ubiquitous in both prokaryotic and eukaryotic organisms, it follows that this chemical is unsuitable for crop protection purposes. Although numerous other studies have reported new resistance-inducing chemicals over recent years (Bektas & Eulgem, 2014), few provide additional information about their mode of action, their effectiveness in different plant species, their effectiveness against pathogens with different infection strategies, and their non-target effects on plant growth and metabolism. This additional knowledge is critical for integration of new priming agents in crop protection schemes. The present study has identified (R)-β-homoserine (RBH) as a novel plant protection agent that i) primes distinctly regulated immune responses against pathogens with different infection strategies (Figs 3.3-3.8), ii) is effective in different plant species (Fig. 3.10), and iii) has minimal non-target effects on plant growth and metabolism (Figs. 3.3, 3.9, 3.10). The polar nature of RBH makes it particularly suitable for protection of hydroponically cultivated glasshouse crops via the nutrient supply stream. Indeed, the work presented in this Chapter has shown that RBH is effective in tomato against economically damaging grey mould disease (Botrytis cinerea, Bc; Fig. 3.10). This basic knowledge paves the way for subsequent translational research about the efﬁciency of RBH under commercial growing conditions and its compatibility with other plant protection and production strategies. 
Using site-directed mutagenesis of the IMPAIRED IN BABA INDUCED IMMUNITY 1 (IBI1) gene, it was demonstrated that perception of BABA requires the (L)-Asp-binding domain of IBI1 (Fig. 3.1). Accordingly, in silico docking studies were performed to select putative BABA analogues with comparable binding afﬁnities to this domain. The majority of structures tested docked in a similar orientation as (R)-BABA (Fig. 3.2). Experimental validation of these models revealed two compounds, (S)-β-homoserine and β-alanine, which mimicked BABA activity for induced resistance against Hyaloperonospora arabidopsidis (Hpa) and selective growth inhibition of ibi1-1 (Fig. 3.3). Although this validates the in silica modelling approach, the level of induced resistance by these analogues remained relatively weak, thereby offering limited value for application as crop protection agents. It should be noted, however, that the docking models did not always predict the biological activities of the compounds. For instance, the models suggested that (L)-threo-3-methylaspartic acid, (R)-β-aminopentanoic acid, (R)-β-aminohexanoic acid and (R)-β-aminoheptanoic would bind with high afﬁnity to the (L)-Asp-binding domain of IBI1 and with similar orientation as (R)-BABA. However, the experimental assays revealed that these compounds induced relatively weak resistance to Hpa and they failed to repress ibi1-1 growth (Fig. 3.3). This discrepancy could be explained by rapid metabolic breakdown of compounds by the plant, resulting in weak AspRS inhibition that is insufﬁcient to induce growth inhibition of ibi1-1 seedlings. However, the models also predicted high afﬁnity binding of (R)-β-glutamic acid and RBH to IBI1 with different molecular orientations than (R)-BABA. The experimental assays, however, revealed that these compounds induced resistance to different degrees without concurrent growth repression of ibi1-1. 
Although it is possible that the resistance-inducing activity of IBI1 is not critically dependent on binding orientation of amino acid ligands, the subsequent experiments described in this Chapter have provided multiple lines of evidence that the resistance response to RBH operates independently of IBI1 and primes alternative defence signalling pathways than BABA. Firstly, RBH-induced resistance (RBH-IR) to Hpa was unaffected by the ibi1-1 mutation (Fig. 3.4), indicating that the compound is perceived by a different receptor than IBI1. Secondly, although BABA is known to prime salicylic acid (SA)-dependent gene expression in Arabidopsis (Zimmerli et al., 2000), RBH did not induce nor prime SA-inducible PR1 gene expression (Fig. 3.5). Thirdly, unlike BABA (Ton & Mauch-Mani, 2004), RBH primed jasmonate/ethylene (JA/ET)-dependent defence against Plectosphaerella cucumerina (Pc) (Fig. 3.8). Fourthly, pre-treatment with RBH did not affect camalexin induction after Pc inoculation (Table 3.2), but augmented camalexin accumulation against Hpa (Fig. 3.7), whereas BABA pre-treatment reduces pathogen-induced camalexin accumulation (Ton & Mauch-Mani, 2004). Finally, BABA and RBH had profoundly different impacts on global plant metabolism. While unsupervised PCA of ultra-high-performance liquid chromatography coupled to quadrupole-orthogonal time-of-ﬂight mass spectrometry (UPLC-Q-TOF) data was sufﬁcient to visualize shifts in metabolism after BABA treatment, more stringent supervised orthogonal partial least-square discriminant analysis (OPLS-DA) failed to distinguish metabolic patterns between RBH- and control-treated plants (Fig. 3.9). This indicates that RBH, unlike BABA, has little impact on plant metabolism under the analytical conditions used here, which is reinforced by the results from our targeted hydrophilic interaction liquid chromatography coupled to quadrupole-orthogonal time-of-ﬂight mass spectrometry (HILIC-Q-TOF) analysis of (L)-Asp-derived amino acids (Fig. 3.6). Hence, RBH primes plant defence via different pathways than BABA, and does not incur undesirable non-target effects on plant growth and metabolism. 
Although nonproteinogenic β-amino acids have long been regarded as rarities in biological systems, an increasing body of evidence suggests that they play important roles as natural stress signals and/or antibiotics (Kudo et al., 2014). Apart from the recent discovery that BABA accumulates as a low-abundance plant stress signal (Thevenet et al., 2016), β-alanine has been reported to serve as a precursor of the osmo-protectant β-alanine betaine in Plumbaginaceae (Rathinasabapathi et al., 2001). Furthermore, the tyrosine aminomutase TAM1 was recently found to mediate JA-dependent production of β-tyrosine in rice, which has antimicrobial and allelopathic activities (Yan et al., 2015). No antimicrobial activity of RBH could be detected against Hpa, Pc or Bc (Figs S3 and S5), nor could RBH be detected in untreated Arabidopsis (Fig. 3.6d). This, however, does not exclude the possibility that RBH is produced in plants under speciﬁc stress conditions.  
RBH is taken up rapidly from roots to leaves (Fig. 3.6d), where it primes broad-spectrum defence mechanisms, including callose, camalexin accumulation and JA/ET-dependent defences (Figs. 3.3-3.8). Strikingly, non-pathogenic rhizobacteria have been reported to elicit similar systemic priming of callose and JA/ET-dependent defences as RBH (Van der Ent et al., 2009). In this regard, it is tempting to speculate that RBH is produced in the rhizosphere as an induced systemic resistance (ISR)-eliciting compound. Future research into the chemistry of rhizosphere communities may therefore cast light on the ecological relevance of RBH.
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Supporting Figure 3.1. Growth phenotypes and YFP fluorescence of Col-0, ibi1-1, ibi1-1 35S:IBI1-YFP and ibi1-1 35S:IBI1m-YFP seedlings on MS agar with and without BABA (0.5 mM). Photos were taken at 11 days after planting in bright light (upper panels) or YFP specific filter (lower panels).
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Supporting Figure 3.2. Treatment with RBH and BABA does not induce callose deposition in the absence of Hpa. Shown are mean percentages (± SEM; n=9) of leaf area corresponding to callose. Leaves were collected 4 d after soil-drench treatment with increasing concentrations of BABA or RBH, and stained by aniline-blue for epi-fluorescence microscopy analysis of callose.  ns: not statistically significant (Student’s t-test; n = 70-80).
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Supporting Figure 3.3. Post-inoculation treatment of Arabidopsis (Col-0) with BABA and RBH does not reduce Hpa colonization. Shown are percentages of leaves in different Hpa colonisation classes at 5 days after inoculation. For details, see legends to Figs. 1 and 2. ns: not statistically significant (Fisher’s Exact Test; n = 70-80). ns: not significant.
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Supporting Figure 3.4. RBH-IR reduces colonization by Pc. Five week-old plants (Col-0) were soil-drenched with water or 0.5 mM RBH, and challenged 2 days later by droplet inoculation with Pc spores. Leaves were collected for DNA extraction at 7 dpi. Shown are average quantities of Pc β-TUBULIN DNA (PcTUB), relative to plant genomic DNA (± SEM; n=6). Asterisk indicates a statistically significant difference compared to the water-controls (Student’s t-test; p < 0.05).   
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Supporting Figure 3.5. RBH does not affect in vitro growth of Pc (a) or Bc (b). Shown are average diameters of hyphal outgrowth from agar plugs (± SEM; n=7) after 4 days of growth on PDA plates (Student’s t-test; p < 0.05, ns; not significant).




















Supporting Table 3.1. Identity of BABA- or RBH-induced metabolites. Dry weight-corrected mean intensities of ions (m/z values) showing statistically significant differences between leaves of water- and BABA-treated plants (top panel) and water- and RBH-treated plants (bottom panel; Welch’s t-test, p < 0.01), and putative identities. Mass accuracy = 30 ppm.





[bookmark: _Toc534272138]Chapter 4: The metabolome of augmented defence against biotrophic and necrotrophic pathogens in (R)-β-homoserine-primed Arabidopsis 

[bookmark: _Toc534272139]4.1 Abstract
Primary and secondary metabolic pathways are integral to plant immunity. The accumulation or modification of metabolites can signal information from environmental stimuli or provide the energy and metabolic resources for the plant immune response, including large-scale cell wall modifications, transcriptional re-programming, production of anti-microbial proteins and biosynthesis secondary defence metabolites. Un-targeted mass spectrometry analysis of plant metabolites allows the identification of potentially novel metabolic pathways with a contribution to plant defence (Tenenboim & Brotman, 2016). In this study, an un-targeted analysis by UPLC-Q-TOF was conducted to analyse the augmented defence reaction of (R)-β-homoserine (RBH)-primed Arabidopsis against the necrotrophic fungus Plectosphaerella cucumerina (Pc) and the biotrophic Oomycete Hyaloperonospora arabidopsidis (Hpa). The metabolite profiles of samples collected at different time-points after pathogen inoculation of water- and RBH-treated plants were analysed, using a statistical pipeline that involves multivariate dimension reduction followed by univariate analysis of significance. The analysis revealed that RBH-induced resistance (RBH-IR) against both pathogens is associated with global shifts in secondary metabolism, which were more pronounced during RBH-IR against the Pc. The data furthermore indicate a central role for shikimate-derived secondary metabolites in RBH-IR against both pathogens. 


[bookmark: _Toc534272140]4.2 Introduction
The plant immune system enables plants to recognise and respond to attack by microbial pathogens. Unlike animal immune systems, plant immune systems do not possess specialised immune cells, but rely on pathogen-inducible local and systemic signalling networks (Pieterse et al., 2009). These networks are regulated through complex signalling interactions between genes, transcripts, proteins and metabolites, enabling plants to integrate environmental information from across molecular regulatory systems (Pieterse et al., 2009; Szittya & Burgyan, 2013; Zeier, 2013; Withers & Dong, 2017). 
The era of ‘-omics’ biology has facilitated the study of plant responses to pathogen attack (Bhadauria, 2016). To date, the majority of these studies have focused on gene expression responses (‘transcriptomics’) and proteins (‘proteomics’), which is partially due to the relative ease of studying the limited diversity of the nucleotides in RNA and amino acid subunits in proteins (Bhadauria, 2016). While specific defence metabolites have been intensively studied, such as the anti-microbial phytoalexin camalexin (Glawischnig, 2007) and the signalling hormone salicylic acid (An & Mou, 2011), there are comparably fewer metabolome studies of plant responses to pathogens. This can be partially attributed to the greater complexity of metabolites, in combination with the challenge of extracting and detecting a wide range of different metabolites. Furthermore, whilst nucleotide and protein sequences of plants are largely distinguishable from those of microbial pathogens, many metabolites are shared between pathogens and plants, making it more difficult to determine whether a signal in a sample can be of a certain origin. However, recent advances in analytical sensitivity, data processing and more complex chemical libraries have facilitated an increasing use of metabolomic approaches to ascertain the activity of plant-specific secondary metabolite pathways (Tenenboim & Brotman, 2016). Consequently, metabolomics, defined as ‘the systematic identification and quantification of the small molecule metabolic products of a biological system at a given time’, is beginning to reveal novel layers of plant immunity (Tenenboim & Brotman, 2016).
Specifically, metabolomic approaches can help to reveal the metabolic mechanisms underpinning resistance in response to immune priming treatment (Tugizimana et al., 2018). van de Mortel et al. (2012) found that induced systemic resistance (ISR) in Arabidopsis by P. fluorescens SS101 against P. syringae is based on increased accumulation of glucosinolates and coumarins. In addition, Gamir et al. (2014) found that pre-treatment with the chemical defence priming agent (R)-β-aminobutyric acid (BABA) primes Arabidopsis leaves for augmented accumulation of shikimate- and tryptophan-derived compounds after inoculation with the necrotrophic fungus Plectosphaerella cucumerina (Pc). Interestingly, the metabolic response to this fungus showed similarity between BABA-primed plants and the constitutively primed mutants lin1 and ocp3 mutants, suggesting that different priming mechanisms target common metabolic pathways (Gamir et al., 2014). Recently, Schwachtje et al. (2018) found that local pathogen infection triggers a shift in the amino acid contents of SAR-expressing tissues. It was proposed that these changes in primary metabolism reduce the nutritional content of distal leaves and increase the pool of pre-cursors for defence compound biosynthesis.
Despite significant progress in the elucidation of molecular mechanisms underpinning immune priming, the metabolic basis of the augmented defence response in primed plants remains poorly understood. Most studies have investigated priming of defence against one single pathogen. Since priming has been shown to augment pathogen-specific pathways (Flors et al., 2008; Buswell et al., 2018), it is plausible that plants treated with the same priming agent show differences in their global metabolic response to pathogen attack, depending on the nature and infection strategy of the challenging pathogen. Moreover, many priming stimuli can have significant non-target effects on plant metabolism (Luna et al., 2014a; Buswell et al., 2018), which has a confounding effect on the detection of signals that are related to augmented defence expression. Thus, more experimental studies are needed to obtain a better understanding of the impacts of priming on the defence-related metabolome. This can be achieved by comparing responses to pathogens with different infection strategies in plants treated with priming agents that have minimal or no non-target effects.
(R)-β-homoserine (RBH) was recently identified as a novel priming agent that primes defence against a broad range of pathogens (Buswell et al., 2018). RBH-induced resistance (RBH-IR) against the biotroph Hyaloperonospora arabidopsidis (Hpa) acts via priming of callose deposition and camalexin accumulation, whereas RBH-IR against the necrotroph Pc acts via jasmonic acid (JA)- and ethylene (ET)-dependent signalling. Crucially, unlike other chemical priming agents, such as BABA, RBH does not affect relative growth rate of Arabidopsis and does not have major direct effects on plant metabolism (Buswell et al., 2018), which suggest that this priming agent has minimal non-target effects on Arabidopsis. In that context, the response of Arabidopsis to RBH represents a suitable model system to study the effects of immune priming on global defence metabolism during pathogen attack. 
This chapter describes an un-targeted metabolome analysis of the immune response of naive and RBH-primed Arabidopsis to inoculation with Hpa and Pc. Data dimension reduction by supervised and un-supervised multivariate statistical analysis was used to identify the most suitable post-challenge time-point at which primed plants displayed the strongest shift in global plant metabolism in comparison to un-primed naïve plants. Features with the strongest contribution to global metabolic variation were further analysed by univariate statistical analysis. Finally, features showing statistically significant differences in abundance between primed and un-primed plants were putatively identified and assigned to metabolic pathways. 

















[bookmark: _Toc534272141]4.3 Results
[bookmark: _Toc534272142]4.3.1 RBH-IR against Hpa is associated with relatively minor shifts in global plant metabolism. 
To analyse the global metabolic response of naïve and primed plants to biotrophic Hpa, 2-week-old Arabidopsis were soil-drenched with water or 0.5 mM RBH. Two days later, plants were inoculated with water or a suspension of Hpa conidiospores, after which shoot tissues were harvested at 48 and 72 hours post-inoculation (hpi). These timepoints were chosen as being coincident with and subsequent to germination of Hpa conidiospores at 48 hpi (Chapter 3; Fig 3.3b). Polar and apolar metabolites were extracted in acidified methanol and analysed by Ultra Performance Liquid Chromatography coupled to Time-Of-Flight (UPLC-qTOF) electrospray mass spectrometry (Fig 4.1a). At 5 dpi, shoots of Hpa-inoculated seedlings were harvested for trypan-blue staining to quantify Hpa colonisation, confirming that RBH had induced near-complete levels of resistance to this pathogen (Fig 4.1b). 
To explore global variation in feature abundance across samples, unsupervised Principal Component Analysis (PCA) was used. At 48hpi, PCA score plots of data from positive ionisation mode (ESI+) showed marginal separation of samples of different treatments, while no such separation was evident for data obtained in negative ionisation mode (ESI-). At 72hpi, PCA score plots showed no clear separation of treatment groups for both ESI+ and ESI- (Fig. 4.1c). Together, these PCA results suggest that the global effects of RBH and Hpa at both time-points are relatively subtle. To eliminate background variation and identify features that vary in accordance with treatments, supervised Partial Least Squares Discriminant Analysis (PLS-DA) was used. At 48hpi, the PLS-DA plot of ESI+ data showed relatively strong separation between samples of RBH-treated and mock-inoculated inoculation (RM) plants and samples of water-treated and pathogen-inoculated (WP) plants, while samples of water-treated and mock-inoculated plants (WM) showed relatively little separation from samples of RBH-treated and pathogen-inoculated plants (RP; Fig. 4.1d). The PLS-DA plot of ESI- data at 48 hpi separated the RM samples from all other treatment groups. At 72 hpi, score plots from both ESI+ and ESI- data separated RP samples from all other treatment groups (Fig. 4.1d). This latter PLS-DA pattern is consistent with an augmented metabolic response of RBH-primed plants to Hpa inoculation. 






























Figure 4.1 Global metabolome patterns of RBH-induced resistance against Hyaloperonosopra arabidopsidis (Hpa). (a) Experimental design and data analysis pipeline. (b) RBH-IR against Hpa in Col-0 plants. Two-week-old plants were soil-drenched with water or RBH (0.5 mM) and challenge-inoculated with Hpa 2 days later. Colonization by Hpa was analyzed microscopically at 5 dpi in trypan blue-stained leaves by assigning leaves to different classes, ranging from I (no hyphal colonization) to IV (extensive hyphal colonization and formation of (a)sexual spores). See legend for representative examples. Asterisk indicates a statistically significant difference in class distribution compared to the water-treated control (Fisher’s Exact Test, p < 0.05). (c) Three-dimensional score plots of un-supervised Principal Component Analysis (PCA). (d) Three-dimensional score plots of supervised Partial Least Squares Discriminant Analysis (PLS-DA). Data were log-transformed and pareto-scaled before PCA and PLS-DA. Shown are data from samples at 48 and 72 hours post-inoculation (hpi), obtained in both positive (ESI+) and negative (ESI-) ionization mode. Axes show the percentages of variation explained by each dimensional axis. 


[bookmark: _Toc534272143]4.3.2 Expression of RBH-IR against Hpa is associated with differential abundance of mostly shikimate-derived metabolites. 
Since PLS-DA of both ESI+ and ESI- data uniquely distinguished RP samples from all other treatment groups at 72 hpi (Fig. 4.1d), subsequent analysis focused on this timepoint. Ranking of features by Variable Importance in Projection (VIP) scores from PLS-DA identified 751 (ESI+) and 463 (ESI-) features with a cut-off VIP score >1. Subsequent univariate analysis of variance identified 86 (ESI+) and 55 (ESI-) features showing statistically significant differences in abundance between one or more treatment groups (ANOVA + false discovery correction; q<0.05). After correction for ionisation adducts and C13 isotopes (Kaever et al., 2009), 130 putative masses were pooled and subjected to cluster analysis (Fig. 4.2a). Subsequently, two large sub-clusters were selected containing 83 masses with the highest or lowest abundance in RP samples compared to the sample groups, thereby selecting for metabolites that are accumulated or depleted during augmented defence expression of RBH-primed plants. These masses were putatively mapped onto Arabidopsis metabolic pathways, using the KEGG A. thaliana database (Appendix B). Fig. 4.2b shows the top 15 selection of pathways containing the highest number of putatively annotated metabolites. 
The majority of putative metabolites mapped to metabolic pathways that are derived from shikimate (Fig. 4.2b). For instance, 5 metabolites were putatively annotated to different branches of shikimate-derived alkaloids, whereas 5 other metabolites could be mapped onto the shikimate-derived phenylpropanoid pathway. Furthermore 11 putative metabolites were found in pathways derived from phenylalanine, tyrosine and tryptophan, including glucosinolates. Unrelated to the shikimate pathway, downstream from glycine, serine and threonine biosynthesis, 5 putative metabolites could be mapped onto the porphyrin and chlorophyll metabolic pathway (Fig. 4.2b). Although not directly metabolically linked to any of the other highlighted pathways, 3 more masses could putatively be annotated to the arachidonic acid and diterpenoid biosynthesis pathways (Fig. 4.2b). 
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Figure 4.2 Pathway analysis of putative metabolites showing augmented or repressed abundance during the augmented defence response of RBH-primed Arabidopsis to Hpa. Features with a high VIP score (>1) from the PLS-DA analysis at 72 hpi were subjected to ANOVA (+ false discovery correction, q < 0.05), corrected for ionisation adducts and isotopes, and clustered (One-Dimensional-Self-Organising Map (1D-SOM); Kaever et al. (2009)). (a) Clustered heatmap projection of predicted masses showing statistically significant differences between treatment groups (upper panel), from which 85 masses were selected showing augmented or repressed abundance in RBH-primed and Hpa-inoculated plants (lower panel). WM (Water-pre-treated, mock-inoculated), RM (RBH-pre-treated, mock-inoculated, WP (water-pre-treated, Hpa-inoculated), RP (RBH-pre-treated, Hpa-inoculated). (b) Pathway maps of putative metabolites shoing augmented or repressed accumulation in RP plants. Adduct- and isotope-corrected ions were annotated as metabolites from the KEGG and AraCyc database and annotated to metabolic pathways (Appendix B). Shown are the top 15 pathways containing the highest number of putatively annotated metabolites.

 
[bookmark: _Toc534272144]4.3.3 RBH-IR against Pc is associated with major shifts in global plant metabolism. 
To analyse the global metabolic response of naïve and primed plants to necrotrophic Pc, five-week-old Arabidopsis were soil-drenched with water or 0.5 mM RBH. Three days later, five fully expanded leaves of similar age were drop-inoculated with water or a suspension of Pc spores, after which leaves were harvested at 72, 96 and 120 hpi. Metabolites were extracted by acidified methanol and analysed by UPLC-ESI-qTOF mass spectrometry (Fig. 4.3a). At 7 dpi, leaves of Pc-inoculated plants were scored for lesion diameter to quantify levels of Pc infection, which confirmed that RBH had induced statistically significant levels of resistance against this fungus (Fig. 4.3b).
For each time-point, unsupervised PCA was used to assess global differences in metabolite abundance between treatments. At 72 and 120 hpi, PCA score plots revealed marginal separation of different treatments, which was more evident in ESI+ than ESI- (Fig 4.3c). At 96hpi, the PCA separation between replicate samples of different treatments was even more pronounced and evident in both ESI+ and ESI- (Fig. 4.3c). Moreover, for both ionisation modes, RBH-primed and Pc-inoculated plants (RP) showed the most distinct clustering pattern in the PCA plot, which is consistent with activity of defence-related metabolism during the expression of RBH-IR against Pc. Supervised PLS-DA was used to study these metabolic patterns in closer relationship to the different treatments. At 72hpi and 120 hpi, PLS-DA score plots of data separated treatment groups (Fig. 4.3d), which was more evident in ESI+ than ESI-. At 96hpi, PLS-DA score plots of both ESI+ and ESI- data showed relatively strong separation of different treatment groups (Fig. 4.3d), with samples from RP plants displaying the most deviant clustering pattern in comparison to the other sample groups. Together, these results indicate that 96 hpi is the most suitable time-point for further study of augmented expression of defence-related metabolism in RBH-primed plants.
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Figure 4.3 Global metabolome patterns of RBH-induced resistance against Plectosphaerella cucumerina (Pc). (a) Experimental design and data analysis pipeline. (b) RBH-IR against Pc in Col-0 plants. Five-week-old plants were soil-drenched with water or RBH (0.5 mM). Four fully expanded leaves of approximate similar age were drop-inoculated with Pc spores 2 days later. Infection by Pc was scored by at 7 dpi by quantifying lesion diameters. Asterisk indicates a statistically significant difference compared to the water-treated control plans (Student’s t-test, p < 0.05). (c) Three-dimensional score plots of un-supervised Principal Component Analysis (PCA). (d) Three-dimensional score plots of supervised Partial Least Squares Discriminant Analysis (PLS-DA). Prior to PCA and PLS-DA, data were log-transformed and pareto-scaled. Shown are data from samples at 72, 96 and 120 hpi, obtained in both positive (ESI+) and negative (ESI-) ionization mode. Axes show the percentages of variation explained by each dimensional axis. 


Figure 4.3 Global metabolome patterns of RBH-induced resistance against Plectosphaerella cucumerina (Pc). (A) Experimental design and data analysis pipeline. (B) RBH-IR against Pc in Col-0 plants. Five-week-old plants were soil-drenched with water or RBH (0.5 mM). Four fully expanded leaves of approximate similar age were drop-inoculated with Pc spores 2 days later. Infection by Pc was scored by at 7 dpi by quantifying lesion diameters. Asterisk indicates a statistically significant difference compared to the water-treated control plans (Student’s t-test, p < 0.05). (C) Three-dimensional score plots of un-supervised Principal Component Analysis (PCA).  (D) Three-dimensional score plots of supervised Partial Least Squares Discriminant Analysis (PLS-DA). Prior to PCA and PLS-DA, data were log-transformed and pareto-scaled. Shown are data from samples at 72, 96 and 120 hpi, obtained in both positive (ESI+) and negative (ESI-) ionization mode. Axes show the percentages of variation explained by each dimensional axis. 


[bookmark: _Toc534272145]4.3.4 Expression of RBH-IR against Pc is associated with differential accumulation of metabolites derived from the shikimate and terpenoid pathways.
Since both supervised and unsupervised multivariate analyses revealed a relatively strong shift in global metabolism in RBH-treated plants at 96 hpi with Pc, subsequent analyses focused on this timepoint. Ranking of features by VIP from PLS-DA identified 685 features (ESI+) and 808 features (ESI-) with a cut-off VIP score > 1. Subsequent univariate analysis of variance identified 291 (ESI+)  and 568 (ESI-) features showing statistically significant differences in abundance between one or more treatment groups (ANOVA + false discovery correction; q<0.05). After correction for ionisation adducts and C13 isotopes, 796 putative masses were pooled and subjected to cluster analysis (Fig 4.4a), from which two sub-clusters were selected that include masses with the highest or lowest abundance in RP samples in comparison to the other sample groups. This selection of 417 putative masses, which represent metabolites that are enhanced or repressed during the augmented defence response of RBH-primed plants, were mapped onto Arabidopsis metabolic pathways, using the KEGG A. thaliana database (Appendix C). Fig. 4.4b shows the top 15 pathways containing the highest number of putatively annotated metabolites.
As with the analysis of Hpa-inoculated plants, the pathway containing the highest number of putatively annotated metabolites was the shikimate pathway (Fig. 4.4b). In comparison to the Hpa results, numbers of putative metabolites were substantially higher for both tryptophan- and tyrosine-derived glucosinolate metabolism, as well as tyrosine-derived terpenoids. Phenylalanine metabolism, from which the tropane alkaloids are derived, contained 15 putative metabolites. The pyrimidine and arginine/proline metabolism pathways towards alkaloid biosynthesis were also highly represented, containing 18 and 26 putative metabolites respectively, as was the lysine degradation route to alkaloid biosynthesis (Fig. 4.4b). Terpenoid-derived pathways, either derived from the mavolate (MVA) pathway or the 1-deoxy-D-xylulose 5-phosphate/2-C-methyl-D-erythritol 4-phosphate (MEP/DOXP) pathway, also contained relatively high numbers of putative metabolites (Fig. 4.4b). This included 12 putative metabolites in the terpenoid backbone biosynthesis pathway and 15 putative metabolites in the downstream carotenoid biosynthesis pathway, which converges with tyrosine-derived quinone metabolism. Although not directly connected with the shikimate and terpenoid pathways, 18 putative metabolites could be mapped onto the porphyrin and chlorophyll metabolism pathway (Fig. 4.4b). 
The profiles of the masses used in the pathway analysis of Pc-inoculated plants (Fig. 4.4b) showed an overall different pattern to those used for the pathway analysis of Hpa-inoculated plants (Fig. 4.2b). Most masses in the Pc pathway analysis showed near identical profiles between naïve (water-treated) mock-inoculated and naïve Pc-inoculated plants, whereas the mock-inoculated RBH-primed plants showed similar, although weaker, response as Pc-inoculated RBH-primed, although of weaker intensity (Fig. 4.4b). This suggests that RBH alone weakly induces the highlighted pathways, which is further enhanced upon subsequent Pc challenge.  
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Figure 4.4 Pathway analysis of putative metabolites showing augmented or repressed abundance during the augmented defence response of RBH-primed Arabidopsis to Pc. Features with a high VIP score (>1) from the PLS-DA analysis at 96 hpi were subjected to ANOVA (+ false discovery correction, q < 0.05), corrected for ionisation adducts and isotopes, and clustered (One-Dimensional-Self-Organising Map (1D-SOM); Kaever et al. (2009)). (a) Clustered heatmap projection of predicted masses showing statistically significant differences between treatment groups (upper panel), from which 417 putative masses were selected showing augmented or repressed abundance in RBH-primed and Pc-inoculated plants (lower panel). (b) Pathway maps of putative metabolites showing augmented or repressed accumulation in RP plants. See legend to Figure 4.2 for further details.





[bookmark: _Toc534272146]4.4 Discussion
Studying changes in the plant metabolome is a powerful approach to discover novel regulatory mechanisms of plant immunity. In this study, a metabolomics approach was used to study the mechanisms controlling chemically-induced defence priming against a biotrophic pathogen (the oomycete Hpa) and the necrotrophic pathogen (the fungus Pc). Extracts from RBH-primed Arabidopsis were analysed by tandem liquid chromatography-mass spectrometry (UPLC-TOF), after which data were subjected to a novel data analysis pipeline that combines multivariate statistical dimension reduction with univariate statistical analysis of significance. Judging from the separation of treatment groups by PCA and PLS-DA, the method generally detected greater shifts in metabolism in response to the necrotrophic pathogen (Pc, Fig. 4.3c-d) than the biotrophic pathogen (Hpa; Fig. 4.1c-d), which was further supported by the numbers of putative masses showing statistically significant differences between treatment groups  by ANOVA (796 in the Pc experiment versus 130 in the Hpa experiment). Apart from variation in timing of sample collection, the difference in metabolic impact between patho-systems can be explained by the fact that the onset of necrosis during necrotrophic infection by Pc is likely to have greater impacts on the plant metabolome than biotrophic infection by Hpa, which is not associated with necrosis. Nevertheless, for both patho-systems, PLS-DA detected the strongest metabolic shifts in RBH-primed plants after subsequent pathogen inoculation, which is consistent with the expression of an augmented metabolic defence response in these plants.  
To search for pathways with a possible contribution to the augmented defence response in RBH-primed plants (RP plants), the features with the strongest contribution to the separation patterns in the PLS-DA plots (VIP > 1) were subjected to ANOVA, followed by clustering. This analysis enabled selection of features that showed either strongly enhanced or repressed abundance in RP plants compared to the other plant treatments (Figs. 4.2a and 4.4a), which could be mapped to various plant metabolic pathways. However, the identity of the differentially abundant features remains putative, until the development of a more comprehensive library of chemical standards against which to compare retention time and ion fragmentation patterns. Thus, the development of a large library of synthetic standards of plant defence compounds would greatly improve metabolomic analysis of RBH-IR. Nonetheless, while the putative metabolite identity of a single ion provides little conclusiveness, mapping of multiple independent putative masses to the same pathway provides more conclusive evidence for differential activity of the entire pathway. However, the strength of this type of analysis relies on the number differentially abundant putative masses that can be mapped to the pathway and the number of intermediate metabolites in the entire pathway. If only a small number of putative metabolites can be mapped to a relatively large pathway the confidence of this type pathway analysis remains limited. 
Apart from limitations in the detection and statistical inference of differential activities in metabolic pathways, the extraction and separation method of the approach impose further limitations on the diversity of compounds than can be analysed. For instance, highly apolar metabolites are less soluble in extraction buffers with a low organic solvent content, while reverse-phase C18 liquid chromatography does not well retain highly polar compounds, such as branched chain amino acids. Therefore, certain branches of primary and secondary metabolism will be less well represented in the analysis. Finally, the experimental design itself restricts the value of metabolomic analysis of plant defence responses. As is illustrated by the multivariate analyses, harvesting material at a relevant time-point during the plant-pathogen interaction is important. Whilst global metabolic changes in RP plants were most obvious at 72 hp for Hpa and 96 hpi for Pc, there was nevertheless a pattern evident at other time-points. Indeed, analysis of the RBH-IR metabolome during defence against Hpa could have revealed a more substantial impact if the plant material had been harvested at a later time-point. 
For both the Hpa and Pc experiment, pathway mapping of putative metabolites from the differential RP clusters pointed to differential activity of inter-connected shikimate-derived pathways (Fig. 4.2b). Of these, the group of shikimate-derived alkaloids showed relatively strong differential activity in RP plants. Diverse roles for alkaloids in plant immunity have been reported, including as defence signalling compounds or as anti-microbial compounds (Wittstock & Gershenzon, 2002). Although there is little evidence for activity of defence-related alkaloids in Arabidopsis, the Arabidopsis genome contains various gene homologues of alkaloid-biosynthesis genes (Facchini et al., 2004), suggesting that these compounds could be produced under specific stress conditions. Another shikimate-derived pathways showing strong differential activity in RP plants was the phenylpropanoid pathway (Fig. 4.2b). Phenylpropanoids are a diverse class of metabolites derived from phenylalanine, many of which possess direct anti-microbial activity (Vogt, 2010). Other phenylpropanoid derivatives include monolignins, which contribute to the strengthening of the plant cell wall against pathogen attack (Miedes et al., 2014). Although the putative phenylpropanoids identified in the RP cluster do not have documented roles in plant immunity, the phenolamide N1,N5,N10-Tricaffeoyl spermidine was found to be accumulated. Phenolamides are formed from ligation of aliphatic polyamines, such as spermidine, with hydroxycinammic acids, which are derived from the phenylpropanoid pathway, and members of this metabolite group have been reported to exhibit direct anti-microbial activity (Walters et al., 2001). 
The glucosinolate biosynthetic pathways showed differential activity in RP plants of both experiments, although this effect was more pronounced in the Pc experiment (Fig. 4.4b). Glucosinolates are a diverse class of constitutively produced metabolites present in the Brassicaceae, which can be rapidly hydrolysed into active defence compounds upon tissue damage by pathogens or herbivores (Bednarek et al., 2009; Clay et al., 2009). Interestingly, the majority of putative metabolites in the RP cluster were downregulated, including an ion putatively mapping to indolyl-methyl-desulfo-glucosinolate (Appendices B & C), which supports a role for RBH-primed hydrolysis of glucosinolates into their active derivatives. In support of this hypothesis, the tryptophan-derived glucosinolate breakdown product indole-3-carbonyl nitrile (ICN) was putatively identified as an ion showing augmented accumulation in RP plants. Verifying the accumulation of anti-microbial glucosinolate-breakdown products is challenging, due to their instability. However, testing RBH-IR in mutants impaired in the enzymes which catalyse glucosinolate hydrolysis, such as pen2-2, would provide additional evidence of the role of these pathways.








[bookmark: _Hlk532454066][bookmark: _Toc534272147][bookmark: _Hlk534018982]Chapter 5: A screen for impaired in R-beta-homoserine (RBH)-induced immunity mutants identifies an amino acid transporter controlling uptake, induced resistance and tolerance to RBH. 

[bookmark: _Toc534272148]5.1 Abstract
Identifying and characterising the genetic basis of quantitative traits is a major goal in plant biology. Besides providing new information about the numbers of genetic loci influencing the quantitative trait, these genetic studies often lead to the discovery of novel key regulatory genes. The signalling pathways controlling quantitative disease resistance induced by (R)-β-homoserine (RBH) has been characterised using existing defence signalling mutants, but the key regulatory genes controlling uptake and perception remain unknown. In this study, a genome-wide collection of gene-annotated homozygous Arabidopsis T-DNA mutant lines were screened for impaired-in-RBH-induced-resistance (iri) against the downy mildew pathogen Hyaloperonospora arabidopsidis. Upon double verification of putative mutant phenotypes, 104 iri mutants were partially impaired in RH-IR, whereas 5 were completely impaired in RBH-IR. Of the latter, the iri1 mutant was found to carry a mutation in a Hpa-inducible gene encoding the broad-spectrum amino acid transporter LHT1. Analysis of mutant and over-expression lines of IRI1/LHT1 revealed that this transporter gene controls uptake, RBH-IR and growth tolerance to RBH. 


[bookmark: _Toc534272149]5.2 Introduction
Plant immunity to pathogens is a vastly complex trait. Successful plant defence against microbial attackers requires fine regulation of development, pathogen perception, timing and location of defence, cellular homeostasis and systemic resource allocation (Moore et al., 2011; Tsuda & Somssich, 2015). Genome-wide transcriptomic analyses have shown that plant-pathogen interactions can result in differential expression of ~25% of all genes (Tao et al., 2003), whilst many more genes are expected to be regulated post-translationally (Withers & Dong, 2017). Induction of plant immune priming, which enables a faster and stronger transcriptional activation upon subsequent pathogen attack, involves co-ordination of an additional set of genes associated with the perception of the priming stimulus, the onset, and the maintenance of the primed state (Conrath et al., 2015). Thus, characterization of the genetic basis of immune priming is a major goal and key priming regulatory genes could present new opportunities for exploitation of immune priming in agriculture.
Forward genetic screens for loss-of-function mutants in defence traits represent an unbiased research approach to identify novel regulatory genes in plant immunity. For instance, the (R)-BABA receptor IBI1 was identified in an ethyl-methyl sulfonate (EMS) screen for Arabidopsis mutant impaired in BABA-induced immunity against the Oomycete pathogen Hyaloperonospora arabidopsidis (Hpa) (Luna et al., 2014a). Forward mutant screens have several advantages, in that they proceed from a strong mutant phenotype, they can generate multiple mutations in the same biological process, and the mutations are largely random (Page & Grossniklaus, 2002). However, to identify the causative mutations(s) underpinning the mutant phenotypes, forward genetic screens also involve time- and labour-intensive mapping and sequencing of candidate genes, which often rely on accurate phenotypic assessment of individual plants. Reverse genetics, by contrast, seeks to characterise the phenotype associated with a gene of interest by targeted mutagenesis and proceeds from mapped mutations (Gilchrist & Haughn, 2010). Until recently, the challenges of generating thousands of targeted mutations and sparse coverage of the genome by confirmed homozygous mutant stocks have precluded genome-wide reverse genetic mutant screens.
The development of a large collection of Arabidopsis confirmed homozygous T-DNA insertion lines offers the potential for genome-wide reverse genetic screens (Alonso et al., 2003; Alonso & Ecker, 2006; O’Malley et al., 2015). Stable T-DNA mutants are generated by floral dip inoculation of Arabidopsis with avirulent Agrobacterium tumefaciens, which randomly inserts a construct of known sequence into the genome (Clough & Bent, 1998). Whilst these insertions can exert a range of effects on loci (Valentine et al., 2012), they often result in ‘knockdown’ or ‘knockout’ mutations causing loss-of-gene function (Alonso et al., 2003; Alonso & Ecker, 2006). Sequencing of the genomic regions flanking the T-DNA has allowed for the confirmation and mapping of the insertion sites (Sessions et al., 2002). Subsequently, individual homozygous lines have been generated for insertions in >90% of annotated Arabidopsis genes, which are publicly available through the Arabidopsis Biological Resource Centre (ABRC) and affiliated stock centres. 
Relatively few studies have reported the use of these T-DNA collections for genome-wide reverse genetic screens. Lu et al. (2008) screened ~3,500 T-DNA insertion lines of Arabidopsis for diverse phenotypic traits, such as fatty acid methylester content and leaf morphology. However, this screen was not genome-wide and only involved a selection of candidate lines carrying mutations in genes that had computationally been predicted to encode chloroplast-targeted proteins. Recently, Wilson-Sanchez et al. (2014) screened a larger set of lines (~24,000) for altered leaf morphology, which led to the identification of two genes required for proximal-distal cell cycle-driven leaf growth and cell proliferation, respectively. To date, the Arabidopsis collection of fully annotated homozygous T-DNA lines has not been used in a reverse genetic screen for genes controlling plant immunity traits. 
(R)-β-homoserine (RBH) has recently been identified as a novel defence-priming agent in Arabidopsis and tomato (Buswell et al., 2018; Chapter 3). This study provided insights in the pathways controlling RBH-IR against Hpa, which results in enhanced deposition of callose at sites of attack and accumulation of PAD3-dependent camalexin. However, much of signalling pathways controlling RBH-IR against Hpa remains unknown, including the genes controlling transport, perception and upstream signalling in RBH-IR. This chapter describes an un-biased screen for mutants that are impaired in RBH-induced immunity (iri) against Hpa, using the ABRC collection of homozygous T-DNA insertion lines. This mutant screen identified 108 iri mutants, of which 104 were partially compromised in RBH-IR and 5 were fully impaired in RBH-IR. All partial iri lines were subjected to Gene Ontology (GO)-term enrichment analysis, as well as analysis of tissue-specific and Hpa-inducible gene expression, using publicly available transcriptome data. Of the 5 complete iri1 mutants, one line was found to be impaired in the expression of a Hpa-inducible gene that encodes the broad-spectrum amino acid transporter LHT1. Subsequent characterization of this mutant and a LHT1 over-expression line revealed that the expression of this gene controls RBH uptake by the roots, the level of RBH-IR in the leaves, and tolerance to RBH phytotoxicity. 



[bookmark: _Toc534272150]5.3 Results
[bookmark: _Toc534272151]5.3.1 Development of a genome-wide reverse-genetic screen for impaired in RBH-immunity (iri) mutants. 
To enable screening of ~25,000 Arabidopsis lines for loss of RBH-IR, a high-throughput system was developed that is based on large 60 cm x 60 cm trays, containing 400-well insets (Fig. 5.1a). As this large tray size could generate spatial variation in humidity, seed germination, seedling growth, RBH-uptake and disease development, it was necessary to validate the consistency of this system for mutant screening of loss of RBH-IR against Hpa. In a first pilot experiment, the system was tested for consistency of Hpa sporulation in water- and RBH-treated wild-type Arabidopsis (Col-0), depending on i) the number of seedlings per well ii) the position of the wells within the tray. To this end, 2-week-old seedlings were soil-drenched with 2.5L 1mM RBH applied to the trays, resulting in an estimated final concentration of 0.5 mM in the soil. Each well contained either 1 or 3 seedlings. After RBH treatment, trays were left for 3 days at ambient relative humidity (60%) to allow for RBH uptake. Subsequently, seedlings were inoculated by spraying the leaves with 1 x 105 conidiospores/mL, and kept for 6 days at 100% relative humidity to promote disease before collection of leaves for trypan blue staining and scoring of Hpa colonisation by microscopy. Leaves collected from water-treated boundary wells with only 1 seedling showed reduced levels of Hpa colonisation compared to leaves that were collected from the other wells (Fig. 5.1b). This suggests that the lower humidity at the tray boundary causes reduced levels of Hpa colonisation. Nonetheless, the water-treated trays with 3 seedlings per tray showed uniform Hpa colonisation across the tray, and all RBH-treated trays showed consistent levels of Hpa repression. Thus, the 400-well tray system with 3 seedlings/well is suitable for screening large numbers of T-DNA insertion lines for RBH-IR against Hpa. 
Based on the results of this first pilot experiment, the first step of the mutant screen was based on 400-well trays, containing 3 – 5 seedlings per well. As a positive control for RBH-IR, each tray contained 3 randomly distributed wells with Col-0 wild-type seedlings. As a negative control for Hpa sporulation, 3 wells containing Col-0 seedlings were cut out of the border of tray and left outside the trays for 1 - 3 days during RBH uptake. To prevent false positives, the screen involved two additional confirmatory stages. After the first screen for iri1 mutant lines (stage 1), putative mutants were collected and pooled from multiple trays for re-screening, using the same 400-well tray system (stage 2). Since stages 1 and 2 of the screen were based on visual inspection of Hpa sporulation on ~3 seedlings per line, putative iri lines supporting Hpa sporulation at stage 2, were taken forward for final verification by trypan blue staining in pot-based bioassays (stage 3). This final stage enabled confirmation of putative iri mutant lines by statistical comparison of Hpa colonisation between control- and RBH-treated seedlings (n = ~20), where each line/treatment combination was divided between 2 pots, which were distributed between 2 smaller trays. To confirm statistical robustness of stage 3 of the mutant screen, levels of basal resistance and RBH-IR were tested between 20 groups of Col-0 wild-type plants. Scoring trypan blue-stained leaves for Hpa colonization revealed that the distribution over the colonization classes was statistically uniform between RBH-treated groups (Fig. 5.1c). Similarly, the water-treated control groups showed no statistically significant variation in Hpa colonisation between the 20 groups of wild-type plants (Fig. 5.1c). The consistency of Hpa colonisation in this second pilot experiment demonstrates that stage 3 of the mutant screen is sufficiently robust to detect genotypic variation in RBH-IR and/or basal resistance against Hpa.
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Figure 5.1. Design of the reverse genetic screen of Arabidopsis T-DNA insertion lines expressing an impaired in RBH-induced immunity (iri) phenotype. (a) Different stages of the screen. The first and second screen were based on 400-well trays containing 3 - 5 seedlings/well. 2-week-old seedlings were soil-drenched with ~ 0.5 M RBH by applying 2.5L 1mM RBH to each tray. Two days later, seedlings were spray-challenged with 1 x105 conidiospores/mL and leaves were visually inspected for Hpa sporulation from 5 to 7 dpi. (b) First pilot experiment to test consistency of Hpa disease in water- and RBH-treated Col-0 seedlings, collected from wells containing 1 or 3 seedlings at the centre or edge of trays. Seedlings were harvested and trypan-blue stained at 6 dpi (n = 70). Asterisk indicates a statistically significant difference in leaf distribution over the four Hpa colonisation classes between the 1 seedling/well tray and the 3 seedling/well tray (Fishers Exact Test; p < 0.05). (c) Second pilot experiment to quantify uniformity of Hpa colonisation between 20 pot-grown batches of Col-0 seedlings, pre-treated with water or 0.5mM RBH. Seedlings were harvested and stained with trypan blue at 6 dpi (n = 70). NS: no statistically significant differences in leaf distribution over the four Hpa colonisation classes between batches (Fisher’s Exact Test, p < 0.05). Insets show representative examples of different Hpa colonisation classes, ranging from class I (no colonisation) to class IV (heavy hyphal colonisation and formation of conidiospores and oospores). 




[bookmark: _Toc534272152]5.3.2 Identification and characterization of 109 iri mutant lines. 
A total of 23,547 confirmed homozygous T-DNA insertion lines were screened (Fig 5.1). Upon completion of stage 2 of the screen, a total of 428 putative iri lines were propagated and tested in controlled pot assays at stage 3 (Fig. 5.2). Comparison of Hpa colonisation in RBH-treated iri lines relative to the RBH-treated Col-0 control revealed 109 lines in which RBH-IR was partially or completely impaired (Fig. 5.2, Supporting Table 5.1). This suggests that 109 genes are required for the full expression of RBH-IR against Hpa. 
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[image: ]Figure 5.2. Quantification of RBH-IR against Hpa in 428 putative iri lines. Two-week-old plants were soil-drenched with water (left hand column) or RBH (0.5mM; right hand column) and challenge-inoculated with Hpa after 2 days. Colonization by Hpa was analyzed microscopically a  t 6 dpi in trypan blue-stained leaves by assigning leaves to different classes (see Fig 5.1 for representative examples), ranging from I (while; no hyphal colonization) to IV (black; extensive hyphal colonization and formation of (a)sexual spores). Right-hand y-axis plots p-values of the difference in class distribution between each RBH-treated line and the RBH-treated Col-0 (Fisher’s Exact Test).



To examine whether the corresponding IRI genes are enriched for specific biological functions, locus and gene annotation of the T-DNA insertion site were retrieved from TAIR and subjected to Gene Ontology (GO) term enrichment analysis. No statistically significant enrichment was found for the 109 genes in which the lines contained T-DNA insertion. Next, the IRI genes were subjected to promoter region motif enrichment analysis (1,000 bp upstream regions), using PScan (Zambelli et al., 2009), which revealed statistically significant enrichment (Bonferroni p < 0.05) of two plant cis-regulatory elements: aAAAAAGwaAAaaraaaaara (MA1281.1; binding to the Dof-type zinc-finger factor At5G02460) and myAAAAAwrGAAA (AP1/MA0940.1; binding to MADS box factors) (Fig. 5.3a). Using the eFP browser to mine publicly available Arabidopsis transcriptomes (Winter et al., 2007), the majority of IRI genes (90.1%) were found to be expressed in leaves (Fig. 5.3b, Klepikova et al., (2016)). Furthermore, based on ATH1 micro-array data from Wang et al. (2011), 20 of the 83 genes (24.1%) for which data were available showed >2-fold induction by Hpa (Emwa1) in susceptible rpp4 seedlings, whereas only 10 of the 83 IRI genes (12.0%) showed >2-fold repression during this interaction (Fig. 5.3c; Supporting Table 5.2). 
The Hpa-upregulated genes included the Pathogenesis-Related (PR)-family gene UPI, which has previously been linked to basal defence against pathogens (Laluk & Mengiste, 2011). Accordingly, water-treated upi (line 124) plants were also more susceptible to Hpa than the wild-type, although with borderline statistical significance (p=0.065; Figure 5.2, Supporting Table 5.2). By contrast, mutants in three Hpa-repressed IRI genes, encoding a GDSL-motif protein (line 12), an HTH-type transcriptional regulator (line 300) and a putative sodium-hydrogen exchanger (line 18), were more resistant to Hpa than wild-type Col-0 plants (Fig. 5.2, Supporting Table 5.2). This indicates that these Hpa-repressed IRI genes suppress basal defence against Hpa, despite the fact that they act as positive regulators of RBH-IR against Hpa. 












Figure 5.3. Promoter motif analysis (a) and transcriptional profiles (b and c) of the 109 IRI genes. Promoter analysis was performed using Pscan (Zambelli et al. 2009). Basal expression in leaves and Hpa-inducible expression in seedlings were analysed by eFB, using transcriptome data by Klepikova et al. (2016) and Wang et al. (2011), respectively. 





[bookmark: _Toc534272153]5.3.3 Characterization of five iri mutant lines that are fully impaired in RBH-IR. 
[bookmark: _Hlk532288034]Five iri lines showed no significant difference in Hpa colonisation between RBH-treated and mock-treated seedlings (Fig. 5.2), indicating that they are fully impaired in RBH-IR. Gene models of the five IRI genes and the locations of the corresponding T-DNA insertions were retrieved from G-Browse (Fig. 5.4). Interestingly, none of these five iri lines were compromised in basal resistance to Hpa, suggesting that the corresponding IRI genes have functions that are specific for RBH-IR and unrelated to basal resistance (Fig 5.4a-e). The genes in which the five iri lines have T-DNA insertions were named IRI1 (LHT1/AT5G40780), IRI2 (AT3G46080; C2H2-type zinc-finger family protein), IRI3 (AT5G28150; hypothetical protein), IRI4 (GPT2/AT3G53320; microtubule-associated plus-end tracking protein) and IRI5 (AT2g30680; callose synthase-like protein). 
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Figure 5.4. Characterisation of five iri mutant lines that are fully impapired in RBH-IR against Hpa. Shown on top of the graphs are gene models and predicted T-DNA insertion sites. Graphs quantify levels of RBH-IR. Two-week-old plants were soil-drenched with water or 0.5mM RBH and challenge inoculated with Hpa 2 days later. Shown are percentages of leaves (n = 70-80) in different Hpa colonization classes at 6 dpi. For details, see legend to Figure 5.1. (a) The iri1/lht1 mutant (SALK_115555; At5G40780, LHT1). (b) The iri2 mutant (SALK_119663; AT3G46080, C2H2-type zinc-finger family protein). (c) The iri3 mutant (SALK_204380; AT5G28150, hypothetical protein) for IRI3 (). (d) The iri4 mutant (SALK_118654;  AT3G53320, microtubule-associated plus-end tracking protein). (e) The iri5 mutant (SALK_118654; AT2G30680, callose synthase-like protein). 







[bookmark: _Toc534272154]5.3.4 Role of the amino acid transporter IRI1/LHT1 in RBH-IR and RBH-uptake. 
Of the five IRI genes, IRI1 has most extensively been studied. Therefore, subsequent analysis focused on characterising the role(s) of this gene in RBH-IR. The IRI1 gene encodes Lysine Histidine Transporter 1, a high-affinity amino acid transporter that transports a wide range of acidic and neutral amino acids in root and mesophyll tissue (Chen & Bush, 1997; Hirner et al., 2006). To characterise the causal link between LHT1 expression and RBH-IR, the iri1/lht1 mutant and a LHT1-overexpressing 35S:LHT1 line were tested for RBH-IR against Hpa after treatment with increasing soil concentrations of RBH. As is shown in Fig. 5.5a. the iri1/lht1 mutant displayed a complete lack of RBH-IR at all RBH concentration, whereas the 35S:LHT1 line showed augmented levels of RBH-IR, which was statistically significant in comparison to the wild-type (Col-0) at all RBH concentrations tested. Most notably, whilst 0.15 mM RBH failed to induce statistically significant levels of resistance in wild-type plants, it was effective in eliciting RBH-IR in 35S:LHT1 plants (Fig. 5.5a), indicating that LHT1 expression enhances the effectiveness of RBH-IR.
As LHT1 transports a range of neutral and acidic L-α-amino acids, the lack of RBH-IR in the iri1/lht1 line and the augmentation of RBH-IR in the 35S:LHT1 line could be due to differences in uptake of RBH from soil. In order to examine a role for LHT1 in RBH-uptake from the soil, RBH concentrations in shoot tissues of Col-0, iri1/lht1 and 35S:LHT1 plants were quantified by HILIC-Q-TOF at 2 days after soil-drench treatment with increasing RBH concentrations. While the Col-0 wild-type accumulated RBH in a concentration-dependent manner, RBH concentrations in shoot tissues of the iri1/lht1 mutant were dramatically attenuated (Fig. 5.5b). Conversely, RBH concentrations in shoots of 35S:LHT1 seedlings were statistically higher than those in wild-type shoots after soil-drench treatment with 0.15 and 0.5 mM (Fig. 5.5b). These results demonstrate that IRI1/LHT controls RBH-uptake from the soil. Together with the outcome of the RBH-IR assay (Fig. 5.5a), these results furthermore suggest that the contribution of IRI1/LHT1 to RBH-IR is determined by its activity as a transporter of RBH. It should be noted, however, that the 35S:LHT1 line displayed statistically significant levels of RBH-IR at the lowest concentration of RBH (0.05 mM), whereas the wild-type failed to show RBH-IR at this RBH concentration. At the same time, 35S:LHT1 plants did not show increased RBH-uptake after soil treatment with 0.05 mM RBH compared to wild-type plants. Considering that the tissues for the RBH-IR and RBH-uptake assays were collected from the same experiment, this discrepancy between RBH-IR and RBH-uptake at 0.05m mM RBH points to an additional defence signalling role of IRI1/LHT1 in RBH-IR. 
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Figure 5.5. IRI1/LHT1 controls RBH-uptake and RBH-induced resistance against Hpa. (a) Quantification of RBH-induced resistance against Hpa in wild-type (Col-0), iri1/lht1 and 35S:LHT1 lines 2-week-old seedlings were soil-drenched with water, 0.05, 0.15 or 0.5mM RBH and challenge-inoculated with Hpa 2 days later. Shown are percentages of leaves (n = 70-80) in different Hpa colonization classes at 6 dpi. For details, see legend to Fig. 5.1. Asterisks indicate statistically significant differences in class distribution compared to water-treated controls or to the same RBH concentration in wild-type Col-0 (Fisher’s exact test; p < 0.05; ns: not statistically significant). (b) Quantification of RBH in shoot tissues of Col-0, lht1 and 35S:LHT1 after to soil drench treatment with increasing RBH concentrations. Shoot tissues were collected from the same experiments at 2 days after soil-drench treatment and analyzed by HILIC-Q-TOF. Shown are means of relative RBH concentrations (± SEM), normalized to 0.05mM RBH-treated Col-0 seedlings. nd: not detected, ns: no statistically significant differences between RBH-treated Col-0 plants (Student’s t-test, p < 0.05, n = 4).








[bookmark: _Toc534272155]5.3.5 IRI1/LHT1 expression regulates growth tolerance of Arabidopsis to RBH. 
RBH has been characterised as a broad-spectrum defence priming agent with no detectable negative effects on plant growth (Chapter 3; Buswell et al. 2018). Since IRI1/LHT1 not only regulates uptake of RBH (Fig. 5.5b), but also uptake of other amino acids from the soil (Svennerstam et al., 2011), LHT1 gene expression may play an important role in growth-related responses to RBH and/or other sources of organic nitrogen (N). To determine this role, germination and growth of Col-0, iri1/lht1 and 35S:LHT1 seedlings was recorded on MS agar media with and without inorganic N, supplemented with increasing concentrations of RBH and/or the canonical LHT1 substrate, L-Alanine (L-Ala). 
Supplementation of N-free agar with L-Ala allowed for germination and growth of Arabidopsis seedlings on N-deficient media in a concentration-dependent manner (Fig. 5.6a). By contrast, supplementation of RBH was not sufficient to support growth of Col-0, iri1/lht1 or 35S:LHT1 seedlings (Fig. 5.6a). These results indicate that Arabidopsis can use L-Ala as an organic N source for growth, but not RBH. Furthermore, growth of 35S:LHT1 seedlings was more pronounced than Col-0 seedlings on N-free medium supplemented with low and intermediate concentrations of L-Ala (0.5 mM and 1.5 mM, respectively), whereas iri1/lht1 mutant showed no or less growth than Col-0, which genetically confirms the activity of IRI1/LHT1 as a transporter of L-Ala (Hirner et al., 2006; Svennerstam et al., 2007). However, iri1/lht1 were still able to grow on N-free agar, supplemented with a relatively high concentration of L-Ala (5 mM), which indicates that IRI1/LHT1 is not the only transporter of L-Ala. Notably, the enhanced growth of 35S:LHT1 seedlings on N-free agar supplemented with 0.5 and 1.5 mM L-Ala was reduced by co-application with RBH, suggesting that RBH and L-Ala compete for uptake by IRI1/LHT1 (Fig. 5.6a).
Compared to N-free agar, all genotypes performed better on MS agar medium containing inorganic N, irrespective of amino acid supplement. However, growth of 35S:LHT1 seedlings was stunted in a concentration-dependent manner by RBH (Fig. 5.6b). By contrast, this growth-repressing repressive effect was not evident in wild-type and iri1/lht1 plants, indicating that the tolerance of Arabidopsis to high concentrations of RBH is determined by the level of IRI1/LHT1 gene expression. Interestingly, co-application of 5mM RBH with increasing concentrations of L-Ala relieved the phyto-toxic effect of RBH on 35S:LHT1 plants in a dose-dependent manner (Fig. 5.6b). This suggests that L-Ala competitively inhibits RBH-uptake, reinforcing our notion that the both amino acids compete for uptake by IRI1/LHT1.
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Figure 5.6. Role of IRI1/LHT1 in Arabidopsis growth responses to RBH and L-Alanine. Shown are 3-week old seedlings of the wild-type (Col-0), iri1/lht1 and 35S:LHT1 grown on (a) N-deficient MS agar or (b) regular MS agar media, supplemented with increasing concentrations of RBH and/or L-Alanine (L-Ala). 




[bookmark: _Toc534272156]5.4 Discussion
Dissecting the genetic basis of quantitative resistance traits, such as acquired resistance, is an important goal to understand and exploit plant immunity. However, the genetic basis of immune priming by the RBH priming agent remains largely unknown. This chapter has presented the results of a multi-stage screen of Arabidopsis T-DNA lines for mutants that are impaired in RBH-induced immunity (iri) against the downy mildew pathogen Hpa (Fig. 5.1). The screen identified a large number (109) of iri lines, of which the majority (96%) were partially compromised in RBH-IR efficiency (Fig. 5.2). This indicates that at least 109 genes are required for full expression of RBH-IR, which is consistent with the notion that quantitative resistance via priming of basal defence is a multi-genic trait.
The involvement of specific signalling modules in biological processes can be evaluated by Gene Ontology (GO) term-enrichment analysis. However, no statistically significant enrichment was found amongst the 109 IRI genes. Analysis of the 1,000bp promoter regions of the IRI genes revealed borderline significant enrichment of two common promoter motifs. The first motif, aAAAAAGwaAAaaraaaaara (MA1281.1), binds to the Dof-type zinc-finger transcription factor AT5G042460, whereas the second motif, myAAAAAwrGAAA (AP1/MA0940.1), binds to MADS box transcription factors (Fig. 5.3a). However, both motifs are not commonly associated with defence-related gene promoters, and mostly regulate leaf development (Le Hir & Bellini, 2013). This is supported by the finding that the majority of IRI1 genes are constitutively expressed in leaves and non-responsive to pathogen infection (Fig. 5.3b-c). Only a minority of IRI genes (30) were differentially expressed in response to downy mildew infection (Figure 5.3c; Supporting Table 5.2). The 20 Hpa-inducible genes included UPI, a putative protease inhibitor which has previously been reported to determine basal defence against necrotrophic pathogens and insect herbivores (Laluk & Mengiste, 2011). The upi mutant line was also weakly affected in basal resistance (Fig. 5.2; Supporting Table 5.2), indicating that this gene plays a role in both basal resistance and RBH-IR. Also amongst the IRI genes was RPP4, which mediates race-specific resistance against Hpa via SA-dependent signalling components (Van Der Biezen et al., 2002). Involvement of these two genes in RBH-IR against Hpa is interesting. Firstly, RBH-IR acts independently of SA-dependent defence mechanisms (Chapter 3), suggesting that the contribution of RPP4 to RBH-IR is SA-independent. Secondly, UPI expression has previously been reported to be inducible by JA, SA and ABA, but repressed by ET (Laluk & Mengiste, 2011), and the class of PR proteins to which UPI belongs are mostly effective against necrotrophic pathogens and insect herbivores (Sels et al., 2008). Therefore, the partial loss of RBH-IR and basal resistance in the upi mutant indicates an atypical contribution of this gene to defence against biotrophic Hpa.
Five mutant lines were fully impaired in RBH-IR (Fig. 5.2; Supporting Table 5.1). Of these, IRI1 encodes Lysine Histidine Transporter 1 (LHT1), a high-affinity amino acid transporter that transports a wide range of acidic and neutral amino acids (Chen & Bush, 1997). LHT1 is expressed in both root and mesophyll tissues, where it controls the uptake of amino acids from the soil and the cycling of amino acids in shoot tissues, respectively (Hirner et al., 2006). Interestingly, LHT1 has also been reported to regulate plant immunity against pathogens. Liu et al., (2010) found that the lht1-1 mutant, which carries a T-DNA insertion in the second intron, displays constitutive upregulation of a range of SA and reactive oxygen species (ROS)-dependent defence genes, conferring resistance to the (hemi)biotrophic pathogens Pseudomonas syringae pv. tomato and the powdery mildew pathogen Erysiphe cichoracearum. Liu et al. (2010) also demonstrated that LHT1 is transcriptionally upregulated after inoculation by these pathogens, presumably as a negative feedback mechanism to reduce excessive production of cell death-promoting SA and ROS. Liu et al. (2010) hypothesised that the IRI1/LHT1 in mesophyll cells controls the uptake of L-glutamine, which in turn represses accumulation of defence-eliciting ROS in the chloroplast. However, in this study, neither LHT1 knockout nor overexpression resulted in significantly altered levels of Hpa colonisation (Fig 5.5a). This is unlikely due to differences in pathogen-specific infection strategies, since the ROS/SA-dependent defence pathways reported by Liu et al. (2010) as being upregulated in the lht1-1 mutant are also effective in defence against Hpa. It is possible that these contrasting roles of IRI1/LHT1 in plant resistance are related to differences in plant age. The study by Liu et al. (2010) was based on relatively old plants, whereas the current study was based on 2- to 3-week old plants, in which IRI1/LHT1 is expressed to comparably lower levels (Schmid et al., 2005; Winter et al., 2007). Accordingly, a knockout mutation would have relatively little impact on ROS homeostasis in mesophyll chloroplasts. Alternatively, due [image: ]to its different insertion site (Fig. 5.7) the lht1-1 mutation could have a different effect on basal resistance than the iri1/lht1-5 mutation that was studied in this Chapter, emphasising the need to verify the iri1 phenotype in independent mutations of IRI1/LHT1. Figure 5.7. Site of the lht1-1 and lht1-5 T-DNA insertions in different domains of the predicted LHT1 structure. Red arrows indicate insertion site. Black line shows predicted cytoplasmic and extracellular domains of LHT1. Dark grey blocks show predicted transmembrane domains of LHT1.

The opposite phenotypes of the iri1/lht1 and 35S:IRI1 mutant in BRH-IR and RBH-uptake (Fig. 5.5) demonstrate a critical role for IRI1/LHT1 in immune priming by RBH. Whilst iri1/lht1 seedlings were fully compromised in RBH-IR against Hpa, the IRI1/LHT1-overexpressing 35S:LHT1 line displayed elevated levels of RBH-IR across a range of RBH concentrations (Fig. 5.5a). Subsequent quantification of shoot RBH concentrations after soil-drench treatment revealed that iri1/lht1 seedlings are fully impaired in RBH-uptake, whereas 35S:LHT1 seedlings accumulate higher levels of RBH than wild-type Col-0 seedlings (Fig. 5.5b). These data strongly indicate that uptake of RBH by IRI/LHT1 is critical for RBH-IR and, accordingly, that the IRI1/LHT1 gene functions as a principal regulator of RBH-IR. However, the role of IRI1/LHT1 might not be restricted to RBH-uptake alone. The results presented in Fig. 5.5 do not preclude roles for LHT1 as both a transporter and a receptor for RBH. Indeed, although RBH concentrations were not increased in 35S:LHT1 seedlings compared to wild-type Col-0 plants after treatment with 0.05 mM RBH, the level of RBH-IR against Hpa was augmented in 35S:LHT1 compared to the wild-type (Fig. 5.5). This discrepancy between RBH-uptake and RBH-IR points to an additional defence signalling role for LHT1 in the perception of RBH and subsequent elicitation of RBH-induced defence priming. 
The attractiveness of RBH as a defence priming agent comes from the finding that it induces broad-range resistance in Arabidopsis without costs on growth (Buswell et al. 2018; Chapter 3). Even extremely high concentrations of 5 mM RBH do not affect growth of agar-grown wild-type Arabidopsis (Fig. 5.6b). Interestingly, however, this growth tolerance was impaired in the 35S:IRI1/LHT1 line, which displayed dose-dependent growth reduction on RBH-supplemented agar medium (Fig. 5.6b). Hence, tolerance to RBH phyto-toxicity is determined by the level of IRI1/LHT1 expression. Furthermore, co-application of RBH with increasing concentrations of the canonical LHT1 substrate L-Ala attenuated RBH toxicity in 35S:LHT1, indicating that RBH and L-Ala compete for uptake by IRI1/LHT1 (Fig. 5.6b). However, despite the fact that RBH and L-Ala taken up by the same transporter, their metabolic fate appears to be different: whereas L-Ala supplementation was sufficient to support growth of Col-0 and 35S:LHT1 seedlings on N-deficient MS agar, neither Col-0 nor 35S:LHT1 lines managed to growth when RBH was the sole N source. Hence, RBH cannot be metabolised as an N source to support plant growth (Fig. 5.6a). Future studies with 13C-labelled RBH will help to reveal the exact metabolic fate of RBH. 
Like the iri1/lht1-5 mutant, the iri2, iri3, iri4, and iri5 mutant were fully impaired in BH-IR against Hpa. The corresponding IRI2, IRI3, IRI4 and IRIR5 genes await further functional characterisation of independent mutations in these genes. However, it is worth noting that T-DNA insertions in these genes did not affect basal resistance against Hpa, suggesting that they play specific roles in RBH-IR (Fig. 5.4b-e). An important step in characterising the roles of these genes is to test their transcriptional responsiveness to either RBH and/or Hpa inoculation, which could provide further indications that that these genes are involved in RBH perception and/or downstream defence signalling. For those that are RBH- and/or Hpa-inducible, measuring the effects of different iri mutations on their expression would provide evidence whether they act in the RBH-IR pathway. Similarly, quantification of RBH levels in iri2, iri3, iri4, and iri5 mutant seedlings after soil-drench treatment with RBH will provide insight about their role in RBH-uptake and/or modulation of LHT1 activity.
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Supporting Table 5.1 Confirmed IRI genes, T-DNA insertion polymorphism, functions and Hpa-responsiveness.  
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[image: ]Supporting Table 5.2 Hpa-responsive IRI genes and statistical comparison with basal immunity of wild-type Col-0 to Hpa.
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[bookmark: _Toc534272158]Chapter 6: General Discussion
[bookmark: _Toc534272159]6.1 RBH as a tool for dissecting plant immunity
The discovery of new defence priming agents generates new opportunities to study plant immune signalling. Although these compounds may trigger priming via non-canonical receptors, such as (R)-β-aminobutyric acid ((R)-BABA; Luna et al. 2014), they augment innate defences and, therefore, offer a tractable system to manipulate plant immune signalling networks (Zhou & Wang, 2018). In addition, since the structures of small synthetic chemicals can be analysed and modified, it is possible to re-design existing compounds to modify their effects. For instance, the well-studied priming compound (R)-BABA primes plants for enhanced resistance to a broad-spectrum of pathogens, but also stunts plant growth (Van Hulten et al. 2006; Luna et al. 2014) (Cohen et al., 2016; Buswell et al., 2018). The research described in this thesis began with the hypothesis that structural modifications to (R)-BABA could provide structural analogues that confer defence priming with fewer negative effects on plant growth. 
A targeted screen of structural analogues of (R)-BABA was designed to evaluate this hypothesis. Initially, this screen was made possible by the identification and knowledge about the plant perception mechanism of (R)-BABA, i.e. binding of the molecule to the (L)-Aspartic acid (L-Asp) binding pocket of the aspartyl-tRNA synthetase IBI1 (Fig. 3.1). Modelling of this interaction pointed to the importance of the orientation of the amine group in the chemical to effectively bind to IBI1 (Fig. 3.2), suggesting that compounds such as (S)-β-homoserine and β-alanine might be effective functional analogues of (R)-BABA. Although these compounds inhibited aspartyl-tRNA synthetase function, as evidenced by stunting growth of the ibi1-1 mutant (Fig. 3.3), they did not induce strong resistance against Hyaloperonospora arabidopsidis (Hpa; Fig. 3.3). Despite its different stereochemistry to (R)-BABA, (R)-β-homoserine (RBH) was the most effective priming compound to emerge from the screen (Fig. 3.3). Furthermore, RBH did not inhibit germination or growth of the ibi1-1 mutant (Fig. 3.3), and RBH-induced resistance (RBH-IR) was not compromised in the ibi1-1 mutant (Fig. 3.4a). While it is possible RBH is much faster metabolised than (R)-BABA, such that aspartyl-tRNA activity in the plant is not majorly affected, but that its cellular concentrations are still sufficient to prime IBI1 for non-canonical defence activity, it is far more likely that RBH does not act via the IBI1 receptor. In this context, the finding that overexpression of IBI1 enhances the effectiveness of RBH-IR is particularly interesting (Fig. 3.4a), which could indicate that IBI1-dependent defence signalling and RBH-primed defence signalling converge to additively augmented similar defences. Alternatively, it is possible that pathways operate completely independently to augment independent defences in tandem. While the pathways of (R)-BABA and RBH-IR are indeed distinct in their requirement for IBI1, salicylic acid (SA), jasmonic acid (JA), ethylene (ET) and camalexin (Figs. 3.5, 3.7 & 3.8), both IR responses are associated with augmented callose deposition (Fig. 3.4b), supporting that the former hypothesis. It should be noted, however, that callose deposition is a multifaceted defence response that can be regulated by different signalling pathways (Luna et al., 2011).   






[image: ]Figure 6.1. A model for RBH-primed defence in Arabidopsis. ISR-inducing mycorrhizal fungi or rhizobacteria could produce RBH, or a closely-related compound, in the soil as a rhizosphere signal. Plant root uptake of RBH from soil to shoot via LHT1/IRI1 activates broad-spectrum defence priming, which could be triggered by a downstream perception mechanism or by over-stimulation of LHT1. RBH-primed defence against the biotrophic oomycete Hpa acts via PAD3-dependent camalexin synthesis, callose, IRI2,3,4,5, and could involve signalling by OPDA and I3CA. RBH-primed defence against the necrotrophic fungus P. cucumerina acts via JA/ET-co-regulated defence signalling involving PDF1.2, JAR1 and EIN2, and could involve the activation of shikimic acid-metabolism. Dashed lines; putative roles, Solid lines; functionally-evidenced roles.





Apart from its activity as a priming agent against biotrophic Hpa, RBH also primes defences that are effective against the necrotrophic fungus Plectosphaerella cucumerina (Pc; Fig. 3.8). In addition, RBH was effective in tomato (cv. MicroTom) against the necrotrophic fungus Botrytis cinerea. Necrotrophic pathogens trigger distinct host immune responses from biotrophs such as Hpa, as a consequence of their infection strategy and lifestyle  (Thomma et al., 1998; Glazebrook, 2005; Petriacq et al., 2016). RBH was found to prime responsiveness of the PDF1.2 gene (Fig. 3.8b), which is a key effector of JA- and ET-dependent defence against necrotrophic fungi (Penninckx et al., 1998; Lorenzo et al., 2004; Pré et al., 2008). Mass spectrometry-based profiling of defence-related metabolites revealed further interesting differences between water- and RBH-treated plants after pathogen challenge. For instance, RBH augmented production of 12-oxo-phytodienoic acid (OPDA), indole-3-carboxylic acid (I3CA) and JA accumulation after Hpa inoculation, but not after Pc inoculation (Tables 3.1 & 3.2). In fact, RBH pre-treatment actually repressed OPDA accumulation after Pc inoculation (Table 3.2). This is particularly interesting since accumulation of these metabolites is normally associated with defence against necrotrophic pathogens (Glazebrook, 2005), although there is evidence that OPDA and JA can play different roles in immunity against biotrophs (Andersson et al., 2006). This targeted metabolite profiling also revealed that the involvement of camalexin in RBH-IR differs according to the challenging pathogen (Table 3.1 & 3.2). Whereas RBH augments Hpa-induced camalexin accumulation via PAD3 (Fig. 3.7), Pc-induced camalexin was not altered by RBH-IR (Table 3.2). These discrepancies in the augmented defence response of RBH-primed plants are likely explained by differences in pathogen lifestyle, but could also be due to plant age-dependent changes in immune regulation. The Hpa patho-assays were carried out in two to 3-week-old seedlings, whereas the Pc pathoassays used 5-week-old plants. It is well documented that plant immunity to pathogens varies with age (Kus et al., 2002; Saur et al., 2016). It is thus conceivable that the differences in the augmented defence reactions to Hpa and Pc are caused by age-dependent factors. 
The metabolic basis of the RBH-augmented defence response to Hpa and Pc was investigated further in Chapter 4, using un-targeted metabolite profiling by UPLC-Q-TOF mass spectrometry. These analyses pointed to a general involvement of shikimic acid-dependent metabolism in the RBH- augmented defence response to both Pc and Hpa, which included glucosinolates (Figs. 4.2b and 4.4b). Interestingly, 4-methoxy-indol-3-ylmethylglucosinolate has been reported to control callose deposition in Arabidopsis (Clay et al. 2009; Bednarek et al. 2009). Although callose had not been studied in response Pc, RBH-IR against Hpa is associated with enhanced effectiveness of callose deposition at sites of attack (Fig. 3.4b). Callose deposits are thought to act as a physical penetration barriers to pathogen penetration, but they have also been proposed to serve as a matrix for the targeted accumulation of anti-microbial compounds, or to  prevent delivery of pathogen effectors  (Voigt, 2014). Since RBH-IR is associated with enhanced camalexin accumulation, it is possible that the effectiveness of callose in RBH-primed plants is due to its increased content of antimicrobial shikimate-derived metabolites, such as camalexin and IC5. Quantifying localised metabolite concentrations is challenging, but analysis of apoplastic extracts of water- and RBH-treated plants after pathogen inoculation could provide further evidence to support this hypothesis. 
[bookmark: _Hlk532469772]Additional evidence for a role of callose deposition in RBH-IR came from the screen for impaired-in-RBH-induced-immunity (iri) mutants in Chapter 5, in particular the identification of the iri4 and iri5 mutants, which are completely impaired in RBH-IR against Hpa. Firstly, the iri5 mutant carries a T-DNA insertion in a gene encoding a putative callose synthase (Fig. 5.4e). However, it is unclear why this protein has been annotated as such, since its structure bears little homology to other callose synthases (e.g. PMR4; 2.7% similarity) and lacks a typical transmembrane domain.  Furthermore, the iri4 mutant carries a T-DNA insertion in a gene encoding a microtubule associated protein. This protein, also known as GPT2, binds to the growing end of microtubule polymers during the interphase of dividing cells, where it regulates polymerisation of microtubules during cytoskeleton remodelling (Wong & Hashimoto, 2017). Although it has not been demonstrated previously that IRI4/GPT2 has a function in plant defence, dynamic reorganisation of microtubules is through to be an important cellular defence response to pathogen attack (Kobayashi et al., 1997). This ultracellular response restructures the cytoskeleton to facilitate secretion of pathogenesis-related proteins (Miklis et al., 2007), or form trafficking routes for secretion of cell wall defence machinery at the sites of callose deposition (Sassmann et al., 2018). 
The mutant screen described in Chapter 5 has also provided new insight in the myriad of signalling pathways controlling RBH-IR. The screen identified 109 iri mutant lines, supporting the notion that augmented basal resistance by priming is a multi-genic trait. These 109 IRI genes likely contribute to different components of RBH-IR, ranging from uptake and perception of RBH, onset of RBH-induced priming, to expression of RBH-augmented defences upon pathogen challenge. This number is almost certainly an underestimate of the actual number of genes controlling RBH-IR. For instance, like any mutant screen, the mutant screen presented in Chapter 5 would have failed to identify regulatory genes that are fully redundant to each other. Furthermore, since the screen was in the wild-type Col-0 background, mutations in genes controlling relatively late-acting defence layers would less likely be detected, since the early acting defences would still be fully functional. Mutant screens in the background of mutants in relatively early acting defence genes could help to reveal further defence layers contributing to RBH-IR.
GO-term enrichment analysis of the 109 IRI genes did not reveal statistically significant biological enrichment of biological functions. However, a number of the partial iri mutants have T-DNA insertions in Hpa-responsive genes (Fig. 5.3c). Amongst these, the Hpa-inducible gene UPI has a well-characterised function in plant defence (Laluk & Mengiste, 2011). This is supported by the finding that this mutant showed reduced levels of basal resistance to Hpa (Supporting Tables 5.1 and 5.2). Other Hpa-inducible IRI genes included RPP4, BSK8, CRK24 and CAL4. RPP4 has a well characterised role in immunity to Hpa, in mediating race-specific resistance against Hpa via SA-dependent signalling components (Van Der Biezen et al., 2002). The BSK8 gene encodes a protein kinase which co-localises in the plasma membrane with the PAMP-Triggered Immunity (PTI) and Effector-Triggered Immunity (ETI) effector genes FLS2 and RPS2, respectively (Qi et al., 2011). Although a role for this gene in defence against Hpa has not been demonstrated, it is possible that BSK8 amplifies PTI- and ETI-related defence signalling in response to Hpa infection. A similar role could exist for CRK24, a member of the cysteine-rich receptor-like kinase family, which play roles in pathogen perception and the hypersensitive response (HR) (Chen et al., 2004). Furthermore, the Hpa-inducible CAL4 gene encodes a calcium-binding protein involved in a variety of Ca2+-dependent stress responses, including NPR1-independent responses to Hpa (Rairdan et al., 2001). Given the established importance of PAMP-perception, protein phosphorylation and Ca2+signalling in plant immune responses, these genes represent promising regulatory candidates of the augmented defence reaction in RBH-primed plants. Interestingly, these roles appear to be specific to RBH-IR, since the corresponding iri mutants were not compromised in basal immunity to Hpa (Fig. 5.2; Supporting Table 5.2). However, their function in basal defence cannot be fully excluded, since their contribution to basal resistance could be masked by the timing of their induction after Hpa infection. If these genes are activated relatively late after Hpa inoculation, their effectiveness in non-primed plants could be masked by pathogen effectors. If, on the other hand, their induction occurs before the delivery of pathogen effectors is RBH-primed plants, they could have a detectable contribution to RBH-IR. 
Perhaps the greatest asset of RBH as a tool to study immune priming comes from the fact that it does not elicit a phyto-toxic response in Arabidopsis (Figs. 3.3, 3.9 & Fig. 5.6b). By contrast, (R)-BABA can have severe effects on plant growth and metabolism (Fig. 3.9), which complicates -omics screens for signalling components controlling the priming response to BABA. Accordingly, the lack of RBH-induced stress in Arabidopsis makes RBH a very attractive tool to study the molecular basis of plant immune priming, without confounding effects from concurrent phytotoxicity or direct defence induction. 










[bookmark: _Toc534272160]6.2 What is the biological relevance of RBH? 
As reported in Chapter 3, RBH was identified in a screen of commercially available synthetic β-amino acids. The specific immune priming response to RBH raises the question about the biological relevance of RBH. Is RBH, or a close structural analogue thereof, produced as natural signalling molecule in plants or plant-associated microbes? It is possible that RBH is produced by plants as a stress signalling hormone. Although β-amino acids in general are considered rare in plant metabolism, there is growing evidence that they are more common than previously thought. For instance, BABA was recently shown to be present in a number of taxonomically-distinct plant species, where it accumulates in response to a variety of biotic and abiotic stresses (Thevenet et al., 2016). The plant biosynthetic route for BABA synthesis was not established, but the action of a plant aminomutase TAM1 has been shown to catalyse the formation of (L)-β-tyrosine from tyrosine in rice (Yan et al., 2015), whereas an aminotransferase controls the formation of β-alanine from the degradation of propionate (Rathinasabapathi, 2002). Although RBH was not detected in Arabidopsis shoots (Fig. 3.6d & 5.5b), RBH levels in infected plants were not quantified, so it is not possible to exclude that plants biosynthesise RBH under conditions of (a)biotic stress. However, even if RBH were detected in shoot tissue after stress, it would still be necessary to confirm that the detected concentration of naturally-produced RBH in stressed plant tissues is sufficient to induce resistance; this was not demonstrated for BABA (Thevenet et al., 2016), casting doubt on its natural role in modulating stress responses. 
A second possibility is that RBH is produced exogenously by plant-associated microbes. This hypothesis is prompted by the finding that the signalling pathway controlling RBH-IR acts via JA/ET-dependent mechanisms and leads to augmented cell wall defence (Fig. 3.4b & 3.8). This signal signature of the RBH-IR response is strikingly similar to rhizobacteria-induced systemic resistance (ISR) and mycorrhiza-induced resistance (MIR) (Verhagen et al., 2004; Van der Ent et al., 2009). Considering that RBH is taken up by a dedicated amino acid transporter in the roots (Chapter 5), it is tempting to speculate that RBH, or a functional analogue thereof, functions as an ISR/MIR-eliciting determinant of beneficial rhizosphere microbes. Indeed, as is further discussed below, the gene homolog of LHT1 in Lotus japonicus (LjLHT1.2), is strongly induced by mycorrhization (Guether et al., 2011).  
A range of microbe-derived signals have been found to play roles in plant immunity. Microbes secrete compounds that principally aid nutrient acquisition and inhibit growth of competing microbial species. In addition, many bacterial microbes secrete quorum-sensing compounds to regulate cell density. Interestingly, plants have evolved the capacity to perceive and respond to these microbial molecules. The quorum sensing-controlling N-acyl-homoserine lactones (AHLs) are particularly interesting in this context (Fuqua & Greenberg, 2002), given the presence of the (L)-α-homoserine structure within their lactone ring. AHLs are secreted into the rhizosphere by a variety of bacterial species, where they perform acyl chain length-dependent functions in regulating plant growth and defence (Schuhegger et al., 2006). For instance, it has been shown that short-chain AHLs trigger plant growth promotion, whereas long-chain AHLs trigger ISR-related defence priming (Schenk et al., 2012). Although such downstream phenotypic effects of AHLs are relatively well-studied, less is known about the mechanisms of AHL metabolism and perception in the rhizosphere.
The root growth-promoting effects of short-chain AHLs were recently shown to be mediated by a G-protein coupled receptor (GPCR) protein (Liu et al., 2012). Strikingly, one of the partial iri mutants identified in Chapter 5 (line 238) carries a T-DNA insertion in such a GPCR gene (CAND2; Fig. 5.2, Supporting Table 5.1), which is transcriptionally induced by AHLs, and is required for AHL-induced root growth (Jin et al., 2012). Recent studies have suggested that the effects of AHLs on plant growth are dependent on in planta conversion to (L)-α-homoserine by a fatty acid amide hydroxylase (FAAH) (Palmer et al., 2014). Despite these important advances in understanding the metabolism and perception of AHLs in relation to growth phenotypes, the involvement of FAAH and CAND2 in AHL-induced immunity remains unclear. The results presented in Chapter 3 suggest that (L)-α-homoserine-IR and RBH-IR act via distinct mechanisms (Fig. 3.6). However, it is possible that rhizobacteria produce AHL with a RBH backbone (A-β-HL), which may be processed and perceived through similar mechanisms as conventional AHLs with a (L)-α-homoserine backbone (A-α-HL). 
The critical function of IRI1/LHT1 in RBH-uptake and RBH-IR seems difficult to reconcile with the hypothetical A-β-HL origin of RBH. However, A-β-HL could be degraded in the rhizosphere, or IRI1/LHT1 could be capable of transporting both RBH and A-β-HL into the plant. The latter hypothesis is plausible, considering that IRI1/LHT1 transports a wide range of structurally unrelated amino acid-derived molecules. This includes relatively large and complex molecules, such as ester-capped amino acid-conjugated chlorantraniliproles (Jiang et al., 2018; Chen et al., 2018b).  Furthermore, the data in Chapter 5 do not preclude different roles for LHT1 in root cells and leaf mesophyll cells. For instance, over-expression of LHT1 enhances uptake of RBH from the soil (Fig. 5.5b), but LHT1-associated RBH-IR might be controlled by the interaction between LHT1 and RBH in leaf mesophyll cells. 
To test the possibility that RBH is a natural rhizosphere product, a high-resolution, high-sensitivity and high-throughput screening method should be designed to mine extracts from disease-suppressing soils for A-β-HLs and/or RBH. Alternatively, to strengthen the link between RBH-IR and ISR, future studies could further document the effects of Arabidopsis mutations in root-expressed ISR regulatory genes, such as MYC72, on RBH-uptake and RBH-IR. 
Further indications for a possible connection between RBH-IR and ISR comes from the functional link between iron deficiency and plant immunity. Iron is a vital micronutrient for both plants and microbes, but its bioavailability is typically limited in the rhizosphere due to its low solubility (Connolly & Guerinot, 2002). Therefore, plants and microbes have developed a range of complex strategies to enhance iron uptake, including the secretion of low-molecular weight siderophores that bind iron with high affinity (Mori, 1999). Intriguingly, one of the partial iri mutants identified in Chapter 5 (line 428) contains a T-DNA mutation in the FERRIC REDUCTASE DEFECTIVE 3 (FRD3) gene. This gene is thought to control iron uptake from the xylem by transporting citrate, an effective Fe3+ chelator, into the apoplast (Roschzttardtz et al., 2011). As a consequence, the frd3 mutant suffers from iron-deficiency in the shoot, despite sufficient Fe3+ accumulating in the vascular apoplast (Rogers & Guerinot, 2002). Although the FRD3 gene has not been functionally linked to ISR, it was amongst a number of genes commonly upregulated by iron-deficiency and by volatiles from ISR-inducing P. simiae WCS417 (Dinneny et al., 2008; Zamioudis et al., 2015). While the exact role of FRD3 in RBH-IR remains unanswered, it is tempting to speculate that this protein acts as a point of convergence between an RBH receptor and downstream ISR signalling. For instance, RBH could be synthesised by beneficial microbes to chelate iron in iron-limited soils. Indeed, β-amino acids, such as BABA, have been reported to chelate iron at high efficiency (Koen et al., 2014). Accordingly, RBH might chelate iron in planta, thereby mimicking the iron-deficiency response that elicits MYB72-dependent ISR.
The discovery of IRI1/LHT1 as a critical regulatory gene in RBH-IR is also interesting with regards to a possible mycorrhizal origin of RBH. Although Arabidopsis is non-mycorrhizal, experiments in Lotus japonicus have shown that the LjLHT1.2 ortholog is strongly induced in response to mycorrhizal infection (Guether et al., 2011). Such role for LjLHT1.2 in plant-mycorrhiza interactions could be related to amino acid transport from the mycorrhizal fungus to the host. However, induction of the LjLHT1.2 gene appeared to be specific for the mycorrhizal interaction, since there was no LjLHT1.2 induction during nodulation by N-fixing rhizobia (Guether et al., 2011). Thus, the transcriptional induction of LjLHT1.2 is specific to mycorrhiza and not a general consequence of increased N supply. Testing Lotus japonicus mutants in LjLHT1.2 function for mycorrhizal colonisation and MIR would provide further insight in the possible function of LjLHT1.2 in plant-mycorrhiza interactions. If LjLHT1.2 is critical for MIR, it would be interesting to profile roots and shoots of mycorrhizal plants for naturally occurring RBH during the onset of MIR.   










[bookmark: _Toc534272161]6.3 RBH as a crop protection tool
In addition to its use as a research tool for molecular plant pathology research, RBH also represents a promising tool for crop protection. In the model species Arabidopsis, RBH primes defences against a broad-spectrum of plant pathogens without significantly affecting growth or metabolism (Figs. 3.4-3.9). The finding that RBH also induces resistance in tomato cv. MicroTom against Botrytis cinerea (Fig. 3.10) demonstrates that RBH-IR is not taxonomically restricted. Furthermore, since RBH is water-soluble, it could be readily applied in nutrient-supply stream of hydroponically-grown greenhouse crops. However, several key questions must be addressed before RBH can be considered for integration into crop protection programs.
First, the effects of RBH on plant growth and reproduction must be fully evaluated. Although RBH had no effect on germination or vegetative relative growth rate of Arabidopsis seedlings (Figs. 3.3 & 3.9), plants might be more sensitive to the chemical at later developmental stages, for instance during flowering or seed set. RBH-induced stress at these later stages of development could result in reduced seed production or germination of the subsequent generation. This is particularly significant for crop species, since many food crops are made up of reproductive tissues of the plant. The finding that RBH induces growth repression in Arabidopsis plants overexpressing LHT1 provides important insight in to the molecular mechanisms controlling RBH tolerance (Fig. 5.6). For instance, if crop homologues of LHT1 are highly expressed, they could increase the sensitivity to RBH-induced stress. 
Secondly, it is necessary to evaluate the resilience of RBH to plant catabolism. Public perception of conventional agrochemicals is partially driven by concerns about persistence of chemical residues in food products, irrespective of whether such chemicals have consequences for human health or not (Koch et al., 2017). Therefore, prior to commercialisation of new agrochemicals it is important to quantify the extent to which RBH accumulates in plant tissues. Evidence in Chapter 5 shows that Arabidopsis cannot grow on media containing RBH as the sole N source, even when overexpressing the RBH transporter, LHT1 (Fig. 5.6). This suggests that Arabidopsis cannot use RBH as an N source. Whereas plants catabolise α-amino acids either through deamination to produce free ammonia, or through transamination to produce glutamate, they might lack the enzymes required to catalyse deamination or transamination of β-amino acids such as RBH. 
Thirdly, it will be important to examine non-target effects of RBH on other aspects of plant environment interactions. Since priming rarely confers complete protection, RBH would likely form a component of an integrated pest management (IPM) strategy. IPM strategies integrate multiple crop protection techniques, such as biocontrol organisms, priming agents and increased crop genetic diversity, with the aim to sustainably minimise losses to pests and diseases, rather than eradicating them (Bruce et al., 2017). In theory, the immune pathways primed by RBH could negatively affect biocontrol insects or microbes, thereby reducing the effectiveness of these agents. Furthermore, as priming agents can augment activities of antagonistic signalling pathways, co-application of different agrichemicals could have unexpected negative consequences. Intraspecific genetic variation will also be a significant factor in future exploitation of priming agents (Ahmad et al., 2010). Accordingly, testing RBH-IR and RBH-induced stress in different crop genotypes is an important step for exploitation of this priming agent. Alternatively, RBH could act synergistically with other components of biocontrol, which would further support its development as a commercial priming agent.
Finally, identification of key regulatory genes of RBH-IR could provide opportunities to enhance the effectiveness of RBH-IR through genetic improvement. The screen presented in Chapter 5 offers a useful starting part, but also highlights the need to be cautious. For instance, while overexpression of LHT1 resulted in enhanced immunity, it also resulted in hypersensitivity to RBH, possibly by increasing RBH uptake to phytotoxic concentrations (Fig 5.5 & 5.6). Therefore, increasing the expression of crop LHT1 homologues might augment levels of RBH-IR, but could also risk phytotoxicity. Other IRI genes identified in Chapter 5 could offer alternative targets for genetic improvement of RBH-IR. This strategy would require identification of the functional crop orthologs and manipulating their expression via conventional and/or transgenic crop improvement technologies.  
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	M/Z
	Putative Mass (Da)
	Retention Time (Seconds)
	Ionisation Mode
	q Value
	Adduct
	C13 Isotope Correction
	Putative KEGG Identity and Pathway(s)

	400.1466459
	399.1393694
	79.80799913
	Positive
	1.58E-05
	m+H
	0
	Colchicine (cpd/cpd:C07592) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	307.1398502
	308.1471267
	280.1079941
	Negative
	9.58E-05
	m-H
	0
	Menaquinone; Vitamin K2 (cpd/cpd:C00828) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	128.1462513
	127.1389748
	257.2919941
	Positive
	0.000655
	m+H
	0
	(S)-2;3;4;5-Tetrahydropyridine-2-carboxylate; delta1-Piperideine-6-L-carboxylate (cpd/cpd:C00450) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	143.0727678
	144.0800443
	386.2814999
	Negative
	0.000689
	m-H
	0
	4-Chlorocatechol (cpd/cpd:C02375) in Metabolic pathways - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01100) /

	130.0889622
	131.0962387
	418.9019966
	Negative
	0.00079
	m-H
	0
	(2S)-alpha-2-Amino-4-methylvaleric acid; (2S)-alpha-Leucine; 2-Amino-4-methylvaleric acid; L-Leucine (cpd/cpd:C00123) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	288.2027976
	287.1955211
	30.89100122
	Positive
	0.001629
	m+H
	0
	(S)-Norlaudanosoline; (S)-Tetrahydropapaveroline (cpd/cpd:C02916) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	327.0796894
	326.0724129
	477.4345064
	Positive
	0.001629
	m+H
	0
	beta-D-Glucosyl-2-coumarate; trans-beta-D-Glucosyl-2-hydroxycinnamate (cpd/cpd:C05158) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	251.0947364
	248.0807599
	158.2154989
	Positive
	0.002263
	m+H
	2
	3-Dimethylallyl-4-hydroxyphenylpyruvate (cpd/cpd:C12456) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	289.0738958
	288.0666193
	174.1299963
	Positive
	0.004248
	m+H
	0
	(+)-Aromadendrin; (+)-Dihydrokaempferol; Aromadendrin; Dihydrokaempferol (cpd/cpd:C00974) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	325.1063208
	324.0990443
	156.1635017
	Positive
	0.004248
	m+H
	0
	5-O-(1-Carboxyvinyl)-3-phosphoshikimate; O5-(1-Carboxyvinyl)-3-phosphoshikimate (cpd/cpd:C01269) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	360.1091598
	335.1132384
	255.1910019
	Positive
	0.004248
	m+Na
	2
	Senecionine (cpd/cpd:C06176) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	221.095395
	220.0881185
	158.7799931
	Positive
	0.004248
	m+H
	0
	3-(Imidazol-4-yl)-2-oxopropyl phosphate; Imidazole-acetol phosphate (cpd/cpd:C01267) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	399.1245762
	398.1172997
	362.5300026
	Positive
	0.004477
	m+H
	0
	AdoMet; S-Adenosyl-L-methionine; S-Adenosylmethionine; SAM (cpd/cpd:C00019) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	389.080316
	388.0730395
	480.6440163
	Positive
	0.004679
	m+H
	0
	(-)-Secologanin; Secologanin (cpd/cpd:C01852) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	588.2828837
	588.2868102
	474.0820026
	Negative
	0.004921
	m-H
	1
	D-Urobilin (cpd/cpd:C05795) in Porphyrin and chlorophyll metabolism - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath00860) /

	161.0478643
	92.06101644
	156.6514993
	Negative
	0.004921
	m+FA-2H+Na
	2
	1;2;3-Propanetriol; 1;2;3-Trihydroxypropane; Glycerin; Glycerol (cpd/cpd:C00116) in Metabolic pathways - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01100) /

	644.2837722
	645.2910487
	475.1309967
	Negative
	0.006863
	m-H
	0
	Aconitine (cpd/cpd:C06091) in Diterpenoid biosynthesis - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath00904) /

	629.2167733
	630.2240498
	496.7925167
	Negative
	0.006917
	m-H
	0
	CMP-N-glycoloylneuraminate; CMP-N-glycolylneuraminate; CMP-NeuNGc (cpd/cpd:C03691) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	313.0643775
	312.057101
	460.0014925
	Positive
	0.007547
	m+H
	0
	4-Hydroxycinnamyl alcohol 4-D-glucoside; p-Coumaryl alcohol 4-O-glucoside (cpd/cpd:C05855) in Phenylpropanoid biosynthesis - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath00940) /

	137.0266888
	92.0284859
	164.1864967
	Negative
	0.007889
	m+FA-H
	0
	1;2;3-Propanetriol; 1;2;3-Trihydroxypropane; Glycerin; Glycerol (cpd/cpd:C00116) in Metabolic pathways - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01100) /

	308.1317665
	309.139043
	474.1314983
	Negative
	0.007889
	m-H
	0
	5-Acetamido-3;5-dideoxy-D-glycero-D-galacto-2-nonulosonic acid; N-Acetylneuraminate; N-Acetylneuraminic acid; Neu5Ac (cpd/cpd:C00270) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	249.0890969
	248.0818204
	158.7509966
	Positive
	0.010048
	m+H
	0
	3-Dimethylallyl-4-hydroxyphenylpyruvate (cpd/cpd:C12456) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	225.0783936
	158.0982457
	228.3869934
	Negative
	0.010335
	m+FA-2H+Na
	0
	2-Isopropylmaleate; beta-Isopropylmaleate (cpd/cpd:C02631) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	384.1467907
	385.1540672
	474.0825033
	Negative
	0.010335
	m-H
	0
	O-Methylandrocymbine (cpd/cpd:C16709) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	587.282885
	588.2901615
	474.1024876
	Negative
	0.013877
	m-H
	0
	D-Urobilin (cpd/cpd:C05795) in Porphyrin and chlorophyll metabolism - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath00860) /

	633.2906977
	632.2834212
	453.3664942
	Positive
	0.019678
	m+H
	0
	3-Hydroxyethylchlorophyllide a (cpd/cpd:C18154) in Porphyrin and chlorophyll metabolism - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath00860)

	237.1142371
	236.1069606
	288.7725019
	Positive
	0.019678
	m+H
	0
	3-Dimethylallyl-4-hydroxymandelic acid (cpd/cpd:C12457) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	358.0920278
	335.1028064
	263.9380074
	Positive
	0.020144
	m+Na
	0
	Senecionine (cpd/cpd:C06176) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	250.0927138
	248.0820873
	158.7509966
	Positive
	0.02019
	m+H
	1
	3-Dimethylallyl-4-hydroxyphenylpyruvate (cpd/cpd:C12456) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	160.0419399
	92.05844204
	157.7660036
	Negative
	0.020568
	m+FA-2H+Na
	1
	1;2;3-Propanetriol; 1;2;3-Trihydroxypropane; Glycerin; Glycerol (cpd/cpd:C00116) in Metabolic pathways - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01100) /

	212.0072432
	210.9999667
	47.3119998
	Positive
	0.023198
	m+H
	0
	Betalamic acid (cpd/cpd:C08538) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	162.0581534
	161.0508769
	207.6794958
	Positive
	0.024233
	m+H
	0
	L-2-Aminoadipate; L-2-Aminoadipic acid; L-2-Aminohexanedioate; L-alpha-Aminoadipate; L-alpha-Aminoadipic acid (cpd/cpd:C00956) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	338.1250778
	337.1178013
	233.5350037
	Positive
	0.025277
	m+H
	0
	Columbamine (cpd/cpd:C01795) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	630.2641255
	631.271402
	476.0719872
	Negative
	0.02668
	m-H
	0
	N1;N5;N10-Tricaffeoyl spermidine (cpd/cpd:C18070) in Phenylpropanoid biosynthesis - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath00940) /

	485.1456198
	486.1528963
	176.3019991
	Negative
	0.02668
	m-H
	0
	Tetracenomycin X (cpd/cpd:C12380) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	544.1187865
	499.1205836
	474.0915012
	Negative
	0.02668
	m+FA-H
	0
	N-Acetyl-O-demethylpuromycin (cpd/cpd:C07031) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	407.1923896
	408.1996661
	540.155983
	Negative
	0.02668
	m-H
	0
	Ginkgolide A (cpd/cpd:C07601) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	351.1510429
	352.1583194
	494.7169876
	Negative
	0.02668
	m-H
	0
	Geissoschizine (cpd/cpd:C02151) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	205.0522203
	158.0473174
	230.4844952
	Negative
	0.02668
	m+FA-H
	2
	2-Isopropylmaleate; beta-Isopropylmaleate (cpd/cpd:C02631) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	336.1097291
	335.1024526
	263.9269924
	Positive
	0.02716
	m+H
	0
	Senecionine (cpd/cpd:C06176) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	317.1237634
	316.1164869
	174.1179943
	Positive
	0.02716
	m+H
	0
	Gibberellin A12 aldehyde (cpd/cpd:C06093) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	500.1562495
	499.156826
	474.1170073
	Negative
	0.027347
	m-H
	2
	N-Acetyl-O-demethylpuromycin (cpd/cpd:C07031) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	167.1092872
	166.1020107
	259.4070053
	Positive
	0.027654
	m+H
	0
	Tropate; Tropic acid; alpha-(Hydroxymethyl)phenylacetic acid (cpd/cpd:C01456) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	127.0784944
	126.0790709
	285.7109928
	Negative
	0.029853
	m-H
	2
	(2-Hydroxyethyl)-phosphonic acid; 2-Hydroxyethylphosphonate (cpd/cpd:C06451) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	259.0163379
	260.0236144
	358.8754892
	Negative
	0.030672
	m-H
	0
	D-Glucose 6-phosphate; Glucose 6-phosphate; Robison ester (cpd/cpd:C00092) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	188.0728653
	189.0801418
	479.6774912
	Negative
	0.033664
	m-H
	0
	N-Acetyl-L-glutamate; N-Acetyl-L-glutamic acid (cpd/cpd:C00624) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	386.1519881
	385.1525646
	474.0770102
	Negative
	0.036161
	m-H
	2
	O-Methylandrocymbine (cpd/cpd:C16709) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	598.2698101
	578.2292845
	446.0215044
	Positive
	0.03803
	m+NH4
	2
	Apigenin 7-O-neohesperidoside; Rhoifolin; Rhoifoloside (cpd/cpd:C12627) in Flavone and flavonol biosynthesis - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath00944) /

	171.0685929
	126.07039
	288.8519955
	Negative
	0.040855
	m+FA-H
	0
	(2-Hydroxyethyl)-phosphonic acid; 2-Hydroxyethylphosphonate (cpd/cpd:C06451) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	361.1633528
	316.1651499
	312.5809908
	Negative
	0.041443
	m+FA-H
	0
	Gibberellin A12 aldehyde (cpd/cpd:C06093) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /
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	M/Z
	Putative Mass (Da)
	Retention Time (seconds)
	Ionisation Mode
	q Value
	Adduct
	C13 Isotope Correction
	Putative KEGG Identity and Pathway(s)

	788.4078
	787.4004822
	515.394516
	Positive
	0.000134
	m+H
	0
	Nogalamycin (cpd/cpd:C18633) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	243.1713
	240.1573156
	53.58699918
	Positive
	0.000139
	m+H
	2
	(1R;6R)-2-Succinyl-6-hydroxy-2;4-cyclohexadiene-1-carboxylate; (1R;6R)-6-Hydroxy-2-succinylcyclohexa-2;4-diene-1-carboxylate; SHCHC (cpd/cpd:C05817) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	746.4249
	722.4323512
	393.7935019
	Positive
	0.000162
	m+Na
	1
	Prephytoene diphosphate (cpd/cpd:C03427) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	429.232
	428.2247158
	300.5080032
	Positive
	0.000162
	m+H
	0
	4;4'-Diapolycopenedial (cpd/cpd:C19798) in Carotenoid biosynthesis - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath00906) /

	155.1055
	156.1127664
	532.2060013
	Negative
	0.000328
	m-H
	0
	(-)-Menthol; L-Menthol (cpd/cpd:C00400) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	312.1944
	309.1804163
	496.9494724
	Positive
	0.000397
	m+H
	2
	5-Acetamido-3;5-dideoxy-D-glycero-D-galacto-2-nonulosonic acid; N-Acetylneuraminate; N-Acetylneuraminic acid; Neu5Ac (cpd/cpd:C00270) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	201.1117
	202.1189514
	313.4619999
	Negative
	0.000483
	m-H
	0
	Proclavaminate; Proclavaminic acid (cpd/cpd:C06658) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	536.1677
	535.1604322
	566.6610146
	Positive
	0.000526
	m+H
	0
	UDP-4-amino-4-deoxy-L-arabinose; UDP-4-amino-4-deoxy-beta-L-arabinopyranose; UDP-L-Ara4N (cpd/cpd:C16153) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	466.3136
	465.3063499
	511.7390156
	Positive
	0.000685
	m+H
	0
	3alpha;7alpha;12alpha-Trihydroxy-5beta-cholan-24-oylglycine; Glycocholate; Glycocholic acid (cpd/cpd:C01921) in Metabolic pathways - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01100) /

	321.2434
	318.2293737
	520.5229855
	Positive
	0.000685
	m+H
	2
	CoQ; Coenzyme Q; Q; Ubiquinone (cpd/cpd:C00399) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	257.1041
	258.1114222
	380.7975054
	Negative
	0.0008
	m-H
	0
	6-Phospho-D-glucono-1;5-lactone; D-Glucono-1;5-lactone 6-phosphate (cpd/cpd:C01236) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	613.3417
	590.3524392
	361.3224936
	Positive
	0.000919
	m+Na
	0
	Coenzyme Q6; Ubiquinone-6 (cpd/cpd:C17568) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	213.1471
	212.1397927
	441.269989
	Positive
	0.00094
	m+H
	0
	3;5-Stilbenediol; Pinosylvin (cpd/cpd:C01745) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	834.483
	810.4904274
	409.980011
	Positive
	0.001023
	m+Na
	1
	Vinblastine (cpd/cpd:C07201) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	585.2871
	562.2978697
	345.9700012
	Positive
	0.001093
	m+Na
	0
	Porphyrinogen IX; Protoporphyrin; Protoporphyrin IX (cpd/cpd:C02191) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	128.1078
	127.100552
	211.7820024
	Positive
	0.001167
	m+H
	0
	(S)-2;3;4;5-Tetrahydropyridine-2-carboxylate; delta1-Piperideine-6-L-carboxylate (cpd/cpd:C00450) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	130.0675
	129.0601913
	255.1199913
	Positive
	0.001169
	m+H
	0
	(S)-Piperidine-2-carboxylic acid; 2-Piperidinecarboxylic acid; L-Pipecolate; Pipecolic acid; Pipecolinic acid (cpd/cpd:C00408) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	591.3593
	590.3520496
	361.3239956
	Positive
	0.001222
	m+H
	0
	Coenzyme Q6; Ubiquinone-6 (cpd/cpd:C17568) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	319.223
	318.2157112
	515.8675003
	Positive
	0.001479
	m+H
	0
	CoQ; Coenzyme Q; Q; Ubiquinone (cpd/cpd:C00399) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	182.1543
	181.1470506
	443.423996
	Positive
	0.001542
	m+H
	0
	(S)-2-Amino-3-(p-hydroxyphenyl)propionic acid; (S)-3-(p-Hydroxyphenyl)alanine; L-Tyrosine; Tyrosine (cpd/cpd:C00082) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	169.085
	170.0922474
	540.6230164
	Negative
	0.001854
	m-H
	0
	Dihydroxyacetone phosphate; Glycerone phosphate (cpd/cpd:C00111) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	264.1298
	261.1158639
	437.0965004
	Positive
	0.002051
	m+H
	2
	Lotaustralin (cpd/cpd:C08334) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	187.0959
	188.1031649
	230.345993
	Negative
	0.002135
	m-H
	0
	7;8-Diaminononanoate (cpd/cpd:C01037) in Metabolic pathways - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01100) /

	438.2398
	414.2472501
	283.4069967
	Positive
	0.002149
	m+Na
	1
	14alpha-Hydroxy-5beta-cholest-7-ene-3;6-dione; Diketol (cpd/cpd:C16509) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	358.1131
	340.0793171
	378.4435129
	Positive
	0.002161
	m+NH4
	0
	beta-D-Fructose 1;6-bisphosphate (cpd/cpd:C05378) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	791.5694
	790.5620977
	527.9120064
	Positive
	0.002185
	m+H
	0
	Solanesyl diphosphate; Solanesyl pyrophosphate; all-trans-Nonaprenyl diphosphate (cpd/cpd:C04145) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	457.2043
	456.1969873
	438.1015062
	Positive
	0.002185
	m+H
	0
	Phytyl diphosphate (cpd/cpd:C05427) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	745.4209
	722.4316404
	393.810997
	Positive
	0.002185
	m+Na
	0
	Prephytoene diphosphate (cpd/cpd:C03427) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	83.08577
	80.07179209
	231.4510059
	Positive
	0.002185
	m+H
	2
	2-Chloroethanol; Ethylene chlorohydrin; Glycol chlorohydrin (cpd/cpd:C06753) in Metabolic pathways - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01100) /

	229.1069
	230.1141756
	334.0990019
	Negative
	0.002324
	m-H
	0
	D-Ribose 5-phosphate; Ribose 5-phosphate (cpd/cpd:C00117) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	451.2129
	450.2056427
	279.9510098
	Positive
	0.002356
	m+H
	0
	Geranylgeranyl diphosphate; Geranylgeranyl pyrophosphate; all-trans-Geranylgeranyl diphosphate; all-trans-Geranylgeranyl pyrophosphate (cpd/cpd:C00353) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	291.1746
	290.1673683
	96.89800143
	Positive
	0.002874
	m+H
	0
	2-(Nomega-L-Arginino)succinate; L-Argininosuccinate; L-Argininosuccinic acid; L-Arginosuccinic acid; N-(L-Arginino)succinate (cpd/cpd:C03406) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	164.0431
	146.0092622
	371.1070061
	Positive
	0.002901
	m+NH4
	0
	2-Ketoglutaric acid; 2-Oxoglutarate; Oxoglutaric acid; alpha-Ketoglutaric acid (cpd/cpd:C00026) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	309.2051
	308.1978486
	512.8000259
	Positive
	0.002931
	m+H
	0
	Menaquinone; Vitamin K2 (cpd/cpd:C00828) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	907.4508
	908.4580504
	482.2550011
	Negative
	0.002963
	m-H
	0
	7(1)-Hydroxychlorophyll a; 7-Hydroxymethylchlorophyll a (cpd/cpd:C18151) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	188.0992
	189.1065029
	367.612009
	Negative
	0.003012
	m-H
	0
	N-Acetyl-L-glutamate; N-Acetyl-L-glutamic acid (cpd/cpd:C00624) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	740.4659
	722.4320696
	393.7950039
	Positive
	0.003376
	m+NH4
	0
	Prephytoene diphosphate (cpd/cpd:C03427) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	294.18
	295.1872892
	493.64851
	Negative
	0.003393
	m-H
	0
	(R)-Prunasin; Prunasin (cpd/cpd:C00844) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	171.0645
	172.0717392
	293.1925106
	Negative
	0.003393
	m-H
	0
	3-Dehydroshikimate (cpd/cpd:C02637) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	186.0846
	141.0864433
	402.3510075
	Negative
	0.003393
	m+FA-H
	0
	3alpha-Tropanol; Tropine (cpd/cpd:C00729) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	173.1164
	128.1181762
	485.2435112
	Negative
	0.003393
	m+FA-H
	0
	Naphthalene (cpd/cpd:C00829) in Metabolic pathways - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01100) /

	183.1373
	184.1445968
	580.6250095
	Negative
	0.003393
	m-H
	0
	(3R)-3-Isopropenyl-6-oxoheptanoate; (3R)-3-Isopropenyl-6-oxoheptanoic acid (cpd/cpd:C11405) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	128.0783
	128.0822191
	285.4809952
	Negative
	0.003407
	m-H
	1
	Naphthalene (cpd/cpd:C00829) in Metabolic pathways - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01100) /

	154.1232
	153.1159004
	307.1614981
	Positive
	0.003457
	m+H
	0
	2-(3;4-Dihydroxyphenyl)ethylamine; 3;4-Dihydroxyphenethylamine; 4-(2-Aminoethyl)-1;2-benzenediol; 4-(2-Aminoethyl)benzene-1;2-diol; Dopamine (cpd/cpd:C03758) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	133.0878
	132.0805229
	481.947999
	Positive
	0.003457
	m+H
	0
	2-Oxobutanedioic acid; 2-Oxosuccinic acid; Oxalacetic acid; Oxaloacetate; Oxaloacetic acid; keto-Oxaloacetate (cpd/cpd:C00036) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	202.0703
	203.0775577
	62.30700016
	Negative
	0.003602
	m-H
	0
	6-(gamma;gamma-Dimethylallylamino)purine; N6-(3-Methylbut-2-enyl)adenine; N6-(delta2-Isopentenyl)-adenine; N6-Dimethylallyladenine (cpd/cpd:C04083) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	836.0709
	835.0635793
	555.4090118
	Positive
	0.003822
	m+H
	0
	2-Butenoyl-CoA; But-2-enoyl-CoA; Crotonoyl-CoA; Crotonyl-CoA; trans-But-2-enoyl-CoA (cpd/cpd:C00877) in Metabolic pathways - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01100) /

	569.3149
	546.3256461
	345.962491
	Positive
	0.004119
	m+Na
	0
	2-Hexaprenyl-6-methoxy-1;4-benzoquinone (cpd/cpd:C05803) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	327.2014
	326.1940897
	225.781002
	Positive
	0.004119
	m+H
	0
	beta-D-Glucosyl-2-coumarate; trans-beta-D-Glucosyl-2-hydroxycinnamate (cpd/cpd:C05158) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	446.2625
	428.2287104
	301.680994
	Positive
	0.004119
	m+NH4
	0
	4;4'-Diapolycopenedial (cpd/cpd:C19798) in Carotenoid biosynthesis - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath00906) /

	247.1698
	246.1703596
	505.972023
	Negative
	0.004121
	m-H
	2
	L-N2-(2-Carboxyethyl)arginine; N2-(2-Carboxyethyl)-L-arginine (cpd/cpd:C06655) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	254.9181
	255.9253805
	567.9619789
	Negative
	0.004191
	m-H
	0
	L-Ascorbate 6-phosphate (cpd/cpd:C16186) in Metabolic pathways - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01100) /

	144.139
	143.1316937
	307.7435017
	Positive
	0.00452
	m+H
	0
	4-Methyl-5-(2'-hydroxyethyl)-thiazole; 4-Methyl-5-(2-hydroxyethyl)-thiazole; 5-(2-Hydroxyethyl)-4-methylthiazole (cpd/cpd:C04294) in Metabolic pathways - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01100) /

	140.9638
	115.967896
	596.067009
	Positive
	0.00456
	m+Na
	2
	Fumarate; Fumaric acid; trans-Butenedioic acid (cpd/cpd:C00122) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	627.319
	626.3117255
	375.8545017
	Positive
	0.004653
	m+H
	0
	Red chlorophyll catabolite (cpd/cpd:C18022) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	305.1572
	282.1679376
	189.119997
	Positive
	0.004765
	m+Na
	0
	12-trans-Hydroxy juvenile hormone III (cpd/cpd:C16508) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	162.1001
	138.1075155
	501.930027
	Positive
	0.004911
	m+Na
	1
	4-Hydroxybenzoate; 4-Hydroxybenzoic acid; Hydroxybenzenecarboxylic acid; Hydroxybenzoic acid (cpd/cpd:C00156) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	893.6263
	892.6189873
	524.6510124
	Positive
	0.004911
	m+H
	0
	Chlorophyll a (cpd/cpd:C05306) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	790.3903
	787.3763654
	514.4080067
	Positive
	0.004911
	m+H
	2
	Nogalamycin (cpd/cpd:C18633) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	682.8917
	659.9024571
	491.1380196
	Positive
	0.005094
	m+Na
	0
	1D-myo-Inositol 1;2;3;4;5;6-hexakisphosphate; 1D-myo-Inositol hexakisphosphate; D-myo-Inositol 1;2;3;4;5;6-hexakisphosphate; Inositol 1;2;3;4;5;6-hexakisphosphate; Phytate; Phytic acid; myo-Inositol 1;2;3;4;5;6-hexakisphosphate; myo-Inositol hexakisp (cpd/cpd:C01204) in Metabolic pathways - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01100) /

	789.4102
	787.3995319
	514.9300003
	Positive
	0.005094
	m+H
	1
	Nogalamycin (cpd/cpd:C18633) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	829.5169
	810.4797196
	409.8310089
	Positive
	0.005111
	m+NH4
	1
	Vinblastine (cpd/cpd:C07201) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	297.2438
	296.2443943
	517.91399
	Negative
	0.005125
	m-H
	2
	(9R;10S)-(12Z)-9;10-Epoxyoctadecenoic acid; 9(10)-EpOME (cpd/cpd:C14825) in Metabolic pathways - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01100) /

	156.1389
	133.1496934
	351.5340042
	Positive
	0.005199
	m+Na
	0
	(R)-Mandelonitrile; Benzaldehyde cyanohydrin; Mandelonitrile (cpd/cpd:C00561) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	86.09648
	85.08919954
	217.7969956
	Positive
	0.005405
	m+H
	0
	2-Hydroxy-2-methylpropanenitrile; 2-Hydroxyisobutyronitrile; 2-Methyllactonitrile; Acetone cyanhydrin; Acetone cyanohydrin; alpha-Hydroxyisobutyronitrile (cpd/cpd:C02659) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	919.5749
	918.5754739
	514.7154808
	Negative
	0.00549
	m-H
	2
	4'-Acetylmegalomycin A; Megalomicin B (cpd/cpd:C11986) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	204.1362
	181.1470213
	444.7055054
	Positive
	0.005539
	m+Na
	0
	(S)-2-Amino-3-(p-hydroxyphenyl)propionic acid; (S)-3-(p-Hydroxyphenyl)alanine; L-Tyrosine; Tyrosine (cpd/cpd:C00082) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	197.1193
	196.1120655
	471.6289902
	Positive
	0.005539
	m+H
	0
	D-Gluconate; D-Gluconic acid; D-gluco-Hexonic acid (cpd/cpd:C00257) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	371.2251
	370.2178583
	256.1250114
	Positive
	0.005539
	m+H
	0
	6-Keto-PGF1a; 6-Keto-PGF1alpha; 6-Keto-prostaglandin F1a; 6-Keto-prostaglandin F1alpha (cpd/cpd:C05961) in Metabolic pathways - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01100) /

	145.0849
	100.0866611
	341.7800045
	Negative
	0.005715
	m+FA-H
	0
	Cyclohexan-1-ol; Cyclohexanol; Hexahydrophenol; Hexalin (cpd/cpd:C00854) in Degradation of aromatic compounds - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01220) /

	111.0802
	112.0875053
	290.7770061
	Negative
	0.005715
	m-H
	0
	Hydroxymethylphosphonate; P-(Hydroxymethyl)-phosphonic acid (cpd/cpd:C06455) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	168.1391
	167.1318294
	378.4620094
	Positive
	0.005753
	m+H
	0
	Phenylacetothiohydroximate (cpd/cpd:C03719) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	134.1148
	133.1075125
	30.86550057
	Positive
	0.005859
	m+H
	0
	2-Aminosuccinic acid; L-Asp; L-Aspartate; L-Aspartic acid (cpd/cpd:C00049) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	208.1655
	189.1282998
	490.1704788
	Positive
	0.006023
	m+NH4
	1
	N-Acetyl-L-glutamate; N-Acetyl-L-glutamic acid (cpd/cpd:C00624) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	86.09641
	85.08913468
	419.6450043
	Positive
	0.006023
	m+H
	0
	2-Hydroxy-2-methylpropanenitrile; 2-Hydroxyisobutyronitrile; 2-Methyllactonitrile; Acetone cyanhydrin; Acetone cyanohydrin; alpha-Hydroxyisobutyronitrile (cpd/cpd:C02659) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	109.028
	108.0207378
	57.06900001
	Positive
	0.006023
	m+H
	0
	4-Cresol; 4-Hydroxytoluene; 4-Methylphenol; p-Cresol (cpd/cpd:C01468) in Metabolic pathways - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01100) /

	332.1932
	330.1825566
	500.950985
	Positive
	0.006023
	m+H
	1
	5-Deoxystrigol (cpd/cpd:C18037) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	125.0963
	124.0890228
	366.5299988
	Positive
	0.006023
	m+H
	0
	2-Oxoethylphosphonate; 2-Phosphonoacetaldehyde; Phosphonoacetaldehyde (cpd/cpd:C03167) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	614.3447
	590.3521659
	361.3130093
	Positive
	0.006149
	m+Na
	1
	Coenzyme Q6; Ubiquinone-6 (cpd/cpd:C17568) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	374.219
	329.2208085
	495.2704811
	Negative
	0.006321
	m+FA-H
	0
	(+)-Reticuline; (S)-Reticuline (cpd/cpd:C02105) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	564.3594
	546.3255248
	345.9599876
	Positive
	0.00641
	m+NH4
	0
	2-Hexaprenyl-6-methoxy-1;4-benzoquinone (cpd/cpd:C05803) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	185.1714
	162.1821918
	36.99100077
	Positive
	0.006438
	m+Na
	0
	(S)-3-(1-Methylpyrrolidin-2-yl)pyridine; (S)-Nicotine; Nicotine (cpd/cpd:C00745) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	415.254
	414.2466856
	283.3939934
	Positive
	0.006438
	m+H
	0
	14alpha-Hydroxy-5beta-cholest-7-ene-3;6-dione; Diketol (cpd/cpd:C16509) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	233.1541
	186.1491658
	504.9569893
	Negative
	0.00652
	m+FA-H
	2
	(3S)-6-Hydroxy-3-isopropenyl-heptanoate; 6-Hydroxy-3-isopropenylheptanoate (cpd/cpd:C11417) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	318.1926
	317.1853526
	373.1560135
	Positive
	0.006736
	m+H
	0
	Protoemetine (cpd/cpd:C11816) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	215.1277
	216.1349796
	471.5890074
	Negative
	0.006976
	m-H
	0
	5-Methoxyfuranocoumarin; 5-Methoxypsoralen; Bergapten; O-Methylbergaptol (cpd/cpd:C01557) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	126.0926
	125.0853004
	187.062006
	Positive
	0.00703
	m+H
	0
	3;6-Dihydronicotinic acid (cpd/cpd:C16671) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	295.2277
	296.2349608
	518.0175018
	Negative
	0.007064
	m-H
	0
	(9R;10S)-(12Z)-9;10-Epoxyoctadecenoic acid; 9(10)-EpOME (cpd/cpd:C14825) in Metabolic pathways - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01100) /

	100.1123
	99.10503664
	360.2279949
	Positive
	0.007529
	m+H
	0
	(2R)-2-Hydroxy-2-methylbutanenitrile; 2-Hydroxy-2-methylbutanenitrile (cpd/cpd:C18796) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	284.1804
	282.1697418
	189.1279936
	Positive
	0.007732
	m+H
	1
	12-trans-Hydroxy juvenile hormone III (cpd/cpd:C16508) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	565.3636
	562.3496573
	345.9599876
	Positive
	0.008297
	m+H
	2
	Porphyrinogen IX; Protoporphyrin; Protoporphyrin IX (cpd/cpd:C02191) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	748.514
	747.5067062
	547.1570206
	Positive
	0.008323
	m+H
	0
	Erythromycin E (cpd/cpd:C06634) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	609.3893
	590.3521362
	361.3140106
	Positive
	0.008394
	m+NH4
	1
	Coenzyme Q6; Ubiquinone-6 (cpd/cpd:C17568) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	132.0433
	132.0472691
	193.2750034
	Negative
	0.008514
	m-H
	1
	2-Oxobutanedioic acid; 2-Oxosuccinic acid; Oxalacetic acid; Oxaloacetate; Oxaloacetic acid; keto-Oxaloacetate (cpd/cpd:C00036) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	171.1027
	146.1067786
	366.5499973
	Positive
	0.008753
	m+Na
	2
	2-Ketoglutaric acid; 2-Oxoglutarate; Oxoglutaric acid; alpha-Ketoglutaric acid (cpd/cpd:C00026) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	131.0696
	132.0768343
	185.9540033
	Negative
	0.008755
	m-H
	0
	2-Oxobutanedioic acid; 2-Oxosuccinic acid; Oxalacetic acid; Oxaloacetate; Oxaloacetic acid; keto-Oxaloacetate (cpd/cpd:C00036) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	141.09
	141.0939454
	401.2269974
	Negative
	0.008755
	m-H
	1
	3alpha-Tropanol; Tropine (cpd/cpd:C00729) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	296.1497
	295.1424027
	345.9669971
	Positive
	0.008887
	m+H
	0
	(R)-Prunasin; Prunasin (cpd/cpd:C00844) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	261.1307
	260.1233869
	145.7895041
	Positive
	0.008887
	m+H
	0
	D-Glucose 6-phosphate; Glucose 6-phosphate; Robison ester (cpd/cpd:C00092) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	416.2573
	414.2466378
	283.3785009
	Positive
	0.008951
	m+H
	1
	14alpha-Hydroxy-5beta-cholest-7-ene-3;6-dione; Diketol (cpd/cpd:C16509) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	857.5347
	858.541946
	546.3300133
	Negative
	0.008961
	m-H
	0
	all-trans-Decaprenyl diphosphate (cpd/cpd:C17432) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	660.8813
	659.8740198
	490.7345009
	Positive
	0.009034
	m+H
	0
	1D-myo-Inositol 1;2;3;4;5;6-hexakisphosphate; 1D-myo-Inositol hexakisphosphate; D-myo-Inositol 1;2;3;4;5;6-hexakisphosphate; Inositol 1;2;3;4;5;6-hexakisphosphate; Phytate; Phytic acid; myo-Inositol 1;2;3;4;5;6-hexakisphosphate; myo-Inositol hexakisp (cpd/cpd:C01204) in Metabolic pathways - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01100) /

	342.0912
	340.080578
	375.3089905
	Positive
	0.009228
	m+H
	1
	beta-D-Fructose 1;6-bisphosphate (cpd/cpd:C05378) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	455.2267
	454.2194044
	484.5980072
	Positive
	0.00935
	m+H
	0
	Ribostamycin; Vistamycin (cpd/cpd:C01759) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	168.1009
	100.1173992
	349.2680025
	Negative
	0.009365
	m+FA-2H+Na
	1
	Cyclohexan-1-ol; Cyclohexanol; Hexahydrophenol; Hexalin (cpd/cpd:C00854) in Degradation of aromatic compounds - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01220) /

	291.1947
	246.196462
	503.8549805
	Negative
	0.009528
	m+FA-H
	0
	L-N2-(2-Carboxyethyl)arginine; N2-(2-Carboxyethyl)-L-arginine (cpd/cpd:C06655) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	227.0921
	228.0993951
	319.0500069
	Negative
	0.009528
	m-H
	0
	(R)-5-Phosphomevalonate; (R)-5-Phosphomevaloonic acid; (R)-Mevalonic acid 5-phosphate (cpd/cpd:C01107) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	201.112
	202.1192784
	433.6579943
	Negative
	0.009706
	m-H
	0
	Proclavaminate; Proclavaminic acid (cpd/cpd:C06658) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	310.9511
	311.9583402
	201.5249991
	Negative
	0.009833
	m-H
	0
	5-L-Glutamyl-Se-methylselenocysteine; gamma-Glutamyl-Se-methylselenocysteine (cpd/cpd:C05695) in Selenocompound metabolism - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath00450) /

	693.3333
	626.3531273
	501.9930267
	Negative
	0.009833
	m+FA-2H+Na
	0
	Red chlorophyll catabolite (cpd/cpd:C18022) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	573.2913
	574.2985763
	232.4600029
	Negative
	0.009833
	m-H
	0
	THF-polyglutamate; Tetrahydrofolyl-[Glu](n); Tetrahydrofolyl-[Glu](n+1); Tetrahydropteroyl-[gamma-Glu]n; Tetrahydropteroyl-[gamma-Glu]n+1 (cpd/cpd:C03541) in Folate biosynthesis - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath00790) /

	804.619
	803.6117484
	510.6230164
	Positive
	0.010122
	m+H
	0
	2;3-Bis-O-(geranylgeranyl)-sn-glycero-1-phospho-L-serine (cpd/cpd:C20466) in Glycerophospholipid metabolism - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath00564) /

	736.4118
	737.4190285
	515.8089924
	Negative
	0.010549
	m-H
	0
	Homotrypanothione; N1;N9-Bis(glutathionyl)aminopropylcadaverine (cpd/cpd:C16567) in Glutathione metabolism - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath00480) /

	163.0763
	162.0689859
	305.1659918
	Positive
	0.010574
	m+H
	0
	(S)-3-(1-Methylpyrrolidin-2-yl)pyridine; (S)-Nicotine; Nicotine (cpd/cpd:C00745) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	255.1591
	254.1517932
	399.0380001
	Positive
	0.011288
	m+H
	0
	3;9-Dihydroxypterocarpen; Anhydroglycinol (cpd/cpd:C10200) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	719.991
	718.9837065
	544.0259743
	Positive
	0.011288
	m+H
	0
	1-(5-Phospho-D-ribosyl)-ATP; 1-(5-Phospho-beta-D-ribosyl)-ATP; 1-(5-Phosphoribosyl)-ATP; N1-(5-Phospho-D-ribosyl)-ATP; Phosphoribosyl-ATP (cpd/cpd:C02739) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	369.1188
	368.1114766
	214.916997
	Positive
	0.011331
	m+H
	0
	Strictosidine aglycone (cpd/cpd:C03309) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	723.4371
	722.4298296
	393.8024998
	Positive
	0.011693
	m+H
	0
	Prephytoene diphosphate (cpd/cpd:C03427) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	203.1288
	202.1214926
	329.8790073
	Positive
	0.011764
	m+H
	0
	Proclavaminate; Proclavaminic acid (cpd/cpd:C06658) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	394.2134
	370.2208359
	256.1745071
	Positive
	0.011764
	m+Na
	1
	6-Keto-PGF1a; 6-Keto-PGF1alpha; 6-Keto-prostaglandin F1a; 6-Keto-prostaglandin F1alpha (cpd/cpd:C05961) in Metabolic pathways - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01100) /

	279.1002
	261.0664163
	437.0520115
	Positive
	0.011764
	m+NH4
	0
	Lotaustralin (cpd/cpd:C08334) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	227.9831
	226.975858
	272.5849915
	Positive
	0.011764
	m+H
	0
	3-Amino-4;7-dihydroxy-8-chlorocoumarin (cpd/cpd:C12469) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	104.105
	85.06777553
	29.30899948
	Positive
	0.011891
	m+NH4
	1
	2-Hydroxy-2-methylpropanenitrile; 2-Hydroxyisobutyronitrile; 2-Methyllactonitrile; Acetone cyanhydrin; Acetone cyanohydrin; alpha-Hydroxyisobutyronitrile (cpd/cpd:C02659) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	828.5167
	810.4829071
	409.8530102
	Positive
	0.012034
	m+NH4
	0
	Vinblastine (cpd/cpd:C07201) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	129.054
	130.0612975
	265.9169912
	Negative
	0.012272
	m-H
	0
	2-Oxoisocaproate; 4-Methyl-2-oxopentanoate (cpd/cpd:C00233) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	530.1356
	529.1283212
	393.2260036
	Positive
	0.012661
	m+H
	0
	dTDP-3-amino-2;3;6-trideoxy-D-threo-hexopyranos-4-ulose (cpd/cpd:C12318) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	163.1218
	162.1145263
	33.84449959
	Positive
	0.01306
	m+H
	0
	(S)-3-(1-Methylpyrrolidin-2-yl)pyridine; (S)-Nicotine; Nicotine (cpd/cpd:C00745) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	219.1745
	218.1672057
	503.0030251
	Positive
	0.01322
	m+H
	0
	2-Oxo-9-methylthiononanoic acid; 9-Methylthio-2-nonanoic acid (cpd/cpd:C17228) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	152.107
	133.0698387
	346.6349888
	Positive
	0.013538
	m+NH4
	1
	2-Aminosuccinic acid; L-Asp; L-Aspartate; L-Aspartic acid (cpd/cpd:C00049) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	936.6941
	918.6603091
	512.7350235
	Positive
	0.013687
	m+NH4
	0
	4'-Acetylmegalomycin A; Megalomicin B (cpd/cpd:C11986) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	847.49
	827.4494315
	410.3565073
	Positive
	0.014748
	m+NH4
	2
	Mycobactin S (cpd/cpd:C12216) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	173.0811
	128.0829047
	277.843008
	Negative
	0.015984
	m+FA-H
	0
	Naphthalene (cpd/cpd:C00829) in Metabolic pathways - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01100) /

	520.262
	496.2694281
	493.8224888
	Positive
	0.016045
	m+Na
	1
	20;26-Dihydroxyecdysone (cpd/cpd:C16500) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	592.3624
	590.3517825
	361.3170004
	Positive
	0.016264
	m+H
	1
	Coenzyme Q6; Ubiquinone-6 (cpd/cpd:C17568) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	141.0898
	140.0903852
	509.2264938
	Negative
	0.016528
	m-H
	2
	2-Fluorobenzoate; 2-Fluorobenzoic acid (cpd/cpd:C02359) in Metabolic pathways - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01100) /

	121.0278
	122.0351187
	274.6224976
	Negative
	0.017081
	m-H
	0
	Benzenecarboxylic acid; Benzoate; Benzoic acid; Dracylic acid; Phenylformic acid (cpd/cpd:C00180) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	116.9862
	115.9789342
	598.2089996
	Positive
	0.017089
	m+H
	0
	Fumarate; Fumaric acid; trans-Butenedioic acid (cpd/cpd:C00122) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	171.2005
	172.207783
	285.0244904
	Negative
	0.017569
	m-H
	0
	9-Oxononanoic acid (cpd/cpd:C16322) in alpha-Linolenic acid metabolism - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath00592) /

	608.3854
	590.3515514
	361.328001
	Positive
	0.018131
	m+NH4
	0
	Coenzyme Q6; Ubiquinone-6 (cpd/cpd:C17568) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	310.2045
	286.2119201
	485.2029991
	Positive
	0.018832
	m+Na
	1
	(-)-Kaur-16-en-18-al; 4alpha-Kaur-16-en-18-al; Kaur-16-en-18-al; Kaurenal; ent-Kaur-16-en-19-al; ent-Kaurenal (cpd/cpd:C11873) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	269.1387
	270.1459685
	545.2785015
	Negative
	0.018948
	m-H
	0
	4';5;7-Trihydroxyflavone; 5;7;4'-Trihydroxyflavone; Apigenin (cpd/cpd:C01477) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	122.0967
	121.089413
	549.3600082
	Positive
	0.019294
	m+H
	0
	L-2-Amino-3-mercaptopropionic acid; L-Cysteine (cpd/cpd:C00097) in Metabolic pathways - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01100) /

	283.1751
	282.1678255
	189.131999
	Positive
	0.02108
	m+H
	0
	12-trans-Hydroxy juvenile hormone III (cpd/cpd:C16508) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	468.1711
	445.181901
	469.5970058
	Positive
	0.021287
	m+Na
	0
	(6S)-THFA; (6S)-Tetrahydrofolate; (6S)-Tetrahydrofolic acid; 5;6;7;8-Tetrahydrofolate; THF; Tetrahydrofolate; Tetrahydrofolic acid (cpd/cpd:C00101) in Metabolic pathways - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01100) /

	499.1565
	498.1492107
	403.5379887
	Positive
	0.021505
	m+H
	0
	Bis-gamma-L-glutamyl-L-cystine; Bis-gamma-glutamylcystine; Oxidized gamma-L-glutamyl-L-cysteine; Oxidized gamma-glutamylcysteine (cpd/cpd:C03646) in Glutathione metabolism - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath00480) /

	330.2385
	329.2390622
	487.1375084
	Negative
	0.021762
	m-H
	2
	(+)-Reticuline; (S)-Reticuline (cpd/cpd:C02105) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	549.0221
	550.0293674
	201.940999
	Negative
	0.022361
	m-H
	0
	UDP-L-rhamnose; UDP-rhamnose (cpd/cpd:C02199) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	543.2058
	520.2166064
	513.7704849
	Positive
	0.023393
	m+Na
	0
	Dolichol diphosphate; Dolichyl diphosphate (cpd/cpd:C00621) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	318.245
	294.2524256
	492.2549915
	Positive
	0.02435
	m+Na
	1
	2-Demethylmenaquinone (cpd/cpd:C05818) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	543.2646
	544.2718579
	279.9579906
	Negative
	0.02449
	m-H
	0
	10-Deacetylbaccatin III (cpd/cpd:C11700) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	240.0505
	239.0432267
	165.8930039
	Positive
	0.02474
	m+H
	0
	(6R)-6-(L-erythro-1;2-Dihydroxypropyl)-7;8-dihydro-6H-pterin; 6;7-Dihydrobiopterin; Dihydrobiopterin; Quinoid-dihydrobiopterin (cpd/cpd:C00268) in Metabolic pathways - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01100) /

	463.2626
	445.2287774
	472.6809883
	Positive
	0.024807
	m+NH4
	0
	(6S)-THFA; (6S)-Tetrahydrofolate; (6S)-Tetrahydrofolic acid; 5;6;7;8-Tetrahydrofolate; THF; Tetrahydrofolate; Tetrahydrofolic acid (cpd/cpd:C00101) in Metabolic pathways - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01100) /

	963.5793
	918.5810837
	514.1954899
	Negative
	0.025964
	m+FA-H
	0
	4'-Acetylmegalomycin A; Megalomicin B (cpd/cpd:C11986) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	331.209
	308.2197374
	405.6540012
	Positive
	0.026127
	m+Na
	0
	Menaquinone; Vitamin K2 (cpd/cpd:C00828) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	159.1005
	160.1077404
	389.2969894
	Negative
	0.026265
	m-H
	0
	3-(2-Aminoethyl)indole; Tryptamine (cpd/cpd:C00398) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	160.0569
	161.0641375
	34.37899947
	Negative
	0.027629
	m-H
	0
	L-2-Aminoadipate; L-2-Aminoadipic acid; L-2-Aminohexanedioate; L-alpha-Aminoadipate; L-alpha-Aminoadipic acid (cpd/cpd:C00956) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	188.098
	188.1018956
	229.1649985
	Negative
	0.027704
	m-H
	1
	7;8-Diaminononanoate (cpd/cpd:C01037) in Metabolic pathways - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01100) /

	241.1438
	242.1510289
	508.2080269
	Negative
	0.027704
	m-H
	0
	Deoxythymidine; Thymidine (cpd/cpd:C00214) in Metabolic pathways - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01100) /

	853.2943
	854.3016166
	282.4025059
	Negative
	0.027704
	m-H
	0
	Hydroxymethylbilane (cpd/cpd:C01024) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	270.1417
	271.1489328
	566.7775154
	Negative
	0.029265
	m-H
	0
	(S)-Norcoclaurine; 6;7-Dihydroxy-(1S)-[(4-hydroxyphenyl)methyl]-1;2;3;4-tetrahydroisoquinoline (cpd/cpd:C06160) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	242.0739
	241.0666597
	264.9009991
	Positive
	0.029605
	m+H
	0
	1;3-Dihydroxy-N-methylacridone (cpd/cpd:C12093) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	236.2002
	218.1663445
	506.3269901
	Positive
	0.030112
	m+NH4
	0
	2-Oxo-9-methylthiononanoic acid; 9-Methylthio-2-nonanoic acid (cpd/cpd:C17228) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	761.3966
	743.362821
	393.7730026
	Positive
	0.030229
	m+NH4
	0
	Demethyllactenocin (cpd/cpd:C12003) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	243.0682
	241.0575814
	430.5319977
	Positive
	0.032105
	m+H
	1
	1;3-Dihydroxy-N-methylacridone (cpd/cpd:C12093) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	129.0719
	128.0725146
	480.5315208
	Negative
	0.032329
	m-H
	2
	Naphthalene (cpd/cpd:C00829) in Metabolic pathways - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01100) /

	129.9804
	128.9731712
	598.2089996
	Positive
	0.033484
	m+H
	0
	(3R;5S)-1-Pyrroline-3-hydroxy-5-carboxylate; 3-Hydroxy-L-1-pyrroline-5-carboxylate; L-1-Pyrroline-3-hydroxy-5-carboxylate (cpd/cpd:C04281) in Metabolic pathways - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01100) /

	349.0617
	348.0544238
	489.144001
	Positive
	0.038138
	m+H
	0
	5'-IMP; 5'-Inosinate; 5'-Inosine monophosphate; 5'-Inosinic acid; IMP; Inosine 5'-monophosphate; Inosine 5'-phosphate; Inosine monophosphate; Inosinic acid (cpd/cpd:C00130) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	572.289
	549.2998264
	482.641983
	Positive
	0.038138
	m+Na
	0
	Jadomycin B (cpd/cpd:C12395) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	564.1726
	565.1798568
	488.8770103
	Negative
	0.038343
	m-H
	0
	N-Acetyl-N6;O-didemethylpuromycin-5'-phosphate (cpd/cpd:C07029) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	138.0662
	139.0734338
	473.6060143
	Negative
	0.038343
	m-H
	0
	3-Tropanone; Tropinone (cpd/cpd:C00783) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	113.062
	112.0547531
	282.7324963
	Positive
	0.03904
	m+H
	0
	Hydroxymethylphosphonate; P-(Hydroxymethyl)-phosphonic acid (cpd/cpd:C06455) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	407.059
	340.0788088
	399.0549946
	Negative
	0.042018
	m+FA-2H+Na
	0
	beta-D-Fructose 1;6-bisphosphate (cpd/cpd:C05378) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	854.3004
	854.3042771
	283.3289909
	Negative
	0.042172
	m-H
	1
	Hydroxymethylbilane (cpd/cpd:C01024) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	206.0113
	207.0186254
	492.1239853
	Negative
	0.042718
	m-H
	0
	4-(2-Aminophenyl)-2;4-dioxobutanoate (cpd/cpd:C01252) in Metabolic pathways - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01100) /

	249.0864
	248.0791144
	156.637001
	Positive
	0.042793
	m+H
	0
	3-Dimethylallyl-4-hydroxyphenylpyruvate (cpd/cpd:C12456) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	251.1275
	250.1201952
	335.7934999
	Positive
	0.042944
	m+H
	0
	2-cis;4-trans-Xanthoxin; Xanthoxin (cpd/cpd:C13453) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	293.032
	294.0392745
	277.8600025
	Negative
	0.04329
	m-H
	0
	Cyclic de-hypoxanthine futalosine (cpd/cpd:C17017) in Ubiquinone and other terpenoid-quinone biosynthesis - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath00130) /

	195.1371
	128.1569171
	489.0150261
	Negative
	0.043726
	m+FA-2H+Na
	0
	Naphthalene (cpd/cpd:C00829) in Metabolic pathways - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01100) /

	445.1123
	446.1195869
	300.574007
	Negative
	0.046799
	m-H
	0
	Cephamycin C (cpd/cpd:C06566) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	585.5272
	586.5345177
	535.6309891
	Negative
	0.046836
	m-H
	0
	3';4'-Dihydrorhodovibrin (cpd/cpd:C15887) in Carotenoid biosynthesis - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath00906) / Hydroxyspheroidene (cpd/cpd:C15902) in Carotenoid biosynthesis - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath00906) /

	139.0512
	138.0438768
	500.7584953
	Positive
	0.048889
	m+H
	0
	4-Hydroxybenzoate; 4-Hydroxybenzoic acid; Hydroxybenzenecarboxylic acid; Hydroxybenzoic acid (cpd/cpd:C00156) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /

	309.2261
	308.2187845
	405.6729984
	Positive
	0.049221
	m+H
	0
	Menaquinone; Vitamin K2 (cpd/cpd:C00828) in Biosynthesis of secondary metabolites - Arabidopsis thaliana (thale cress) (KEGG/ath/path:ath01110) /
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Chemical priming of immunity without costs to plant growth
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Summary
Author for conespondence « fi-Aminobutyric acid (BABA) induces broad-spectrum discas resstance, but aso reprsses
Juriaan Ton plant growth, which haslimited s exploftatin in crop protection. BABA percepton e on
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binding to the aspartytRNA synthetase (ASPRS) 1B, which primes the enzyme for sec-
ondary defense actiity. This sudy aimed to dentty structural BABA analogues that induce
resistance without stunting plant growth.

« Using it-dircted mutageness, we demonstrate that the )-aspatic acid-binding domain
of 1811 s critcal for BABA percepton. Based on interaction models of ths domai, we
New Phytologis (2018)218:1205-1216  sreened a small Bbrary of structural BABA analogues for growthrepression and nduced rsis-
ol 10.1111/nph 15062 tance agsinstbitrophic Hyaloperonospora arabidopsis (Hpa)

A range of restance-inducing compounds were identied, of which (R)--homoserine
ey words: crop protection, 1, e (RBH) wasthe most effective. Surprisngy, RBH actd through different pathways than BABA.
{ettnce, piming. b amncbutyic acd | RBH-induced resisance (RGH-IR) against Hpa functioned independently of salcylc il par-
ABA), - homserie. tally refied on camalexin, and was assocated with augmented cell wal defense. RBH-IR

against necrolrophic lectosphaereila cucumerina acte via priming of ethylene and jasmoric
acid defenses. RBH-IR was aso efective in tomato against Botyts cinerea. Metaboli profi-
ing revealed that RBH, unike BABA, does not majory affect plant metaboli.
 RBH primesdistinct defense pathways aganst bitrophic and necrotrophic pathogens with-
out tunting plant growth,sgnifying strong potentialfo exploation n crop protection.

commonly refered o as induced syt resisance (1SK: Van
! o Wees etal, 2008) or mycorhizainduced resisance (MIR;
innate immune sysem to rss microbisl  Cameron. eral, 2013). Because priming augments mlgenic

Plants rely on

pathogens. This defense rgultory sysem controls a wide range
of pathopen-inducible defense mechanisms, such as tanserp-
tional activation of defense genes, production of sccondary
metaboltes and structural renforcements o the cll wall (Joncs
& Dangl, 2006). A range of smallsgnaling molccules, ncluding
reactive oxygen species (ROS), saliylc acid (SA), jasmonic acid
OA) and cthylenc (ET), play citcal oles in th coordination of
these inducble defenses (Piterse eral, 2012). I addion to
innate immunity, plants also can acquire immunity upon percep-
tion of specific biotc and abiotic stimuli, a process mediated
largely by priming of inducible defenss (Conrath eral, 2006).
Immune. priming, enables faster andfor songer induction of
inducible defenses fllowing subscquent pathogen atack. A cs-
sic cxample i systemic acquired resistance (SAR), wherchy local-
iucd pathogen auack primes SA-dependent defenses in disal
tissues Qung eral, 2009). Interacions with benefical soil
mictobes,such 1s growth-promaring thizobceria an fungi,can
alo elicit sysemic priming, of JA- and ET-dependent defenses
(Verhagen ctal, 2004; Van der Enc eral, 2009), which is

N Py © 015 Now Piyog Tt

basal resisance, the resuling discase protection can be more
durable than race-specifc resisance, which i based on single
resisance genes (Ahmad et al, 2010). Thercfor, despite the fact
tha priming rrely provides complte discase provecion (Walters
etal, 2013), pplicaton of priming-inducing agents
ingly considered for exploiation in integrated pest and discase
management (Beckers & Conrath, 2007; Conrath e, 2015).
framino buyric acid (BABA) is a wel-known chemicl prim-
i agent hat induces broad-spectrum discase resisance in 3 wide
range of cconomically important crop species (Cohen eral,
2016). BABA-induced ressiance (BABA-IR) is based on priming;
of maliple defense. mechanisms that are conuolled by SA-
dependent and SAindependent pathways (Zimmerl tal, 2000;
“Ton eal, 2005). Recendy, BABA was found to occur naurally
at low concentrarions in plan tssues (1-20 ngg' FW), which
can increase five- 10 10-old upon exposure o () biotc stress
(Thevenct ra, 2016). Consistent with  funcion as n endoge-
nous defense regultory signal, we previously discovered 4 recep-
tor protein for BABA (Luna eral, 2014). A genetic sreen for

N Py 11 200 120512161205
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Arabidopsis thaliana (Arabidopsis) mutants in BABA-IR identi-
fied the IMPAIRED IN BABA-INDUCED IMMUNITY 1 (B}
e, which encodesan aspartyltRNA synthetase (ASpRS). Bind-
ing,of the acive (R-enaniiomer of BABA o IBI1 primes thi
ensyme for alternative defense activity n the cytoplasm. Despite
the documented abilty of BABA to protect against a wide range
of commercially reevant crop discass, agricltural exploitarion
of the chemical has been hampered by it growth-represing
effcts (van Hulten et at, 2006; Wo et aL, 2010). This phytotos
city is caused by the inhibitory aciviey of BABA on ApRS
enryme aciviy (Luna ctal, 2014), which is aggravated by its
slow metabolic trmover in the plane (Jakab eral, 2001; Slaugh-
ter eral, 2012). Consequendy, traument of plants with BABA
progresively blocks AspRS activty, causing celulr accumula-
tion of uncharged (RNAM, GON2-dependent_represion of
gene ransarion, and planesures (Luna eral, 2014). Because the
chemical srucuuresof (1)-Asp and (R)-BABA are sikingly si
lar, we proposcd tha this AspRS-inhibiting cffcct of (R-BABA is
due o aspecifc binding o the (1)-Asp binding st of ApRS pro-
wein. This made of action explains why mutantsin /311 arc nox
only impaired in BABA-IR, but akso hypersensitive o BABA-
induced sres. The educed concentrtions of AspRS protein in
i planes owers BABA scquestration capacty, causing increased
accumulation of un-charged (RNAM, and enhanced sress afier
BABA rcatment (Luna tal, 2014).

In the prscnt study, we took 3 chemical approach to idenify
resistance-inducing anlogues of BABA with fewer nontarget
effects on plant growth. Based on ligand-interacion movels of
the conserved (1)-Asp-binding domain of IBI1, we scrcencd a
small libray of B-amino acids for resstance-inducing acivity
and growth repression. We identified seven resistance-inducing
‘compounds,of which five actd independendy of AspRS inhi
tion. (R)-f-homaserine (RBI) showed the strongest resistance-
inducing, activity, which acted via pardially differnt signaling
pathways than BABA, without affecing vegetaiive growth or
lobal plant metabolism. Because RBH. protecs taxonomically
unrelated plant species against_biowophic and_ necrotrophic
pathogens, we conclude that RBH represens a promising new
agent i crop protection strategics

Materials and Methods

Plant material and growth conditions

Decails of Arabidopsis thaliana (1.) Heynh. genotypes are pro-
vided i the Suppording, Information Methods 1. Surfice-
serlzed seeds were sown on Murashige & Skoog, agar (1.5%),
orin pots conaining a 21 (4/9) pea:sand miture. Seeds were
swaified a¢ 4°C in darknes for 2d before culivaion under
short-day growth conditions (8 (150 umol photons m™s )
21°C: 161 18°C, day  night) at . 60% relacive humidity (RH).
Tomato sceds (Solamam heopencum (L) cultivar Micro-Tom)
weresown i peti dishes on weted il paper and kepe ac 28°C:
unil germinated. Once germinated, seedlings were transplanted
into pots with Scorc’s Levington M3 soil and were cultvated

Now Pl G018 218 12051216
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under long day conditons (16h (150 pml photons
25°C:8h 20°C, day night) a ¢ 60% RH.

Chemical treatments

Deils of the 10 chemicals of our chemical library are provided
in Methods 2. Soil-drench treatment with chemicals was per-
formed by injecing 2 10x concentrated soluton at 10% of the
pot volume. Lids were removed fo 1 d afr treatment o increase
solution uptake by soil. Chemical concentrations in agar media
were as indicated in fgures.

Site-directed mutagenes's and interaction modeling

A point mutarion converting the gluamine residuc (GLN308) of
the (1)-Asp-binding site in BI1 to  nonpolar alanine residuc
(ALA308) was introduced by site-directed muragenesis, as
described in’ Methods 3. Modeling of ligand interacions
between [Lamino acids and the (1)-Asp binding domain of IBI1
was based on Thermacoeus Aodakaraensis AspRS co-rysalized
with (1)-Asp (PDBI3NEL), 35 exphincd previously (Luna eral,
2014). Simulations were performed using the Discoviay STupio
(DS) (Accelys Sofiware ., San Dicgo, CA, USA) platform, as
devailed in the Methods S5.

Pathogen strains and induced resistance assays

Induced resistance in Arabidopsis was quantified againsc the
biowrophic oomycete  Hyaloperonaspora - arabidopids, swain
WACO9 (Col0 asay) or CALA (Ler asays), and the
necrotrophic fungus Plcosphaerll cucumerina sisin BMM.
Induced resistance intomato was quanified_against  the
necrotrophic.fungus Boryis cinera st R1G. Decils of
induced resisance asaysare presented in Methods 5.

RNA extraction and reverse transcription quantitative PCR
(RT-gPCR)

Snap frozen eaf sucs wee homogenizedin 2l tubes contin-
ing three metal beads. RNA isolation, reverse transeiption and
APCR were peformad as described previouly (Lépes Sinches
etal, 2016, Relaive rascript quaniis were calulstod acord-
g 1o (1 + B, where ACt= Cilsmple) — Cecalibrator sam-
ple), and normalized to (1 + EY values of three reference genes,
ArlgI3440 (GAPDHD, Ar5g25760 (URC) and 4228390 Coe-
Chovai eral, 2005).

Staining for callose deposition against Hpa

Deposiion of Hpainduced cllose was examined at 2. post-

i (dpi) in aniline blue/cileoflor-stained leaves, using
UV epicluorescence. microscopy as descibed previousy (Ton
eval, 2009). Effectiveness of callose depositon was quaniified by
the percentage of germinated conidiospores of which the proxi-
mal end of the emerging germ wbe was encapsulaed in calose.
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Quantifiction of basal callose deporsition in unchallenged leaves
was performed as described previously (Luna eral, 2011).

Stress and relative growth rate (RGR) assays

Phenotypic strss symptoms by [ amino-acids were recorded by
digial photography of seedlings at 11 afier planting surfice-
scrlzed seeds oncontrol- (wate) or [bamino-acidsupple-
mented 1.5% MS agar (10 sucrose, 5g MES, 4g MS, 15
Bacto-agar !, pH 5.). Reltive growth rae (RGR) was detr-
mincd 3¢ described in Methods S6.

Liquid chromatography coupled to mass spectrometry
analysis

Profiling of defense-relaed metabolites in mock- and Hpa-
inoculated plants was performed by ulraperformance fiquid
chromatography coupled to riple quadrupole mass spectrome-
y (UPLC-TQD; “Table $1), 35 described previously (Gamir
eral, 2012). Details of untargeed. metabolit profiling of
watcr-, BABA- and RBH-rcated plants by ulta-performance
liquid_chromatography coupled 1o quadrupole-orthogonal
time.of flight mas spectrometry (UPLC-Q-TOF), and quan-
ification of ()-Asparti acid-derived amino acids in water- and
RBH-teated plants by hydrophilic. interacion liquid_chro-
matography coupled to_quadrupole-ordhogoral time-of-light
mass specrometry (HILIC-Q-TOR) are described in Methods
7 and 88,

Results

‘The ()-Asp-binding domain of IBI1 is essentil for plant
perception of BABA

Based on previous models of the intraction becween [BI1 and
(R-BABA, we predicted that the polar gluamine residuc in the
()-Asp-binding, domain interacts with both the carboryl and
amino group of (R-BABA (Luna cral, 2014). To confrm the
importance of the ()-Asp-binding, domain in BABA percep-
tion, we wse st directed mutagenesis o replace the gutamis
esiduc in this domain with 3 nonpolar alanine. Afier transfor-
mation of bi1-1 with consitutivly expressed (W) (35S:1B11-
YEP) o mutant (3551BI1,-YFP) conserucs, T2 plants were
compared o W (Col-0) and i1 plants for BABA tolerance
and BABA-IR against biowrophic. . arabidspsdis (F1pa). YF
fuorescent T, plants expresing W' [BI1-YFP flly comple-
mented the bil-1 mutant for tolerance on BABA-contining
agar (0.5 mM; Figs Ta, $1). By contras, fluorescent T planes
expressing, mutant. Bl YFP showed 4 comparable delay in
seed germination and sunted groweh as ibi1-1 plants (Fis 1a,
1. Furthermore, fuorescent T plans expressing WT [BI1-
YEP complemented the bi1-1 mutant for BABAIR, whercas
uorescent T plants expressing, mutated 1811, YFP filed 10
develop satistically significant levls of BABAIR. (Fig 1b).
Hence, the (1)-Asp-binding, domain of IBI1 is csendal for
BABA perception.
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Fig 1 The ()-Asp bindng domain of IMPAIRED IN EASA-INDUCED
IMMUNITY 1 (811’ essentl forf-amiobutyrc cd (BABA)toleance
ad BABA-induced esitance against Hyaloperonospora arabidopsics
Ulpa in Arbidopsis thalana. The i1 1 mutant s rnsformed with
P3SIBII-VIP constnucts with and withouta ot mutabon that converts
thepolar plutamine esidue i he ()Aspbinding domaininto  nonpolar
alanine. To cnsure suffcient expression of ransgoncs, only yalow
uorescentprotein (1P)-fuorescent T, ndwidual wer st for
analyis. @) Relatve germinaton rates of k0, b1-1,b1-1 3551611
YFP ad ibi1-1 3551811, YFP caying th pont muttin. Shown are
percentages o geminaled sodings (113 25) o MS agarwithand
without BABA (0.5 mM) at 6 aftr lanting, () BAIA IR againt Hpa n
(o0, i1-1,ib1-1 3551BH1-YFP and b1-1 355111, VI planis. Two-
woekoldplants were s drenched with waer o BAEA (01 mi) and
challnge-nocuated with pa. Coloiztin by pa was analyzed
microscopcally a 6 post inocltion (i) ntrypan blue stined leaves
by asigningeaves o iffren classs (e Fi, 2 forrepesenttive
exampies) ranging from | (i hyphal coloizaion) oV (xtensiv hyphal
colontzation and formation of sexual spores). tatstically sgnficant
ferences nclass dstribuons (Fshr'sexac est) compared o the
walr reaed conrosae dicated., <005, s, not Sgfcan. Photos
ofrpresntatve plants were takenat 23 d ferpantiog m brghthght
(upperpanck) and YFP-forescet gt Gowes pancs).

Insilico interaction models between -amino acids and the
(0-Asp-binding domain of AspRS.

In order o search for analogs of (RBABA, we modeled the
interaction between structurally related famino acids and the
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)-Asp-binding domain of IBI1. Because this domain is highly
conserved between cukaryoric and prokaryoric AspRS enymes,
binding,simulations were basd on the co-crysallzed structur of
()-Asprbound  AspRS from 7. kodakacrensi, 25 described
previousy (Luna etal, 2014). (S-f-homoscrine, (1)-threo-3-
methylaspardc acd, Palanine, and the (Rienantiomers of
framino-pentanoic acid, f-amino-hocanoic acid and framino-
hepanoic acid all docked in a similar oientaton to ()-Asp and
(R-BABA, which i decermined by interacions of the posiiely
charged amine group of these mokcules wih resdue GLN308
and residues ASP348 and SER307 via a bridging water molecule
(Fig, $2). By contrast, (R»homaserine and. p-glutamic acid
docked in 3 diffren arintaton o (R-BABA and ()-Asp, duc
o diferent positoning of their amine groups (Fi. 52).

AspRS inhibitory activity by structural BABA analogues.

Arabidopsis mutants in 1811 are hypersensitve 10 BABA-induced
inhibition of AspRS functon (Luna e, 2014), causing delayed
gemination and_dramaticlly_represscd._growih on BABA-
contining agar (Figs 12, $1). We exploitcd this mutant pheno-
type to screen the famino acids for AspRS inhibiory act
‘Growth phenotypes of 1-wk-old ifi1-1 and Col0 sedlings were
compared on agar pltes conaining 0.5 mM of cach of the -
amino acds (Fig, 2). The analyis for thrco-3-methyhsparcic
acid, [amino-pentanoic acid, -amino-hesanoic acid and -
amino-heptanoic acd was based on racemic mixcures, because no
cnaniomer-pure preparations of these chemicls were avalable.
Germination and growth of Col-0 was unafected by any of the
Pamino acids (Fig, 2. As expected, BABA seectively repressed
germination and growth of ibil-1 (Fig,2). To a lesr extent,
b1 selings also showed stunted growth on pltes concining,
(--homoserine and. falanine, indicatin, that these com-
pounds exert weak ASpRS inhibitory aciviy. None of the -
amino acids repressed growth in bil-1, suggesting that they do
ot affect AspRS funcion (Fig. 2).

Induced resistance by structural BABA analogs

In order 0 assss the resisance-inducing activitiesof the -amino
acids, 2-wh-old Col0 plans were soil-drenched with increasing

2 Aty IR sy (o bty sty G nd
restance g oty (1) fcgh s anaoesof -
byt 0 GABA) I Arabidopss thallans. ApRS bty
vty wasdeduced fom s growihinbtonof MPARED N
BABA/NDUCLD IMMUNITY 1 Gh1.1) mutan sdings,whih s
reducd AspS encyme sty L a1 2019 Shownre 1140
i ype (Co ) and 11 sedings on hurshig e Skoog agar pates,
Continng 0.5 M ofeac i ackl.Retance i ety s
o by siencing 2-wk o0 CokOwilh e
Concntations ofthechemicas, oowed by chlene nociton with
Hpsaperonrporsaabidopsics ) 24 e, Show e percentes
ofkaves i iferent 1 cooiation s 5 6 pont ool
(69D 170 80) s o reprsntiv cxamplsof Hpa coizton
s Satstcl ot diferences i css dbulions(Fshor's
exacost) compard o th waer et <onrls O ar ncal:
+1001<P<005,*+,P=007)
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concentrations of cach chemical and challenged with FHpa. Resis
ance was determined 56 dpi by scoring, Hpa olonization in ry-
pan blue stained leavs. (5)--homoserine and Balanine induced
partial resistance against Hip, which was proportional t their
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growhrepressing ffcts on i1 (Fig 2), indicacing that these
molecules ac as weak funcrional analogs of BABA. (DI )-threo-
3-methylspartic acid fuled 1o induce resistance aginst Fpe,
consistent with is inability (0 induce selecive growth inhibition
in ibil-1 (Fig.2). Suprisingly, (R--homoscrine, (R-f-
aminopentanoic. acid, (RSHaminohexanoic. acid,  (H/S-f-
aminohepancic cid and f-gutamic acid al induced ssically
significant levels of Hpa resisance, even though they did not
repres ibil-1 growth (Fig,2), suggeing alemaiive percepion
mechanisms. Of these fve framino. acids, (R)-p-homoserine
(RBH) showed the strongest resistance-inducing activy reach-
ing; near complece levels of protcction at 0.5 mM and 1.5 mM in
the soil (Fig. 2). Therefore, subscquent experiments focuscd on
characterzation of RBH-induced resisance (RBH-IR),

Role of 1811 in RBH-IR

In order to cxamine the role of IBI1 in RBH-IR, we comparcd
W (Col0), ibil-1 and_IBli-overespressing, 35S-BI1-VEP
plants (T3 homorygous) for RBH-IR against F/pa (Fig, 3).
Although BABA failed 1o induce rcsisance in. itil-1, RBH
induced W levls of ressance in bi1-1 (Fig, 3). Thus, despte
the fact that our intcraction models suggestd potential binding,

inding pocket of IBI1 (Fig 52), RBH.-
is suppored by our finding thac

R docs ot equire B, whi
RBH docs nor repres ibil-| growth (g, 2). Nonctheless, the
1Bl overespresing plants showed ncar complee leves o resis-
ance following RBH trcament, which was simila to thelevel of
protetion induced by BABA.(Fig, 3. Hence, cevaed 1817
expression acsaddicvely o synegisticaly on the defense mecha-
s wndespinning RBH.R againse Hpa.

RBH primes defense efficiency of callose

IBI1dependent resisance s asociated with augmented efciency
of callose to hale Hpa colonization (Zimmerl eral, 2000; Ton
etal, 2005; Luna ctal, 2014). To tes whether RBHIR is associ-
ated with 2 simir defense mechanism, 2-wk-od sedlings were
soildrenched with increasing concentrations of RBH, and eval-
ated for the effcency by which callose halis Hpe colonization at
2dpi. Epi-uorescence microscopy  of caleoflor/anilne. bluc-
sained leaves revealed that RBH augments calose effiiency in a
dose-dependent manner,resching simila levels ar 1.5 mM RBH
w plants prereaied with 0.5 or 1.5 mM BABA (Fi, 3b)
Because RBH-reatd plants did not deposi enhanced cllos in
the abscnce of e (Fig. 3, we conclude that RBH, like BABA,
primes depositon of resisance-cnhancin callose.

RBH-IR operates independently of SA signaling
Because SA-dependent resisiance is effctive against Fipa
(Thomma etal, 1998; Ton et al, 2002), we quandfed the effct
of RBH on expression of the SA-inducible marker gene PRI.
Leaves of water- and RH-treated plants (Col-0) were sprayed
with water (control) or 0.5 mM SA, and analyzed for SA-induced
PRI gene expression at different ime-poinis afier reatment.
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Fig 3 (- homoserine (RBH) induced resistance n Avabidopss thalana
against Hyaloperanosporaaabidopsids 1pa) acts ndependenty of
TMPARED IN BABA-INDUCED IMMUNITY 1 (1T and s associaed with
increased defense cffiency of callos. ) Aminobutyrc acd (ABA)-
and RBH-induced resistance against Hpain Co 0,11 and ii1-1 355
TB11:Y1P planis (YFP, yolow frescent poten). Two week-od lants
wore s drenched withwaler, .5 i BABA, o 05 ml REH, and
challnge-noculated with Fpa 2 te. Shown ar percentages ofeaves.
(1=70 80 indiferent Hpa colnization casses at 5 ost nocation
(4. For detab, s egends o Figs 1 and 2. Salistically sgnifcant
diferences incssdstrbution compared 0 watr-reted controk are
Indicated (Fhr'sexactest)-, P 0,05, s, ot statisticallysgnfcant.
) Effiiencyofcaloe depostion t arest ipa colonizaton. Thoe week-
0k ol plants wer sil-drenched with ncreasing conceniratons o RBH
o BAA, and chalenged 2 terwithHpa_Shown ae mean percetages.
ofcalos-anested Hpa germ tubes al2.pi (1-SEM;n-9). Statisticaly
signifcant difference in RBH- (back) and BATA. (gray) eated plants
compard t watorteate coniols O m) re indicatd (Sudent’s L
b, P<0.05

RBH did notinduce PRI expression dircely, nor did it augment
or acclerate SA-induced PRI expression (Fig, S4a). Further-
more, RBHIR against Fpa was unaffccted i both the SA induc-
o mutane sid2-1 (Nawrath & Metraus, 1999), and the SA
response mutant npri-1 (Cao ctal, 1994; Fig, S4b). To account
for the possibilty that discase protection by RBH is cuused by
direct xicity 1o Hpa, plants were weated with RBH at 2 dpi
with Hpa 28 described previously for BABA (Zimmerl et
2000). Like BABA, this postinoculation teatment had o sats
ticlly significant effcc on FHpa colonization (Fig, §5). Thus,
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RBH-induced protection sgainst Hps based on plant-mediated.
resisance that operates independently of SA signaling.

RBH-IR against Hpa partilly reies on priming of camalexin
induction

Arbidopss discase resisance rlics on pathogen-induced pro-
duction of metabolits with defense signaling and/or antimicro-
bial acivty (Ahwjaeral, 2012). To scarch for addiconal
mechanisms underpinning RBHIR aginst /a, we profied a
range of defense-related metabolites in water- and RBH-reated
plantsafcr mock and Fpa inoculation, using UPLC-TQD. In 2-
whold plants, RBH did ot dircety induce SA or the phy-
oalesin camalesin, which are effetive in mounting resistance
against . Furthermore, both SA and camalein showed satis
tically significant levels of induction a3 dpi with FHpa
(Table S1). However,although SA induction was similar between
water-and RBH-teated plans, cmalesin induction was srongly
augmented in RBH-teated planes (Fig 4; Table $1). To deter-
mine whether this priming of camalexin production contributes
to RBHIR, we comparcd RBH-IR levels between WT (Col-0)
plants and dhe camalexin-deficient pads-1 mutane (Zhou ctal,
1999). Although the pact-1 mutaion did not sbolish RBHIR,
the mutane showed 4 statsically significant reduction in <ff-
ciency of RBH-IR across a range of RBH concentraions
(i, 4b). "Thus, RBH.IR against Hpa rlcs parcally on priming,
of PAD3 dependent camalexin.

RBH.IR against Hpa acts through different mechanisms
than (0-a-homoserine-induced resistance in the drr1-1
mutant

Anabidopsis mutants i the chloroplstc.homserine kinase:
(HSK) gene DMRI accumulate ()-ochomoseine (LAH), which
induces SA-independent resistance against_Hpa (van Damme
etal, 2009). This dnrL-induced rsistance i based on endoge-
nous accumulation of LAH, is associated with increased callose
deposiion, and can be reveted by genetc overespression of
DMRI, encoding chloroplasic HSK (van Damme et at, 2009).
Although o - and famino acids have fundamenally different
chemistrcs and,thecfore, rarcly have similar biologicl actviics
we investigated whether RBHIR acts through a similar mecha-
nism as [AHinduced resisance (LAH-IR) in the dnrl-1
mutane. Firs, we compared resistance-inducing, sctivtis of
RBH and LAH afier exogenous soil drench applicaion at
increasing. coneentraions. As shown in Fig, S6a, RBH-IR
showed partial effctivenes a 0.15 mM and complee resisance
3005 mM, whereas LAHIR vas ineflective at 0.15 and 0.5 mM,
and only showed a reltively weak induced rsistance response at
the highest concentration of 1.5 mM. Hence, RBH i an order of
magnitude more potent i dlicting resstane t Ffpa than LAH.

Second, we examined whether RBH enhances endogenous LAH
accumulation by affecting homoseine kinase activity of DMRI

“To thisend, we tested the effct of genetic overexpresion of the
DMRI gene on RBH-IR. Although DMRI ovrexpresion abol-
ished LAH-induced resistance in Lereds1-2 dr-1 plans, it did
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Fig. 4 (0 homoserine (RBH) induced resistance n Avabidopss thalana
against Hyalperonospora arabidopsics 1pa) depends pstialy on
piming of camalesin indution. () Reltive quanifcation of camalexin i
extracsfom RBH-and water preteated lants during pa ifecon.

T ek i lants e 3 drenched it water o REH (0.5 and
challnged 2 ater with Hpa.Leaf samples wero colcted at3d post-
noculation (4, and anayzod by ulra performance lquid
civomatography coupled o trpl quadrupolo mass spectrometry (UPLC-
QD) i seeced eacton morsoring (SRAY) mode Shown are mean fold:
ehanges ncamalsin concentrationsbetwers ok and . mocuited
plnts forprimed (RBH)and unprimed (waer) lans & SEM, 7 -5).
Statistcall igifcant difoencesto tho water-treated controlare
ndicated Student’s et *,P<0.05 Right pancs show representative
UPLC-TQD traces (6) RBH-nduced esitance (RBH 1) agaistHpa in
(Cok0 and the camlexin-defcient pads-1 mutan, acrossarange of RBH
concenirations. For detak, e legends o Figs 1 and 2. Black e,
Statsticaly sgnifcant diffrences botween Col0 nd pad-1 reated na
simiar way, gray astess,stastically signfcantdiferences compared o
thewar control witin cach enotype (sher's exact e, P<0.09).

ot reduce RBH-IR (Fig, S6b). Hence, RBH does not wigger
endogenous accumultion of resisance-nducing, concentrtions
of LAH by blocking homscrine kinas activity. However, it is
stll possble chat RBH and LAH share the same immune recep-
tor(s) and dlicc asimila immune response. To address this pos-
biliy, we tested the contribution of camalein to LAH-IR. In
contrast (o RBH-IR, which i partally compromiscd by the
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a1 muaion (g, 4b), LALIR was ot educed by the
pad-1 mutaion (Fig. S60). Hen, camalein plays no rol in
LAHIR, which supparts prvious rsuls by van Dame cral
(2009), reinforcing our conclusion that RBH and LAH induce,
stleast partally, difcrent immune esponscs.

RBH-IR against Hpa s not caused by perturbations in
branched-chain amino acids

Apare fiom dri1, other mutations causing accumulaton of
(0)-Asp-derived branched-chsin amino acids have becn reporid
© boost Hpa ressance (Stiman esal, 2011). To examine
whether cnhanced accumulation of thes amino acds plays 3
wle in RBHLIR, we profled quanciies of RBH. (posiive
conrol, (©)-Asp, (1)-Lysine, ()-Gsollucine, (1)-thrconine, (1)~
metbionine and ()-ahomoscrine at 24 and 48h afer
soil-drench treatment with RBH. Leaves of RBH-treatd plants
conained high RBH concentrations (1ig. S6d), illstrarin, that
RBH s rapidly taken up by the roots and transporicd o the
leaves. However, apar from 4 small reducion in (1)-methionine.
a0 241 after RBH wcament, none of the othr branched-<hain
(0)-amino acids, including LAH, showed a sistically significant
change upon RBH treament. We thercfore conclude that REH-
IR docs notact vis the changes in cndogenous accumlation of
0)-Asp-derived branche-<hain amin acids

RBH primes JA- and ET-dependent defense against the
necrotrophic fungus Plectosphacrella cucumerina

In order to investigate whether RBH induces resisance against
pathogens other than Fpa, we quantificd RBH-IR againsc
Plectosphacrlla eucumerina (P9, which adopts a necotrophic
lifestyle when inoculated a high spore denstes (Periacq eral,
2016). Compared to water-reaed control plants, RBH-reated
plants (0.5 mM) showed a suristically significant reduction in
lesion diameter and percentage of sprcading lsions a 7 dpi
(i, 59 Quantificaion of single copy DNA of /¢ relative to
Host plant DNA at 7 dpi confirmed that this discase suppression

Fi.5 R - hormoserne (RBKD pimes asmoric acd 0A) and elhylene
(7 dependent defenses i Arabidopsi haliana against necrotrophic
Plecosphacrelacucumerina (). Fu.week-old lants were sol-
drenchod with wtor or Bt (0.5 ) and challenge 2d ate wih Pc o
JA.0) Quantificaon of RBH-ixduce rstance (RBH.1R) n wid-ype
plant (Co ) against P Shownare mean esion dameters (1 SEM,
160, ), and percentagesof speeading esions (1) an norspreading
lesions (WS ightat 7d post imocltion (), Statstcally sigificant
dffronces compared o watr rated conros (Slucdents et ol or
Poarsons ot 1ght) are ndicaod: +, P<0.05. () Quaniication of
VP2 upper panl) nd PDI1.2 (ower panel) gone expresion in waler-
and RBH-teated plnts (COl-0) at 4,8 and 24 ates chllenge estment
of the eaves with water (ock) o JA (0.1 ). Shownareaverage.
transcript vl (1 SEM; 3, rlalive to conrol reated mck-
inoculated lants at 4 h after chalknge.Statisticaly sgnicant dferences
ctween water- and RBH-tead pants are indicald (Studon’s s

- P<0.05, s, not tatstically sgnficant. Q) REH-IR in Cov0, the
IAisenstivefrt-1 mukant, nd the €T insensive cin2-1 midant
Statbticaly signfiant dferences o water reated control are inficated
(Student's es): +, P<0.05,ns,not statistically sigificant
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s sl o reduced fungal colonization (Fi, ). To ccount for
dirct biocidal activity of RBH to Pz, fll colonied ar plugs
‘were placed on PDA medium with 0 r 0.5 mM RBH and exam-
ined for hyphal outgrowth. RBH did not reduce fungal colony
sine afc 4 d of growth (Fig, S84), cxcuding biocidl activey s
causal actor for RBH.induced protection aginst 7 Because JA
conwols resisance aganst_ nccrowrophic pathogens (Thomma
ctal, 1998; Ton etal, 2000, we quaniicd JA-dependent
expresion of VSP2 and PDFI.2 in wacr- and RBH-trated
plants at differen time-poins afic challenging eavs with mock
or 0.1 mM JA solucion (g, 56). Adhough VSP2 and PDFL2
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are both inducible by JA, the PDFI.2 gene is co-regulved by ET
(Pennincx eral 1998), whercas the VSP2 gene s represcd by
ET (Lorenzo eral, 2004). RBH did not induce expression of
both genes dirccly, but represed VP2 induction at 8  afier JA
rcatment, wheress it augmented PDFI.2 induction at 4 and 8h
afer JA treatment (Fig 5b). This gene expresion patten suggests
that RBH primes the FT-dependent branch of the JA response:
pathway, which controls resstance aginst necrotrophic fungi
(Lorensn ctal, 2004; Pré etal, 2008; Ahmad crat, 2011). To
gain further cvidence for this mode of action, we quanifed
RBH-IR in the JAinsensiive jarl-1 muant and E1-inscnstive
ein2-1 mutant (Fig, 5. In contrast 1o the WT (Col-0), both
mutants filed to develop satistically significan levels of RBH-
IR agains P at 7 dpi, rinforcing the notion that RBH-IR
againt this fungus is based on priming of JA-and ET-dependent
deenses (Fig, 5. Intresingly, however, although RBH primed
the induction of PAD3 dependent camalein by biotrophic Hpa
(i, 4 Table 51, it did ot sugment camalexin induction afr
challenge with P (Fi, $9). Thisindicate that RBH primes dis-
tince defense mechanisms agains necrowophic and biotrophic
pathogens.

RBH docs not majorly affect plant growth and global plant
metaboism

Although RBH did not visibly affcce agar-grown Arabidopsis
(Fig 2), we invesigate potental nontarge effects of RBH ac
later devclopmenal siges by comparing RGR in 3- 0 4-wicold
plants afer soil-drenching with incressing, concentratons of
RBH or BABA. As expected, BABA reduced RGR in a dose-
dependent manner, which was ststiclly signicant at concen-
wations of 0.15mM and higher. Conversly, RBH did not
rduce RGR at any of the concentrarions tested (Fi, ). To
ascss nontarget efecs of RBH on global plant metabolism, we
performed untargeted meabolic profilig of leaf isues by
UPLC-Q-TOF at 34 afer soildrench treatment. BABA-trested
plants showed 38 diffrendally abundant ions in comparison to

Fig. 6 Nontarget ffcts o (R)-f- hommoserne (REH) and -aminobtyrc
acks (BABA) on growth and melablbm of Arabidopss talana. (a)
Reltive growlh ates (RGR) f 3. 1o 30-d-0kdpants (Col0) ftr s
drench reatment withincreasing concentratonsof BABA and R,
‘Shown ae meanvalues & SEM; - 20). Statisicaly signiicant
dffrences between teatment and watr-ated conrs (O ) are
indicated (Suden’s s+, 001 <P<0.05, *, P<0.01, s, not.
Salistcal sgnifcan. () Unargoted ulra-peformance lquid
civomatogyaphy coupled t quadupoie-othogonsl tme-of Tght mass
spectometry (UPLC-Q-TOP analys of il abundant metabolc
markers n RDH. (red) and BABA. (lue) ated plants. Lo mateial was
collcted fom 26-d.od plants a3 d after sil-rench reatment with
wate conto), 0.5 mM BABA, or 0.5 mA RBH. Ve diagram shows
umbers of ferently abondantjons (/2 values) i RBH-and/or
BAUA treated planis (Welch's st P<0.01). Dta were obtaned i
negative eectospray oizaton mode (1) (0 Multariate statical
analyss metabol profis fom UPLC O TOF analyss, Upper panelsshow
unsupervisedprincipal component analysis (CA) of /s ensitesfrom
UPLC-GTOF (X - 0.4, G~ 0.11). Lowerpancls show odhogonal
partalleast squars-dscriminantanalysts (OPLS-DA) (FX~0.408,
Y=0498, 0 286)
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waterrested plants, whereas RBH.-teseed plants showed only
four_diffrenally abundant ions (Wech's scst, P<0.01;
i, b). Although putative idenitics of difcrndally abundanc
onsatone time-point bfore pathogen challnge provide |

information. sbout the  underpnning rsistance mechanisms
(Table 52), the more than ninc-fold dispriy i diffrenilly
abundant ions fustates that RBH has  reftvely minor impact
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on global plant metabolism in comparison to BABA (Fig. 6b).
‘Subsequent multivariate satisical analysis of data supported this
sotion: unsuperviscd. princpal component analyss (PCA)
revealed separae custering of samples from BABA-treated plants
eltive to samples fom watcr and REH.trated plants (ESL-
RX=044, @=0.11; Fig.69. More stringent superviscd
orthogonsl paral cstsquare dicriminant analysis (OPLS-DA)
revcaled 3 similar clustring_pattern (ESL: X~ 0408,
RY=0498, G =0286), and fuiled 1o scparate samples from
RBH- and water-treated plants (Fig. 6c). Because OPLS-DA of
untargeted QTOF data s suitable for detccrion of subde shifis
in plant stress metabolism (Petriacq eal, 2016.5), we conclude
hat the nonarget cfcts of RBH are neglgible in comparicon to
those of BABA.

RBH induces resistance in tomato without nontarget effects
on growth

In order o investigate whether RBH is effcive n an cconomi-
ally imporant cop species, we quanifid RBE-IR  in
. opersicum against Booryis cinerea (B,  necroteophic fungus
that affects global fiuit and vegetable production. Sixteen-day-
old seedlings (cv Micro-Tom) were soildrenchcd with 0.5 mM
RBH and inoculated with Be. Ac 4 dpi, RBH-treaed plants
showed 2 35% reduction in mean necroric esion diameters com-
pared to water-treated plants, whereas the percentage of spresd-
ing lesons by e was reduced from 83% in water-treated plants
0 34% in RBH-trated plants (Fig. 7). RBH did not reduce
invitogrowsh of e (Fig, S8b),confirming tht he observed dis-
case suppresion is plant-medited. To cxamine whether RBH
reduces vegetative growth of tomato, we compared RGRs
between water-, BABA- and RBH-teated plants over a 4
period afcr soil-drenching trearment. Consisent with previous
results (Luna_cral, 2015), 0.5mM BABA reduced relaive
growth rate (RGR) by 51% compared 10 water-treated plancs,
which was stasically signifcant (Fig. 7). By contrast, 0.5 mM
RBH did not reduce RGR, even though it was suficient to
induce ressance against Ae (Fig, 7). Hence, RBH induces resis-
ance in tomato against an economically damaging discase with-
outaffecing vegeative growih.

Discussion

Nontarget effcts on plant growth have hampered agrcultural
exploiation of chemical plant defense activators (van Hulten
eral, 2006; Walters & Heil, 2007). In the case of f-
aminobutyric acid (BABA), plant growth reprssion s causd by
inhibitory binding to asparty-RNA synthetase (AspRS) enzymes
(Luna cral, 2014). Funhermore, BABA s not metabolised
quickly in plant ssues Gakab et al, 2001; Slaghter et 2012),
increasing the likelihood tha the compound accumulates a5 4
chermical esiduc n crop products. Because BABA inhibits AspRS
enymes (Luna cral, 2014), which are_ubiquitous in both
prokaryorc and culkaryotic organism, it follows tha this cher

cal is unsuiable for crop protection purposes. Although numer-
ous. other swudies have reported new  resisance-inducing
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Flg 7 (- homoserine (RBH) induces resistance i tomalo aganst
Botrys cinerea (80 wthoutaffeting growth. Sxtecn-day-od tomato
(cv MictoTom)seedings were sl denched with wler or f-amino acids
(0:5m, nd examined for induced resstance against Bc and relative
rowth ate (RGR). () RBH-induced resistance (RBHIR) aganst .
Shown are mean leion dametors orleal (1 SEMY 1 - 16 lf) and
percentages of spreading esions 5 vs nonspreading lesions (NSL_ ight)
at4d postinoculation (4p) (1-96). Satsticaly sinifcant ifererces
compared o waler-teated controls ar ndcated (et Stuent's e
Vight,Pearson's £ tet):, P <0.05). () Mean RGR values (1 SEM;
over'-d iterval afterchemcal reatments. tatisticalysgnicant
ference between rtments and waer-eated ontrol re mdiated
Student’s et *, P 0.5,

RGR (em em-t¢)
2

)

chemicils over recent years (Bekias & Eulgem, 2015), few
provide additonal informaron about heir mode of action,their
efecivencss in different plane specie, thei effctiveness against
pathogens with different nfection srarcgies, and thir nonarget
lfccts on plant growth and metabolism. This addional knowl-
edg i criticalfr integration of new priming agents in crop pro-
ection schemes.

T the present study, we identificd (R-fhomoscrine (RBH) 2
a novel plant protection agent that primes distincly regulated
immune.responses against pathogens with. different infection
suaegies (Figs2 5), s cfectve in diffrent plant species
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(i, 72, and has minimal nontargeecffctson plant growth and
mesabolism (Figs 2, 6, 7). The polar nature of RBH makes it
partculaly suiable for protecton of hydroponically cultvated
lashouse crops via the nutient supply sucam. Indecd, we have
shown that RBH is effctve in tomato against cconomically
damaging grey mold discase (Boyicis ciners, B, Fig 7). This
basic knowledge paves the way for subsequent.ransaconal
rescarch about the eficiency of RH under commercal growing
condicions and it compaibilic with other plant procection and
producion stratgics.

Using site-direced mutageness of the IMPAIRED [N BABA-
INDUCED IMMUNITY 1 (BIJ) gene, we demonsiated that
perception of BABA requires the (1)-Asp-binding domain of 1B11
(i 1). Accordingly, we performed in silico docking stdis to
slec putaive BABA analogues with comparable binding ff
ties o this domain, of which the majorit docked in  similarori-
entation 1s (R-BABA (Fig 52). Experimental vlidaton of these
modls revesled two. compounds, (S)--homaserine and. -
alanine, which mimicked BABA acevity for induced resisance
against Hyaloperonospora arabidapsidis (Hpe) an selecive growih
inkibicion of i1 (Fig. 2). Although his validres our mode-
ing, approach, he level of induced resisance by these analogs
remaincd relatively weak,thercby offrin limited value for appli-
cation s crop protection agents. It should be noted, however,
hat the docking modds did not always predict the biological
acivties of the compounds. For insance, the modcls suggested
that (1)-thrco-3-methylaspartic acid, (R-B-aminopentanoic acid,
(Rframinohesanoic acid and (R-P-aminohepanaic would

afinity 1 the ()-Asp-binding domain of IBI1
and with simila orientaton 15 R-BABA. However, the experi-
mental assays revealed tha these compounds induced relrively
weak resstance  Hpa and they faled 0 repess iil-1 growth
(Fig, ). This discrepancy could be explained by rapid metabolic:
breakdown of compounds by the plant,resuling in weak AspRS
inhibition that is insufiient 1 induce growth n of
i1 scdlings. However,the modelsalso predicted high afiniey
binding,of (R)--glutamic acid and RBH o 1BI1 with different
molecular orientaions than R-BABA. The experimental asays,
however, reveald that these compounds induced ressance to
different degees without concurrent growth epresson of bi1-1.

Alhough it is possible that the resisance-inducing actviy of
IBIL is not ciicall dependent on binding orientation of amino
acid ligand, our subsequent experments provide multple lines
of evidence hat the resstance rsponse (o RBH operats inde-
pendently of IBIL. Firs, RBH-induced resistance (RBH-IR) to
Hpa was unaffeced by the ibil-1 mutation (Fig %), indicating,
thatthe compound is perceved by a differnt reccpor than IBI1.
Sccond, although BABA is known to prime salicylc acid (SA)-
dependent gene expression in Arabidopsis (Zimmerli eal, 2000;
van Hulien etal, 2006), RBH did not induce nor prime SA-
inducible PRI gene expression (Fi, $4a). Third, unlike BABA
(Ton & Mauch-Man, 2004), RBH primed jusmonatclethylene
ONET)-dependent dfense againse Plectosphaeela cucumerina
(P (Fig, 5b). Fourthly, pretresament with RBH did not affcct
camalein induction afier e inoculation (Fi §9), and aug-
mented camalesin accumulation against pa (Fi 42, whercas
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BABA pretreament reduces pathogen-induced camalesin accu-
mulaion (Ton & Mauch-Mani, 2004). Finaly, BABA and REH
had profoundly differnt impacts on global plant mecabolim.
Although unsupervised PCA of ulra-performanc liquid chro-
matography coupled to_quadrupole-orthogonal time-of-fight
mas spectrometry (UPLC-Q-TOF) data was sufficient o visual-
iz dramaric shifts in metabolism aficr BABA reament, more
sringent superviscd orthogonal pardal leassquare dicriminant
analysis (OPLS-DA) filed 1o distnguish mecabolic_patterns
between RBH- and control-read plants (Fi, 60). This indi-
cates that RBH, unlike BABA, has no major impace on plant
‘mecbolism, which s reinforced by the resuls from our argeced
hyerophilic interacton. liquid chromatography coupled o
quadrupole-orthogonal  ime-of fight mass  spectrometry
(HILICQTOR) analysis of (1)-Asp-derived amino  acids
(Fig. 6. Hence, RBH primes plane defense via diferent path-
ways than BABA, and does not incur undesiable nontarget
efccts on plant growth and metabolism.

Although nonprotcinogenic. P-amino acids have long been
regarded 2 rries in biological sysems, an incresing body of
evidence suggests that they ply important roles as narural stress
signals and/or anibiotics (Kudo.cral, 2014). Apart from the
recent discovery that BABA. accumulats 2s 2 low-sbundance
plant stess signal (Thevenet eval, 2016), falaine has been
reported to serve 35  precursor of the osmoproteciant falanine
betsine in Plumbaginacese (Rathinasabapathi eral, 2001). Fur-
thermore, the tyrosine aminomutase TAMI was recendy found
1o medise JA-dependent produciion of -yrosine i rice, which
has ancimicrobial and allloparhic aciviies (Yan etal, 2015).
‘We did not detect antimierobial actvity of RBH against Hpa, Pe
or Be (Figs 5, ), nor could we deteet RBH in unreated Ara-
bidopsis (Fig, S6b). However, we canno excude the possibiity
that RBH i produced in plants under specfic sress condicions.
RBH i aken up rapdly from roots o leavs (Fi. S6d), where it
primes broad-spectrum defense mechanisms, including, callose,
camalesin accumulation and JA/ET-dependent defenscs (Figs 3
). Suikingly, nonpathogenic thizobacteia have been reported
licit similar systemic priming of callose and JAVET-dependent
defenses as RIH (Van der e ctal, 2009). In this egard, it is
tempiing (o speculate that RBH is produced in the rhizosphere as
an induced sysemic. ressnce.dliciing, compound.  Future
rescarch into the chemistry of thisosphere communities may
thercore cast light on the ecological reevance of RBH.
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tions.

Fig 53 Direct effcts of BABA and RBH on callose depositon.
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Figure 14. Arbuscular Mycorrhizal Fungi (AMEF), rhizobacteria,
localised pathogen attack, and herbivory trigger systemic signals which
prime immunity in distal plant tissues. Priming in a natural setting involves
a localised stimulus leading to augmented defence in distal plant tissues. In the
case of ISR, this involves beneficial rhizobacteria or mycorrhiza which
associate with root tissues to trigger above-ground resistance or release
volatiles which activate systemic defence mechanisms. Alternatively, localised
attack by pathogens triggers the onset of SAR. through which systemic tissues
are primed for enhanced defence. Finally, herbivory can trigger the production
and release of volatile compounds that prime herbivore-specific defences in
distal plant tissues.
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Figure 1.7. Important under-investigated aspects of
plant responses to priming agents. A priming stimulus
is taken up and/or transported, converted to an active
metabolite, degraded. perceived. Perception leads to
defence, but might also lead to metabolic allocation and
antagonistic signalling with abiotic stress resistance
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Figure 2. A four-stage model of IBI1-dependent defence and priming of IBI1-dependent defence by (R)-BABA. During canonical
function in protein synthesis within an un-challenged immune system, IBI1 is localised to the endoplasmic reticulum (ER). (R)-BABA
treatment blocks IBI1 from this canonical function and loosens its association with the ER, thereby priming the protein for a function in
defence. During basal defence, IBI1 transcription is upregulated and some disassociation from the ER oceurs, leading to a signalling
role for IBIL in basal defence. If (R)-BABA is applied prior to pathogenic attack, IBI1 is primed for its cytoplasmic signalling role and
basal defence responses are faster and stronger.
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Table 3.1. Relative UPLC-TQD quantification (normalized to averaged values in water- and mock-treated plants; + SEM,
n=8) of selected defense metabolites in water- and RBH-treated Col-0 plants (2 week-old) at 3 days after spray
inoculation with water (Mock) or Hpa conidiospores.

Relative abundance!

Molecular Retention
Compound weight time (min) SRM transition Water+Mock RBH+Mock Water+Hpa RBH+Hpa
Camalexin 200.26 3.33 201>59.1 (+ve) 1.00 (+0.65) = 2,57 (+0.95)=  37.19 (+12.00) = 578.69 (+230.68)°
13CA 161.16 2.79 160>116 (-ve) 1.00 (+0.16) = 0.43 (+0.14) » 0.96 (+0.32) = 2.70 (+0.79) b
SA 138.03 3.29 137593 (-ve) 1.00 (+0.23) = 1.39(+0.51)=  2.09 (+0.14)b 2.21(+0.52) b
JA 21027 3.23 209559 (-ve) 1.00 (+0.01) = 0.73 (+0.19) » 1.04 (+0.05) = 2.08(+0.52) b
OPDA 292.42 3.73 291>165 (-ve) 1.00 (+0.14) = 1.04 (+0.17) = 0.65 (+0.84) = )b
1AA 175.19 2.85 1745130 (-ve) 1.00 (+0.09) b 0.71(+0.06)=  0.75 (£0.07) )b
JA-lle 323.41 3.50 3225130 (-ve) 1.00 (+0.32) = 0.72(+0.16)=  0.86 (£0.20) 0.64 (+0.10) =
ABA 264.32 2.71 263>153 (-ve ND ND ND ND

1 pifferent letters indicate statistically significant differences (Fisher’s Least Significant Differences test; a = 0.05); ND: not detected.
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Table 3.2. Relative UPLC-TQD quantification (£ SEM, n=8) of selected defense metabolites in water- and RBH-treated
plants (5 week-old) at 3 days after droplet inoculation with water (Mock) of Pc spores.

8 =
’ Relative abundancel
0 Molecular Retention
"L Compound weight time (min) SRM transition Water+Mock RBH+Mock Water+Pc RBH+Pc
2 Camalexin 200.26 3.33 201>59.1 (+ve)  1.00 (+0.52)° 0.83 (£0.14)2  104.30 (+31.00) b 76.22 (£9.03) ®
G 13CA 161.16 2.79 160>116 (-ve) 1.00 (+0.19) 2 1.02 (0.12)a  11.00 (+4.35)° 11.59 (2.00) b
“ JA-lle 138.03 3.29 137593 (-ve) 1.00 (+0.53) 2 1.28 (+0.53)2  8.79 (£2.50)° 8.24 (£2.18)°
5 L. A 210.27 3.23 209>59 (-ve) 1.00 (+0.51) 2 0.61(£0.24)2  5.04 (+1.38)° 4.38 (£0.95) b
6 SA 292.42 3.73 291>165 (-ve) 1.00 (+0.08) 2 3.45(+0.14)>  3.16 (+0.33)° 4.35(£0.33)
W[  OPDA 175.19 2.85 1745130 (-ve) 1.00 (+0.11) 2 0.97 (£0.07) 4.05 (0.61) € 1.98 (+0.18) ®
18 I1AA 323.41 3.50 322>130 (-ve) ND ND ND ND

ABA 264.32 2.71 263>153 (-ve) ND ND ND ND

1 pifferent letters indicate statistically significant differences (Fisher’s Least Significant Differences test; o = 0.05).
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Fig 5.2 Quantification of RBH-IR against Hpa in 428 putative iri lines. Two-v
plants were soil-drenched with water (left hand column) or RBH (0.5mM; right hand
column) and challenge-inoculated with Hpa after two days. Colonization by Hpa was
analyzed microscopically at 6 dpi in trypan blue-stained leaves by assigning leaves to
different classes (see Fig 5.1 for representative examples), ranging from | (while; no
hyphal colonization) to IV (black; extensive hyphal colonization and formation of (a)sexual
spores). Right-hand y-axis plots p-values of the difference in class distribution between
each RBH-treated line and the RBH-treated Col-0 (Fisher's Exact Test).
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Encodes a component of the conserved TREX-2 complex
that couples MRNA transcription with nucleo-cytoplasmic
2 659520 SALK_111245.56.00x  AT3G06290 SAC38  export, that i required for prevention of epigenetic gene Yes No 139605 002783
silencing and has additional roles in regulating SiRNAS and
DNA methylation,
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RBH-treated candidate vs RBH.treated candidate vs

6 [:= andidate # Seed Line olymorphism ocus. ene Name ene Product Function xpressed in Leaves? Hpa responsive in. p2-fold)?
Candidate # SeedLi Polymorphi [t Gene I Gene Product Functi Expressed in Leaves? Hpa respe e 2o e e s e e

Belongs t0.3 TCP protein transcrption factor famly Members of this family

7 contin predicted basc el o0 helxcomainnvolved in DNA Binding
18 GME0  SAOHSOEISX A0 TG Related 0 ice CF1 and PCF2 genes, ins o the GCCR element of ves No 000001557 a3e10
CYCBEL nvoved i regultionof epresson of cel yce control and
8 [ rosoma protein genes.
7 664850  SALK_1196634695X  AT3G46080 - (C2H2-type zinc finger family protein Yes No data 0.00006703 03198
9 [ 2 2S5 SAKG  ATSGUD - Pecti yasedikesuperfamily prorein ves No a00e05 60105
5 o6 SAKIOIGBISX AUGLME  ORPZS Oseplomsterol idingproein elated procein 25 ves No 000011 Py
10 [ Encodes an orthologofyest NTF2,  uclear envelop trarspart proten that
35 eSSl SAKISSISNMASSX  ATIGUSTO  NTF2D  funconsasthe nucear importrecepto or anGOF, an ecentisl payer i ves No ooo0te <2261

nucleocytoplasmic transport. The mANAIs cel-to-cell mobile.

Ctosolc ribose-S-phosphate isomerase. Knockout mutation causes

95 GOU9L SAUCIGMBSIASX  ATZGOLZ0 e chloroplast dysfunction, late iowering and premature cell death. Yes te ooo01és Rl
242 emde SAKOBIS  ATAG2050 - Eukeryotic aspartl protease family protein Yes w 00001779 o7E10
8 603 SAKOMMI2BASX  ATIG2I05 - Dis3-exonudease ke protein Yes No data 000021 <22e16
49 6531 SAKOR0SIOSN  ATIG2S330 ces Encodes CESTA, a positve regulator of brassinosteroid Biosynthesis Yes No 0000301 as7e16
s s SaxlssEosx  ATIGM) TR Encaces anapha i o s eresedin o, s 10 Vs o o0 sos12
413 661025 SAKOSMOR)  AT2G24960 - Myo/SANT-1ke DNA-binding domain protein Yes No 00004047 783608
Jt s Sax.oMseDSs0OX  ATSGMS . g, e gee AR e et o Nodsts 0000853 Laseos
2 esems sakosms  ATeans . el senent g Aspor 1 opaie eaason o Nodsts 000086 22015

Encodes a member o the WK family (9 members in ll)of protein inases,

the structurel design of which i cearlydistinc from those o other known
LGRS A0S ATGIT WNKS prorein inases, such s receptorlke inases and mitogen-sctiated protein Yes pown ooo07e7s ooasis

Kinases. s transcription is underthe control of iradian rhythms.

Encades one of the two subunits o the SUMO activation enzyme reauired

197 6193 SAKOSISSLSAOX ATAGMSd0  sapia  OWINESumolaton Sumolaion sa posturanstatonalprotein modiication Yes o 00008627 P

process similar o ubiquitination during which 2 polypeptide (SUMO)is
covalently attached 1o a target protein
GDSL-mott esteraseacytransferase/lipase. Enzyme group with broad
12 eSESSS  SALK0225.4025X  ATIGSTS0 - substrate speciicity that may catalyze acyitransier o hycrolase reactions Yes Down o001 <22016
with fpid and noripid substrates
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4 (%

Encodes a ubiquitin-activated peptidase that is a member of a small (7
Gl - 157 666068 SALK 054295.48.30X AT1G19270 DAL member) ubiquitin binding protein family. It appears to play a role in ves up 0.001005 7.88E-14
regulation of endoreduplication i leaf epidermal tissue.

6 [z Encodes a nickel-containing urea hydrolase involved in nitrogen recycling.
275 630310 SALK 202373 ATIGE7S50 URE It requires three urease accessory proteins for its activation. The mRNA is ves up 0.001106 00001326
7 cell-to-cell mobile.
219 677709 SALK043526.15.75X  ATSGESS70 - Tetratricopeptide repeat (TPR}like superfamily protein ves up 0.001238 0.003118
8 [ 17 666215 SALK_061814 AT2G02410 - yacp-like NYN domain protein Yes No 0001342 3.386-06
0 23 659674  SALK_012594.49.80X  ATSG02510 - UDP-glucose 6-dehydrogenase ves No data 0.0014 <22e16
' 233 Ga2ds5 ALK 0G4229.53.45X AT3GI2390  RRpasa  Cneodesa3dns'exoribonuclease, partially redundant with CERY. involved ves No 0.001747 <22e16
0= . in epicuticular wax biosynthesis.
56 660107 SALK_11171256.00X ATSG47510 - Seclap-ike phosphatidylinositol transfer family protein ves No 0.00178 <22e16
317 2105260  SALK_209355C  AT2G21070 Fio1 methyltransferase ves No 0.001841 381605
191 674660 SALK042156.50.10X  AT4G27850 - Glycine-rich protein family ves No 0.001876 883613
189 674629 SALK040926.56.00X ATSG16140 - Peptidyl-{RNA hydrolase family protein ves Down 0.002015 973612

WOXS is a member of the Wuschel (WUS) family of homeodomain
transcription factors and is involved in root stem cell maintenance. It is
39 660248 SALK_147644.48.35X  AT3G11260 WOX5  expressed in the quiescent center and moves to the columella stem cells Yes No data 00021 <22e16
where it represses their differentiation. WOXS binds members of the
Topless family of transcriptional co-repressors.
22 692185 SALK_203751 ATIG34060 TARY Pyridoxal phosphate (PLP)-dependent transferases superfamily protein Yes No 0.002138 7.16E-06
mutant has Slight reduction in root and shoot growth; Exaggerated

! <224
defects in salt stress; Plasma Membrane H+ ATPase ves up 000222 22e16

51 657917 SALK_040519 AT3G47950 HAG

27 86605 SALK 206792 ATSG18400 R This gene encodes a small protein and has either evidence of transcription ves Nodats 0002237 0002155
. or purifying selection.
Encodes a candidate G-protein Coupled Receptor that is involved in the
238 682937 SALK_133245.49.65X  AT3G05010 canpa  regulation of root growth by bacterial N-acyl-homoserine lactones (AHLS) Yes up 0.002289 3.056-14
and plays a role in mediating interactions between plants and microbes.
Encodes a nitrate efflux transporter NAXTI.(for NITRATE EXCRETION
TRANSPORTER1). Localized to the plasma membrane. NAXT1 belongs to a
361 657726 SALK 091226.22.30x  AT3G45650 NAXTL subclass of seven NAXT members from the large NITRATE Yes No 0.002293 2.686-12
TRANSPORTER1/PEPTIDE TRANSPORTER family and is mainly expressed in
the cortex of mature roots,
288 694081  SALK_205075C  AT2G43780 - cytochrome oxidase assembly protein Yes No 0.002321 9.66E-05

Confers resistance to Peronospora parasitica. RPP4 is coordinately

258 686730 SALK_121604C AT4G16850 RPP4. Yes No data 0.002401 6.01E-16
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. Candidate # Seed Line Polymorphism Locus. Gene Name Gene Product Function Hpa responsive in rpp4 (>2-fold)? ¥ ';;:1;3(‘:: CDE: H ’E;:al::'c‘a" :I ;;’: water-
= Encodes a member of the auxin response factor family. Mediates
5 [ 244 684361  SALK_104169.5475X  ATIG30330 ARFS 2uxin response via expression of auxin regulated genes. Acts ves No 0.002641 133614
redundantly with ARFS to control stamen elongation and flower
maturation. Expression of ARF is controlled by miR167.
6 = P f lled by
2 659663 SALK_010903 ATSG18940 - Mo25 family protein ves No 0.003 <2206
7 22 660408 SALK 0459413495  AT3G27730 MER3 DNA helicase required for interference-sensitive melotic Yes No 3.00E-03 1.3536-10
crossover events.
8 €3 ligase involved in phosphate homeostasis. Under low Pi stress
! 15 658741  SALK 069673.55.75x  AT3GA2770 PRUL it targets WRKY6(AT1G62300) for degradation which in turn is a Yes No 0.003 1626613
9 repressor of PHOL
! 6 662411  SALK_049264.49.40X  ATSGS1590 AHLa AT hook motif DNA-binding family protein ves No 0.00302 <2206
@ 187 674509  SALK 037623.55.00X  AT2G47900 TIP3 Member of TLP family ves No 0.003064 367613
25 659665 SALK_011340 ATSG24915 - transposable_element_genes{source:Araport11)non-LTR No No data 0.0031 <2206
- retrotransposon family
Encodes a member of a family of small secreted, cysteine rich
224 679927 SALK 086733.47.60X  ATAGI1485 LCR11  protein with sequence similarity to the PCP (pollen coat protein) No No data 0.003432 169614
gene family.
254 685751 SALK_042523C AT2G53390 - Transducin/WD40 repeat-like superfamily protein Yes No 0.003886 179€10
276 691202 SALK_202039 ATIG27110 - Tetratricopeptide repeat (TPR}-ike superfamily protein ves No data 0.004497 531E05
Encodes a nuclear PHD finger protein that is functionally
285 693841 SALK_204902 AT2GO7780 oBEL redundant with OBE2 and plays an important role in the ves No 0.004511 179€10
- maintenance and/or establishment of the root and shoot apical
meristems. The mRNA Is cell-to-cell mobile.
a7 662430  SALK 050100.49.85X  ATIG76780 - HsP20-like chaperones superfamily protein ves DOWN 0.00466 6.719E15
196 676181  SALK 09117L56.00X  ATSG17010 - Major facilitator superfamily protein ves No 0.00474 146E10
271 esosm2 SALK_201742 AT2G25700 - Eukaryotic aspartyl protease family protein ves No data 0.005272 198613
38 660309  SALK 013588.4850X  ATIGE1320 - FBD / Leucine Rich Repeat domains containing protei ves up 0.0061 <2206
58 661423 SALK 008956.29.99F  AT2G21300 - ATP binding microtubule motor family protein ves No 0.00638 <2206
20 650102 SALK_04742034.05X  AT3G30737 - transposable_element_gene;{source:Araporti;pseudogene, ves No data 0.0064 <2206

similar to putative helicase
27 650737 SALK 024834.23.80X  AT3G61750 - Gytochrome bSG1/ferric reductase transmembrane with Yes No data 0.0064 <22e16
. DOMON related domain-containing protein

PLDBETAL

a0 660334 SALK 019559.56.00X  AT2G42010 phospholipase D Yes No 0.0064 1262615
279 691949 SALK_203588 AT2616230 - O-Glycosyl hydrolases family 17 protein Yes up 0.007007 0.03989
327 653068  SALK 01970045.40X  AT5G42370 - Calcineurin-like metallo-phosphoesterase superfamily protein Yes No 0.008002 5.89E-05
199 676218 SALK 092978.5525.X _ ATSG43410 - thiamine-phosphate synthase Yes No 000847 148613
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" . . hoaresponsive in apd (2t REHreated condidate vs  RB.reated candidate v
. Candidate # Seedline  Polymorphism Locus Gene Name. Gene Product Functon Expressed inLeaves?  Hpa res ppa Gtolyy  REH-Urested candidate s RBH reated andidte v
s = 121 686205 SALKOSIOI0S225X  ATIGOG420 - ONA lgasefke protein Yes oown 000868 2161
03 G762 SALKIVESSSS00X  ATAGAS3E0 10015 a-domain 15 Yes oown 0008778 <2205
o -- 186 674434 SALK_035587.42.75.X AT3GE0S70 EXPBS member of BETA-EXPANSINS. Yes No 0.009475. 125613
7 303 G926 SALKOMOOTINT0X  ATIGEIS  PPIAL3 Phioem protein 2413 Yes No o011 ss7E09
16 656197 SALKOSOT0SATSX  ATIGIS0 N6 Prloop containing nucleoside triphosphate hydrolases superfamily protein Yes v 001224 142610
8 [
30 6SSEB  SALKINSI0ZSEX  ATSGOSEI0 - transcription termination factorfamily protein Yes No oo1zs8 107605
16 6SUSL  SALCO7ISNSAAI0X  ATIGRORS0 - Integral memorane HRFL family protein Yes No o013 <2205
w0 essen SALK_110555 ATIGSS140 - Ubiauitin carboxylterminal hydrolase family protein No Nodata 137602 <2205
10 Belongs to the 20GD superfamily and contains an oxoglutarate/iron-dependent
! 13 658695 SALK_054699.35.20. AT5G43660 cpP3 ©oxygenase domain (InterPro:IPRO05123) of the prolyl 4-hydroxylase, alpha subunit Yes No data 0014 <22e-16
subype

encodes a calmodulin-ike protein, with sx potential calcium binding domains.
Calcium binding shown by Cal(2+}-specific hift n electrophoretic mobily.
Expression induced by touch and darkness. Expression may also be

105 6G6L0S  SALK0S6355575X  ATZGALI00 caLs Yes v 001488 sa7E11
developmentally controlled. Expression in growing regions of roots, vascular
tissue, root/shoot junctions, trichomes, branch points of the shoo, and regions of
siliques and flowers. The ANA i cell-to-cell mobile.
300 69E37  SALKO70S125525X  AT4GET240 - HTH-type ranscriptionsl regulator Yes own 001581 320608
195 675574 SALK045202775X  ATZGAS3I0 GaEe UDP-D-glucuronate 4-epimerase Yes No. 001611 <2268
2 ssass0 SALK_100921 ATaG02880 - ELKS/Rabé-interacting/CAST family protein Yes No 001633 20611
s essers SALK_202131 ATIGE0110 PP2-81L phioem protein 2-811 Yes v 001848 002107
180 673342 SALK12125.4425X  ATGA2760 - transposable_element_gene; source:AraportL1);similar to unknown protein No Nodata 001893 14118
2 se2san SALK_203857 AT2G22982 - growih factor No Nodata 001914 649605
315 210525 SALK_203345¢ AT2G28920 - RING/U-box superfarmily protein Yes Nodata 002037 3.86£05
s s p— JE— . transposable_element_gene;{source:Araport11);copia-lke retrotransposon family, Nodata Nodats 00208 265610

has 2 0.00030 P-valus blast match to GB:CAA30503 pol polypeptide

Encodes an endomembrane system-expressed member of the CYP705A family of
ytochrome PA50 enzymes. It sppears to catalyze the addition of a double bond to
s esum SALK_143113¢C ATSG479%0 THADL  thalian-ciol at arbon 1. Reduced levels of THAD expression lead to 3 build up of Yes v 002026 333609
thalian-ciol in root extracts. thad1-1 mutants also have longer roots than wild type
seedlings and snow altered gravitropic responses.
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" N . . . e RBH-treated candidatevs  RBH-treated candidate vs
? (>2fold)?
5 Candidate # Seed Line Polymorphism Locus Gene Name Gene Product Function Expressedin Leaves?  Hpa responsive in rpp4 (>2-fold); PP Y
6 =] Encodes a homolog of the yeast TOT4/KTI12 protein. Yeast TOT4/KTI12 associates
with Elongator, a multisubunit complex that binds the RNA polymerase I
7 382 658947  SALK_14055143.50X  ATIGI3870 DRLL transcription elongation complex. Ds insertion mutant has enlarged shoot apical Yes No 002138 353605
region, 4 to 6 long slender leaves followed by spike-like structures, short roots.
5 Mutants also have no nemsU (5-carbamoylmethyluridine).
B 193 675208 SALK_055615.53.75.X AT5G21940 - hybrid signal transduction histidine kinase M-like protein Yes No data 0.02328 1.70E-15
9 405 660752  SALK 021896.35.65X  AT4G10750 - Phosphoenolpyruvate carboxylase family protein Yes No 002385 6.50E15
278 691864 SALK_203530C AT2620362 - transmembrane protein Yes No data 0.02483 00003714
10 [ 232 682240 SALK_038440.50.75.X AT1G07740 - Tetratricopeptide repeat (TPR)-like superfamily protein Yes No 0.02665 <2.2e-16
2 659551  SALK_12702837.50N  AT4G20320 cTpsa Cytidine triphosphate synthase Yes up 0.028 <2206
55 658196 SALK_038916 ATSGE7600 WKL cysteine-rich TM module stress tolerance protein Yes No 002833 <2206
256 686075 SALK_061031C AT3G17500 - unknown protein No data No data 003295 <2216
2% 695605 SALK_206155 ATIG30545 - s-adenosyl-L-methionine-dependent methyltransferase superfamily protein Yes No data 003339 6.82E.06
61 660517  SALK 092568.52.00X  ATSG23210 scpLza serine carboxypeptidase-like 34 Yes No 003354 L86E11
Predicted to encode a PR (pathogenesis-related) peptide that belongs to the PR-6
124 666129 SALK_057639C ATSG43580 U] proteinase inhibitor family. Functions i resistance to necrotrophic fungi and insect Yes up 0.0346 129615
herbivory
71 670343 SALK 018597.55.50X  ATIGS1538 - Aminotransferase-like, plant mobile domain family protein Yes No data 003518 161614
Encodes a NAC transcription factor that physically associates with the histone
H3Ka demethylase JMJ14 and through that association s involved in
150 669507  SALK 026244.18.30X  AT3G10430 NACS0 Yes No 003596 4.06E15
- transcriptional repression and flowering time control. It binds the NAC-binding
site, the Mitochondrial Dysfunction Motif.
161 663161  SALK_08S076.5165X  ATS5G02490 HSP702 Heat shock protein 70 (Hsp 70) family protein Yes up 0.03648 <2206
a 660324 SALK_017008 AT2639820 EIF6B Translation initiation factor IF6 Yes up 0.04168 <2206
50 657078 SALK_145127.5200X  AT2G03330 - transmembrane protein Yes No 0.0422 <2206
215 677424 SALK_149399 AT2GA6585 - pre-tRNA tRNA-Gly Yes No data 004236 2.26E15
119 666120 SALK_057056 AT4G23320 cRK24 Encodes a cysteine-rich receptor-like protein kinase Yes up 0.04a67 169612
281 692304 SALK 203830 AT2G13340 Transducin/WD40 repeat-like superfamily protein Yes No 193605
Py
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" vs water-treated Col-0
4 treated Col-0 candidate
Encodes LHTL (lysine histidine
a 179 673254 SALK 115555.31.70X ATSG40780 Lury  ansporter) a high-affinty transporter Yes up 107609 02314 04539
for cellular amino acid uptake in both
6 = root epidermis and leaf mesophyl
18 659211 SALK_114673.37.70X AT2G39330 JAL23 Jacalin-related lectin Yes up 5.406-08 4239614 019
7 E 660452 SALK 062480.54.25.X ATSG41260 BSK8 k‘"“s with tetratricopeptide repeat Yes up 1.00£-06 8442615 05867
jomain-containing protein
8 [] 22 683949 SALK_033133 ATAG22050 Eukaryotic aspartyl protease family Yes up 00001779 571610 05116
protein
Encodes a ubiquitin-activated peptidase

9 [ that is a member of a small (7 member)

10 4 157 666068 SALK 054295.48.30X ATIG19270 DAL ublgitin binding protein family. 1t Yes up 0.001005 7.88614 02225

appears to play a role in regulation of
endoreduplication in leaf epidermal
tissue.
Encodes a nickel-containing urea
hydrolase involved in nitrogen

275 690310 SALK_202373 ATIGE7550 URE recycling. It requires three urease Yes up 0001106 00001326 01356
accessory proteins for its activation.

The mRNA is cell-to-cell mobile.
Tetratricopeptide repeat (TPR)-like

219 677709 SALK_043526.15.75.X ATSGESS70 - Yes up 0001238 0.003118 0215
- superfamily protein

mutant has slight reduction in root and
shoot growth; Exaggerated defects in
salt stress; Plasma Membrane H+
ATPase

s1 657917 SALK_040519 AT3G47950 HAG Yes up 000222 <22e16 03738

Encodes a candidate G-protein Coupled
Receptor that is involved in the
regulation of root growth by bacterial
CAND2  N-acyl-homoserine lactones (AHLS) and
plays a role in mediating interactions
between plants and microbes.
F8D / Leucine Rich Repeat domains

38 660309 SALK_013583.48.50X AT1G61320 - Yes up 0.0061 <22e16 0.6479
= containing protei

238 682937 SALK_133245.49.65X AT3G0S5010 Yes up 0.002289 3.05E-14 0.8678

279 691949 SALK_203588 AT2616230 - O-Glycosyl hydrolases family 17 protein Yes up 0007007 0.03989 05983

P-loop containing nucleoside
16 666197  SALK_060790.54.75.X AT1G33930 1AN6  triphosphate hydrolases superfamily Yes up 001224 142610 03932

protein
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prvalue
2 (2
RBH-treated candidate
RBH-treated candidate vs water-treated candidate vs water-
" N 5 . N . e -
3 Candidate # Seed Line Polymorphism Locus Gene Name Gene Product Function Expressed in Leaves? Hpa responsive in rppd (>2-fold)? " pgitier SO0 vs water-treated reatad Col0
candidate
4 [ encodes a calmodulin-like protein,
with six potential calcium binding
5 domains. Calcium binding shown by
Ca(2+)-specific shift in
6 (= electrophoretic mobility. Expression
induced by touch and darkness.
7 115 666105 SALK_056345.55.75.X AT2G41100 CcALa Expression may also be Yes up 0.01498 3.476-11 0.8048
developmentally controlled.
8 [ Expression in growing regions of
roots, vascular tissue, root/shoot
s ] junctions, trichomes, branch points
of the shoot, and regions of siliques
0 and flowers. The mRNA s cell-to-cell
mobile.
274 689979 SALK_202131 ATIGE0110  PP2-B11 phloem protein 2-B11 Yes up 001848 002107 01459

Encodes an endomembrane system-
expressed member of the CYP705A.
family of cytochrome P450 enzymes.
It appears to catalyze the addition of
a double bond to thalian-diol at
418 661182 SALK_143113C AT5G47990 THAD1 carbon 15. Reduced levels of THAD Yes up 0.02046 3.33E-09 0.01688
expression lead to a build up of
thalian-diol in root extracts. thad1-1
mutants also have longer roots than
wild type seedlings and show altered
gravitropic responses.

21 659551  SALK_127028.37.50N  AT4G20320 CTPsa Cytidine triphosphate synthase Yes up 0028 <2216 07169
Predicted to encode a PR

(pathogenesis-related) peptide that
belongs to the PR-6 proteinase

124 666129 SALK_057638C AT5G43580 Ul ; teina Yes up 0.0346 129615 0.06525
- inhibitor family. Functions in
resistance to necrotrophic fungi and
insect herbivory
161 663161  SALK_0BS07651.65X  ATSG02490  HSP70-2 Heat shock protein 70 (Hsp 70) Yes up 003648 <2216 0502

family protein
a1 660324 SALK_017008 AT2G39820 EIF6B Translation initiation factor IF6. Yes up 0.04168 <2.2e-16 0.8803
Encodes a cysteine-rich receptor-like

119 666120 SALK_057056 ATAG23320 CRK24 : Yes up 0.04467 1.69E-12 0.2329
protein kinase -
2
3
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