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The entanglement between primary metabolism regulation and stress responses is a puzzling and fascinating theme in plant sciences. Among the major metabolites found in plants, γ-aminobutyric acid (GABA) fulfils important roles in connecting C and N metabolic fluxes through the GABA shunt.

Activation of GABA metabolism is known since long to occur in plant tissues following biotic stresses, where GABA appears to have substantially different modes of action towards different categories of pathogens and pests. While it can harm insects thanks to its inhibitory effect on the neuronal transmission, its capacity to modulate the hypersensitive response (HR) in attacked host cells was proven to be crucial for host defenses in several pathosystems. In this review, we discuss how plants can employ GABA's versatility to effectively deal with all the major biotic stressors, and how GABA can shape plant immune responses against pathogens by modulating reactive oxygen species balance in invaded plant tissues. Finally, we discuss the connections between GABA and other stress-related amino acids such as BABA (β-aminobutyric acid), glutamate and proline.

Introduction

Plants can modify various physiological and molecular parameters in response to biotic stressors to find the most suitable defense strategy against specific invaders [START_REF] Miller | Preparing to fight back: generation and storage of priming compounds[END_REF]. The perception of Invasion Patterns (IP), originated directly or indirectly from a pest or a pathogen, leads to the activation of immune responses mediated by phytohormones and their intricated network of signaling cascades (Bigeard et al., 2015;Cook et al., 2015;[START_REF] Pieterse | Hormonal Modulation of Plant Immunity[END_REF]. Besides signaling pathways, compelling evidence indicates that re-shaping primary metabolism is a widespread strategy used by plants to better resist biotic stressors (Bezrutczyk et al., 2018;[START_REF] Rojas | Regulation of primary plant metabolism during plant-pathogen interactions and its contribution to plant defense[END_REF]. Based on pathogen lifestyle, adjustments of metabolic fluxes of soluble sugars and amino acids can be decisive to sustain This article is protected by copyright. All rights reserved.

Comment citer ce document : TARKOWSKI, L., Signorelli, S., Höfte, M. (2020). GABA and related amino acids in plant immune responses: emerging mechanisms of action. Plant, Cell & Environment, postprint. , DOI : 10.1111/pce.13734 strategies aimed to fuel host defenses or to make the environment more hostile to the pathogen (Seifi et al., 2013a). On the other hand, several pathogens have developed molecular tools to hijack critical hubs of host primary metabolism, such as enzymes and transporters, to take advantage of host resources (Engelsdorf et al., 2013;[START_REF] Wittek | The fungal UmSrt1 and maize ZmSUT1 sucrose transporters battle for plant sugar resources[END_REF]. To date, important roles in plant defense were established for several primary metabolites, such as sucrose (Suc) and glutamate (Glu) (Seifi et al., 2013a;Tauzin and Giardina, 2014). Among such metabolites, γ-aminobutyric acid (GABA) stands out for the vast body of literature linking it to positive roles in plant stress physiology (Bown and Shelp, 2016;Mahmoud et al., 2017;[START_REF] Yao | BABA application improves soybean resistance to aphid through activation of phenylpropanoid metabolism and callose deposition[END_REF].

GABA is a non-proteinogenic amino acid that is mostly known for its function as an inhibitory neurotransmitter in vertebrates [START_REF] Wu | GABA receptors in brain development, function, and injury[END_REF]. It can be found in Bacteria, Archaea and Eukaryota kingdoms, where it seems to fulfill an incredible variety of roles ( Bown & Shelp, 2016;Feehily & Karatzas, 2012;Gou et al., 2012;[START_REF] Kim | Purification and Characterization of the First Archaeal Glutamate Decarboxylase from Pyrococcus horikoshii[END_REF]. In plants, endogenous accumulation of GABA is known to occur in response to many stresses, such as heavy metal accumulation, salinity, heat shock and wounding [START_REF] Kinnersley | Gamma aminobutyric acid (GABA) and plant responses to stress[END_REF][START_REF] Seifikalhor | Diverse role of γaminobutyric acid in dynamic plant cell responses[END_REF]. Furthermore, GABA is a central node in balancing metabolic fluxes between carbon (C) and nitrogen (N) metabolism (Fait et al., 2008;[START_REF] Michaeli | Closing the loop on the GABA shunt in plants: are GABA metabolism and signaling entwined?[END_REF]. Signaling roles of GABA were described in animals since the fifties (Elliott and Jasper, 1959), where GABA binds to two classes of neuronal receptors, named GABAA and GABAB.

GABAA is an ionotropic receptor that works as Cl -channel, while GABAB is coupled with a G-protein (Chebib & Johnston, 1999). A receptor for GABA in plants was identified only in 2015 in an aluminumactivated malate transporter (ALMT) protein [START_REF] Ramesh | GABA signalling modulates plant growth by directly regulating the activity of plantspecific anion transporters[END_REF], although evidence for signaling roles for GABA in plants had been already described before (Baum et al., 1996;Barbosa et al., 2010;[START_REF] Lancien | Regulation of Arabidopsis thaliana 14-3-3 gene expression by γaminobutyric acid[END_REF]. A multitude of biological processes seem to be linked to GABA signaling, such as regulation of 14-3-3 genes and control of developmental processes such as germination and pollen tube growth [START_REF] Lancien | Regulation of Arabidopsis thaliana 14-3-3 gene expression by γaminobutyric acid[END_REF]Palanivelu et al., 2003;[START_REF] Sheng | Effects of exogenous gamma-aminobutyric acid on α-amylase activity in the aleurone of barley seeds[END_REF]. This body of evidence delineates GABA as an important molecule in connecting primary metabolism to signaling in plant cells (Bown & Shelp, 2016;[START_REF] Seifikalhor | Diverse role of γaminobutyric acid in dynamic plant cell responses[END_REF]. GABA-dependent modulation of neuronal transmission, or GABAergic signaling, is known to profoundly impact the vertebrate immune system (Barragan et al., 2015). The majority of studies about GABA in plants focus on abiotic stress, but reports about the involvement of GABA metabolism and signaling in plant immunity are steadily increasing, concerning both pests and pathogens [START_REF] Scholz | Insect Herbivory-Elicited GABA Accumulation in Plants is a Wound-Induced, Direct, Systemic, and Jasmonate-Independent Defense Response[END_REF][START_REF] Signorelli | Linking Autophagy to Abiotic and Biotic Stress Responses[END_REF]Yang et This article is protected by copyright. All rights reserved.

Comment citer ce document : TARKOWSKI, L., Signorelli, S., Höfte, M. (2020). GABA and related amino acids in plant immune responses: emerging mechanisms of action. Plant, Cell & Environment, postprint. , DOI : 10.1111/pce.13734 al., 2017). These recent advances are starting to shed light on the underlying mechanisms associated with GABA-induced resistance. Here, we review these emerging mechanisms with a focus on GABA accumulation processes, its mechanisms of action in relation to different types of biotic interactions and its interplay with reactive oxygen species (ROS). We also highlight the roles in plant immunity of amino acids closely related to GABA and we propose a novel perspective about the role of GABA, Glu and proline (Pro) in coordinating metabolic resources and ROS homeostasis during biotic challenges.

Mechanisms triggering GABA accumulation during biotic stress

Glu-dependent GABA shunt activation is induced in response to fungal and bacterial pathogens

Microbe recognition usually results in pattern-triggered immunity (PTI) as the first mechanism of defense, and effector-triggered immunity (ETI) as a second but more potent layer of defense [START_REF] Jones | The plant immune system[END_REF]. The activation of both immune layers is characterized by an increased Ca 2+ influx [START_REF] Seybold | Ca 2+ signalling in plant immune response: from pattern recognition receptors to Ca 2+ decoding mechanisms[END_REF], which is among the earliest responses that occur following pathogen recognition, and as such is considered to be immediately downstream of ligand-receptor recognition events [START_REF] Seybold | Ca 2+ signalling in plant immune response: from pattern recognition receptors to Ca 2+ decoding mechanisms[END_REF]. Second messengers originated from the intracellular domains of receptors or co-receptor proteins such as cGMP are retained to mediate the activation of Ca 2+ channels, such as the ones belonging to the CNGC (Cyclic Nucleotide Gated Channels) family [START_REF] Ma | Linking ligand perception by PEPR pattern recognition receptors to cytosolic Ca 2+ elevation and downstream immune signaling in plants[END_REF]Zhao et al., 2013).

The Ca 2+ liberated in the cytosol binds to several Ca +2 binding domains present on proteins such as calmodulin (CaM), calcineurin B-like (CBLs) proteins, and Ca +2 -dependent protein kinases (CDPKs) [START_REF] Schulz | Calcium-dependent protein kinases: hubs in plant stress signaling and development[END_REF]Steinhorst & Kudla, 2013). These events lead to downstream activation of several transcription factors that modulate important immune responses, such as biosynthesis of the hormone salicylic acid (SA) and programmed cell death (PCD) induction (De la Torre et al., 2013;Zhang et al., 2010).

The primary pathway to synthesize GABA in plants is known as the GABA shunt (Fait et al., 2008) (Figure 2). In this pathway, glutamate (Glu) is decarboxylated to GABA by the action of glutamate decarboxylase (GAD) in the cytosol (Forde & Lea, 2007) (Figure 2). Interestingly, most plant GADs have a calmodulin-binding domain which triggers their decarboxylating activity following increases of cytosolic Ca 2+ levels at neutral pH [START_REF] Shelp | Extracellular γ-Aminobutyrate Mediates Communication between Plants and Other Organisms[END_REF][START_REF] Snedden | Signalling via glutamate and GLRs in Arabidopsis thaliana[END_REF]. In this way, pathogeninduced GABA accumulation can be controlled by Ca 2+ influx produced as a consequence of the immune response of plants. Moreover, GAD is known to be activated following cytosol acidification This article is protected by copyright. All rights reserved.

Comment citer ce document : TARKOWSKI, L., Signorelli, S., Höfte, M. (2020). GABA and related amino acids in plant immune responses: emerging mechanisms of action. Plant, Cell & Environment, postprint. , DOI : 10.1111/pce.13734 [START_REF] Shelp | Extracellular γ-Aminobutyrate Mediates Communication between Plants and Other Organisms[END_REF][START_REF] Snedden | Signalling via glutamate and GLRs in Arabidopsis thaliana[END_REF]. In fact, recognition of pathogens such as bacteria and fungi was proven to trigger GABA accumulation in several plant species, such as bean (Phaseolus vulgaris L.), tomato (Solanum lycopersicon L.) and soybean (Glycine max L.) (Copley et al., 2017;O'Leary et al., 2016;[START_REF] Yao | BABA application improves soybean resistance to aphid through activation of phenylpropanoid metabolism and callose deposition[END_REF] (Table 1). The accumulated GABA is presumed to be transported to the mitochondria, where it undergoes deamination via GABA transaminase (GABAT) to succinic semialdehyde (SSA) (Shelp & Zarei, 2017). This can be further oxidized to succinate by succinic semialdehyde dehydrogenase (SSADH) to directly fuel the TCA cycle (Fait et al., 2008;[START_REF] Michaeli | A mitochondrial GABA permease connects the GABA shunt and the TCA cycle , and is essential for normal carbon metabolism[END_REF], thus linking amino acid to carbohydrate and organic acid metabolism. Alternatively, SSA can be reduced to γ-hydroxybutyrate (GHB) via γ-hydroxybutyrate dehydrogenase (GHBDH) (Breitkreuz et al., 2003). This usually takes place under anaerobic conditions where SSADH activity is inhibited.

Research on tomato sitiens mutants (unable to accumulate ABA), unable to accumulate the phytohormone abscisic acid (ABA), showed that increased activity of the GABA shunt contributes to resistance towards the necrotrophic fungus Botrytis cinerea (Seifi et al., 2013b). Accordingly, accumulation of GABA in Arabidopsis (Arabidopsis thaliana L.) leaves challenged with the bacterium Pseudomonas syringae DC 3000 was associated with induction of GAD gene, whereas increased GABAT activity was documented in rice leaves following infection with the rice blast fungus Pyricularia oryzae (syn. Magnaporthe oryzae) (Ward et al., 2010;[START_REF] Wu | Molecular cloning and differential expression of an gamma-aminobutyrate transaminase gene , OsGABA-T, in rice (Oryza sativa) leaves infected with blast fungus[END_REF]. Results in tomato sitiens mutants suggest that overactivation of the GS/GOGAT cycle is the main source of cytosolic Glu used to supply the GABA shunt (Seifi et al., 2013b). However, the GS/GOGAT cycle can also be a deleterious electron sink under decreased photosynthetic activity, an event that typically occurs in many plantpathogen interactions [START_REF] Liu | Amino Acid Homeostasis Modulates Salicylic Acid -Associated Redox Status and Defense Responses in Arabidopsis[END_REF]. Regulation of the GS/GOGAT cycle is key to control the C/N ratio and it is typically associated with metabolic cues, such as changes in N availability, or changes in carbohydrates and amino acids levels [START_REF] Ishiyama | Kinetic Properties and Ammonium-dependent Regulation of Cytosolic Isoenzymes of Glutamine Synthetase in Arabidopsis[END_REF]Oliveira & Coruzzi, 1999). Besides local regulation of enzymatic activities, Glu import from distal areas from the infection site was suggested to occur during B. cinerea infection in sunflower (Helianthus annuus L.) to supply substrates for the synthesis of defense-related compounds (Dulermo et al., 2009).

Glu-independent GABA accumulation under pathogen attack

Glu decarboxylation is not the only way to synthesize GABA in plants, as GABA can be obtained via polyamine (PA) degradation as well, which is performed by amine oxidases (AOs) enzymes, divided in This article is protected by copyright. All rights reserved.

Comment citer ce document : TARKOWSKI, L., Signorelli, S., Höfte, M. (2020). GABA and related amino acids in plant immune responses: emerging mechanisms of action. Plant, Cell & Environment, postprint. , DOI : 10.1111/pce.13734 polyamine oxidases (PAO) and diamine oxidases (DAO) (Flores & Filner, 1985;[START_REF] Shelp | Hypothesis/review: Contribution of putrescine to 4-Aminobutyrate (GABA) production in response to abiotic stress[END_REF]. PA are organic compounds containing two or more amino groups suggested to cover several functions in plant physiology (Aloisi et al., 2016;Bitrián et al., 2012;Galston & Sawhney, 1990). Consistent with the role of GABA in plants, PA metabolism is documented to be modulated in response to various stresses [START_REF] Liu | Polyamines function in stress tolerance: from synthesis to regulation[END_REF][START_REF] Seifi | Spermine Differentially Refines Plant Defense Responses Against Biotic and Abiotic Stresses[END_REF]. Rice cell suspensions exposed to treatments with P. oryzae lysates showed increased GABA levels in a GAD-independent manner (Forlani et al., 2014), and grape (Vitis vinifera L.) varieties with high catabolism of PA were shown to possess higher GABA levels and increased resistance towards B. cinerea (Hatmi et al., 2015). Likewise, the tolerance of maize (Zea mays L.) towards Aspergillus flavus infection was correlated to higher catabolism of PAs when comparing resistant and susceptible maize lines in in vitro experiments (Majumdar et al., 2019). PAdependent GABA synthesis seems to be relevant also in the context of bacterial infections. CaADC1, an arginine decarboxylase from pepper (Capsicum annuum L.), is able to bind AvrBsT, an effector from the bacterial pathogen Xanthomonas campestris, and induce a hypersensitive response (HR) to limit pathogen spread [START_REF] Kim | Pepper Arginine Decarboxylase Is Required for Polyamine and -Aminobutyric Acid Signaling in Cell Death and Defense Response[END_REF]. HR is a form of plant defense based on PCD which is typically due to the accumulation of ROS at the infection site [START_REF] Heat | Hypersensitive response-related death[END_REF]. Arginine generated by CaADC1 can be directed to PA biosynthesis, and CaADC1 mutants displayed decreased GABA levels and increased susceptibility towards X. campestris [START_REF] Kim | Pepper Arginine Decarboxylase Is Required for Polyamine and -Aminobutyric Acid Signaling in Cell Death and Defense Response[END_REF]. Furthermore, a pathway from Pro, involving non-enzymatic and enzymatic reactions, was suggested for the synthesis of GABA under oxidative stress conditions [START_REF] Signorelli | Connecting proline and γaminobutyric acid in stressed plants through non-enzymatic reactions[END_REF]. However, the occurrence of such events during plantpathogen interactions has never been observed so far. Finally, it is important to remark that the subcellular localization of GABA accumulation can be critical in determining the outcomes of the plantpathogen interaction. While intracellular GABA accumulation can efficiently fuel metabolic pathways related to plant defense, extracellular accumulation may be beneficial for pathogens that reside in the apoplast and can compete for GABA assimilation, such as Pseudomonas syringae or Cladosporium fulvum (O'Leary et al., 2016;[START_REF] Preston | Pseudomonas syringae pv . tomato DC3000 Uses Constitutive and Apoplast-Induced Nutrient Assimilation Pathways to Catabolize Nutrients That Are Abundant in the Tomato Apoplast[END_REF]Solomon & Oliver, 2002). Moreover, pathogens like P. syringae were demonstrated to be nutritionally adapted to plants that accumulate high apoplastic GABA levels such as tomato [START_REF] Preston | Pseudomonas syringae pv . tomato DC3000 Uses Constitutive and Apoplast-Induced Nutrient Assimilation Pathways to Catabolize Nutrients That Are Abundant in the Tomato Apoplast[END_REF].

The puzzling mechanism of insect-triggered GABA accumulation

Accumulation of GABA following wounding was documented a long time ago (Wallace et al., 1984), and further studies demonstrated that this event can be induced by mechanical stimulation caused by This article is protected by copyright. All rights reserved.

Comment citer ce document : TARKOWSKI, L., Signorelli, S., Höfte, M. (2020). GABA and related amino acids in plant immune responses: emerging mechanisms of action. Plant, Cell & Environment, postprint. , DOI : 10.1111/pce.13734 insect footsteps and feeding [START_REF] Macgregor | Overexpression of glumatate decarboxylase in transgenic tobacco plants deters feeding by phytophagous insect larvae. Journal of Małolepsza[END_REF][START_REF] Scholz | Insect Herbivory-Elicited GABA Accumulation in Plants is a Wound-Induced, Direct, Systemic, and Jasmonate-Independent Defense Response[END_REF]. However, further investigations suggested that GABA accumulation is neither dependent on cytosolic Ca 2+ increase induced by wounding or insect feeding nor on the direct transport of GABA from wounded to systemic leaves.

The authors concluded that electrophysiological events might represent reasonable signaling candidates to trigger GABA accumulation [START_REF] Scholz | Evidence for GABA-Induced Systemic GABA Accumulation in Arabidopsis upon Wounding[END_REF], a hypothesis in line with the postulated role of GABA in regulating membrane excitability in plants via its binding to ALMT anionic channels (Žárský, 2015). Our knowledge about the mechanism triggering GABA accumulation during insect attack requires further research.

A molecular Swiss knife: GABA functions in relation to pathogen lifestyle

GABA effects on herbivores and nematodes: a question of nerves

The first finding of the involvement of GABA in biotic stress responses came from studies on soybean plants infested by leaf-roller (Choristoneura rosaceana) larvae [START_REF] Ramputh | Rapid y-Aminobutyric Acid Synthesis and the lnhibition of the Growth and Development of Oblique-Banded Leaf-Roller Larvae[END_REF], although its involvement in responses to insects was postulated before based on observations on woundinginduced GABA accumulation (Wallace et al., 1984). The authors noted that the development and survival of larvae were compromised when GABA was added to their diet and that GABA accumulates within minutes in leaf tissue after mechanical stimulation [START_REF] Ramputh | Rapid y-Aminobutyric Acid Synthesis and the lnhibition of the Growth and Development of Oblique-Banded Leaf-Roller Larvae[END_REF]. Further studies demonstrated that rapid accumulation of GABA is triggered by the crawling of the tobacco budworm in tobacco (Nicotiana tabacum L.) leaves, and that those budworm larvae have a strong feeding preference towards wild-type (WT) plants compared to mutants accumulating higher GABA levels [START_REF] Macgregor | Overexpression of glumatate decarboxylase in transgenic tobacco plants deters feeding by phytophagous insect larvae. Journal of Małolepsza[END_REF][START_REF] Macgregor | Overexpression of glumatate decarboxylase in transgenic tobacco plants deters feeding by phytophagous insect larvae. Journal of Małolepsza[END_REF]. The authors of these works hypothesized a connection between the role of GABA as a neurotransmitter and defense against insects. The inhibitory action of GABA on neuromuscular junctions provokes paralysis in insects [START_REF] Irving | Studies on L-glutamate in insect hemolymph. I. Effect of injected L-glutamate[END_REF], and several classes of pesticides target GABA-responsive Cl -channels by acting as GABA agonists or antagonists to disrupt neuromuscular activity (Casida & Durkin, 2015). Thus, insect-induced GABA accumulation is likely to be a defensive strategy used to specifically target phytophagous species that developed a neuronal system (Figure 1). Consistently, experiments performed on GAD overexpressing (OX) tobacco plants (able to accumulate higher GABA levels) infested with the northern root-knot nematode showed that WT plants possessed a significantly higher amount of nematode egg masses on their root surface than This article is protected by copyright. All rights reserved.

Comment citer ce document : TARKOWSKI, L., Signorelli, S., Höfte, M. ( 2020). GABA and related amino acids in plant immune responses: emerging mechanisms of action. Plant, Cell & Environment, postprint. , DOI : 10.1111/pce.13734 GAD OX lines [START_REF] Mclean | Overexpression of glutamate decarboxylase in transgenic tobacco plants confers resistance to the northern root-knot nematode[END_REF], suggesting a similar function of plant-derived GABA against insects and nematodes [START_REF] Shelp | Extracellular γ-Aminobutyrate Mediates Communication between Plants and Other Organisms[END_REF].

GABA accumulation can be a double-edge sword in relation to (hemi)biotrophs

Alteration of GABA metabolism in plants as response to (hemi)biotrophic pathogens is widely documented, however, some (hemi)biotrophic pathogens can use GABA as nutrient source as well, thus taking advantage of increased GABA levels in the apoplastic environment [START_REF] Preston | Pseudomonas syringae pv . tomato DC3000 Uses Constitutive and Apoplast-Induced Nutrient Assimilation Pathways to Catabolize Nutrients That Are Abundant in the Tomato Apoplast[END_REF]Solomon & Oliver, 2002). GABA was shown to be the main N source for Cladosporium fulvum during its infection in tomato, where it is the most abundant amino acid in the apoplast [START_REF] Preston | Pseudomonas syringae pv . tomato DC3000 Uses Constitutive and Apoplast-Induced Nutrient Assimilation Pathways to Catabolize Nutrients That Are Abundant in the Tomato Apoplast[END_REF]Solomon & Oliver, 2002). Accordingly, P. syringae pv. tomato DC3000 strains mutated for all the three GABAT isoforms displayed impaired growth, but the same authors also demonstrated that decreased GABA levels in Arabidopsis GABAT mutants compromise HR elicitation (Park et al., 2010).

Increased GABA levels suppress the expression of the type III secretion system (T3SS) of P. syringae pv. tomato DC3000, thus decreasing virulence and capacity to elicit an immune response (Park et al., 2010). Consistently, data from the pepper-X. campestris pathosystem suggested that GABA is required for a correct elicitation of HR, and studies on bean infected with avirulent P. syringae demonstrated that GABA accumulation is correlated with the onset of ETI (O' Leary et al., 2016). It should be noted that GABA is not a preferred nutrient for P. syringae pv. tomato DC3000 since uptake of apoplastic GABA via the GabP permease is only activated when favorite C and N sources such as aspartate and glutamate are depleted [START_REF] Mccraw | GABA ( γ -Aminobutyric Acid ) Uptake Via the GABA Permease GabP Represses Virulence Gene Expression in Pseudomonas syringae pv . tomato DC3000[END_REF]. Likewise, the bean pathogen P. syringae pv.

phaseolicola only starts to consume GABA when preferred metabolites are depleted (O'Leary et al., 2016). These data suggest that pathogenic Pseudomonas bacteria may use apoplastic GABA as a signal indicating nutrient depletion. [START_REF] Mccraw | GABA ( γ -Aminobutyric Acid ) Uptake Via the GABA Permease GabP Represses Virulence Gene Expression in Pseudomonas syringae pv . tomato DC3000[END_REF] proposed that the repression of the T3SS and HR by GABA might be a pathogen strategy to save energy. On the other hand, high GABA levels might interfere with pathogenic growth as well. Metabolomic analysis of Lr34, a wheat (Triticum aestivum L.) variety highly resistant towards the biotrophic fungus Puccinia triticina, revealed an overactivation of several processes related to primary metabolism compared to a susceptible variety during infection, including the GABA shunt (Bolton et al., 2008). GAD Knock Out (KO) tomato plants exhibited increased susceptibility towards the hemibiotroph Ralstonia solanacearum, the causal agent of bacterial wilt [START_REF] Yao | BABA application improves soybean resistance to aphid through activation of phenylpropanoid metabolism and callose deposition[END_REF], evidencing that GABA contributes to plant defense against R. solanacearum.
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Comment citer ce document : TARKOWSKI, L., Signorelli, S., Höfte, M. (2020). GABA and related amino acids in plant immune responses: emerging mechanisms of action. Plant, Cell & Environment, postprint. , DOI : 10.1111/pce.13734 However, following R. solanacearum inoculation, GABA biosynthesis via GAD, alongside the methionine cycle, is suppressed while GABA catabolism is rapidly stimulated [START_REF] Yao | BABA application improves soybean resistance to aphid through activation of phenylpropanoid metabolism and callose deposition[END_REF]. Such data might indicate that suppression of GABA accumulation is a pathogen strategy to weaken the host during the early infection phases.

Bacterial plant pathogens are mostly biotrophs or hemi-biotrophs [START_REF] Kraepiel | Gram-negative phytopathogenic bacteria , all hemibiotrophs after all?[END_REF]Tripathi, 2017), and the majority of them relies on quorum sensing (QS) to assess population density and consequently regulate critical physiological processes required for virulence, such as biofilm formation, secretion of toxins and siderophores and motility [START_REF] Liu | Quorum Sensing Coordinates Brute Force and Stealth Modes of Infection in the Plant Pathogen Pectobacterium atrosepticum[END_REF]von Bodman et al., 2003).

Intriguingly, GABA derived from tobacco plants was found to negatively regulate QS in Agrobacterium tumefaciens, and GAD OX tobacco plants were found to be more resistant towards A. tumefaciens infection compared to WT (Chevrot et al., 2006) (Figure 1). Further research on this pathosystem demonstrated that GABA-mediated QS interference compromises the dissemination of the virulent Ti plasmid through horizontal transfer in Agrobacterium colonies [START_REF] Lang | The plant GABA signaling downregulates horizontal transfer of the Agrobacterium tumefaciens virulence plasmid[END_REF]. Mechanistic bases of GABA-dependent regulation of QS were established with the discovery of a GABA-binding protein from A. tumefaciens, Atu4243, structurally similar to polyamine binding proteins [START_REF] Planamente | Structural basis for selective GABA binding in bacterial pathogens[END_REF]. Binding between GABA and Atu4243 results in reduced aggressiveness towards the host and increased degradation of the QS signal [START_REF] Planamente | Structural basis for selective GABA binding in bacterial pathogens[END_REF]. In addition to this, it is known that GABA can be found in significant amounts in root exudates of wheat and tomato [START_REF] Reyes-Darias | Specific gammaaminobutyrate chemotaxis in pseudomonads with different lifestyle[END_REF]Warren, 2015). The non-pathogenic root colonizing bacterium Pseudomonas putida strain KT2440 was shown to have a specific GABA chemoreceptor. Deletion of the mcpG gene encoding this receptor reduced root colonization, indicating that GABA acts as a signaling molecule that mediates interaction with (beneficial) root colonizing bacteria [START_REF] Reyes-Darias | Specific gammaaminobutyrate chemotaxis in pseudomonads with different lifestyle[END_REF]. In the biocontrol strain Pseudomonas protegens CHA0 high intracellular GABA levels promote planktonic growth and root colonization and diminish biofilm formation (Takeuchi, 2018). Such a variety of roles at the plantmicroorganisms interface points to the centrality of GABA in interkingdom signaling. In agreement with this notion, GABA was shown to be involved in coordinating metabolic balances in rhizobialegume symbiosis (Nasr Esfhani et al., 2016;Sulieman & Schulze, 2010) and symbiosis with mutualistic microbes such as Piriformospora indica [START_REF] Hua | Metabolomic compounds identified in Piriformospora indica -colonized Chinese cabbage roots delineate symbiotic functions of the interaction[END_REF].

GABA promotes cell viability under necrotrophic attack

This article is protected by copyright. All rights reserved. cytosolic aspartate transaminase 1 (AAT1) gene displayed increased susceptibility towards B. cinerea infections, which was suggested to be caused by the repression of Glu-consuming pathways important for plant defense, such as the GABA shunt (Brauc et al., 2011). Further investigations on tomato sitiens mutants revealed that metabolic supply to the TCA cycle through GABA shunt overactivation is critical for containing B. cinerea spread and maintaining the viability of cells surrounding the necrotic lesion (Seifi et al., 2013b). This research suggested that GABA plays the dual role of fueling the TCA cycle and providing N to the attacked cells for the synthesis of defense-related compounds, and by limiting HR spread to healthy cells through the formation of an HR-like ring surrounding the spreading lesion (Seifi et al., 2013b) (Figure 1). A kind of defensive mechanism targeted to support cell viability is referred to as 'endurance', in opposition to 'evasion' strategies oriented to facilitate cell death spreading from the attacked area (Seifi et al., 2013a). Endurance-based strategies are postulated to be effective against necrotrophs, however, they require great amounts of metabolic energy. Consistently, a strong depletion of Glu and GABA levels was recorded in soybean leaves infected with the necrotroph Rhizoctonia solani (Copley et al., 2017). Endurance strategies would likely need to be supplied with substrates coming from distal, healthy areas of the plant (Seifi et al., 2013a). In sunflower, transport of Glu to regions infected by B. cinerea was predicted to be a mechanism to supply N in the infected area to contrast necrotroph-induced senescence (Dulermo et al., 2009). In agreement with this notion, it is known that exogenous GABA applications can be effective in reducing B. cinerea symptoms on both leaves and fruits of tomato (Seifi et al., 2013b;Sun et al., 2019). Exogenous application of GABA in Arabidopsis resulted in the increase of the activity of enzymes associated with N metabolism such as nitrate reductase (NR) and GOGAT (Barbosa et al., 2010), thus it remains possible that GABA can modulate metabolic adjustments in response to necrotrophs by functioning also as a signaling molecule rather than as a mere metabolite [START_REF] Mccraw | GABA ( γ -Aminobutyric Acid ) Uptake Via the GABA Permease GabP Represses Virulence Gene Expression in Pseudomonas syringae pv . tomato DC3000[END_REF], although such hypothesis awaits further investigation.

Interaction of GABA with defense-related phytohormones, such as SA, jasmonic acid (JA) and ethylene (ET) [START_REF] Pieterse | Hormonal Modulation of Plant Immunity[END_REF], has been sporadically characterized so far [START_REF] Scholz | Insect Herbivory-Elicited GABA Accumulation in Plants is a Wound-Induced, Direct, Systemic, and Jasmonate-Independent Defense Response[END_REF][START_REF] Hijaz | Application of gamma-aminobutyric acid increased the level of phytohormones in Citrus sinensis[END_REF]. Exogenous GABA application on sweet orange (Citrus x sinensis Osbeck) plants triggered the accumulation of several phytohormones, included SA, JA and abscisic acid (ABA) [START_REF] Hijaz | Application of gamma-aminobutyric acid increased the level of phytohormones in Citrus sinensis[END_REF].

We recently suggested that GABA accumulation following B. cinerea infection in lettuce (Lactuca This article is protected by copyright. All rights reserved. was reported to impact negatively GABA accumulation in creeping bentgrass (Agrostis stolonifera L.) subjected to heat stress [START_REF] Jespersen | Metabolite Responses to Exogenous Application of Nitrogen, Cytokinin, and Ethylene Inhibitors in Relation to Heat-Induced Senescence in Creeping Bentgrass[END_REF]. Intriguingly, reports from sunflower and longstalk starwort (Stellaria longipes Goldie) showed that GABA can stimulate ET synthesis in leaf tissue [START_REF] Kathiresan | y-Aminobutyric Acid Stimulates Ethylene Biosynthesis in Sunflower[END_REF][START_REF] Kathiresan | γ-aminobutyric acid promotes stem elongation in Stellaria longipes: The role of ethylene[END_REF]. ET is also known to regulate Ca 2+ influx, which affects GAD activity, in the cell during symbiotic interactions between rhizobia and barrel medic (Medicago truncatula L.) (Oldroyd et al., 2001). Taken together, these studies suggest that ET and GABA metabolism/signaling are intertwined in plant stress responses. In light of the fundamental role of ET in regulating plant resistance towards necrotrophs (Broekgaarden et al., 2015;[START_REF] Pieterse | Hormonal Modulation of Plant Immunity[END_REF], a better understanding of its crosstalk with GABA will be an attractive target for future research.

GABA impacts plant defense by modulating ROS homeostasis

Glu-derived GABA metabolism and signaling shape ROS homeostasis during biotic stress

A relationship between GABA metabolism and regulation of oxidative stress was first proposed when research on Arabidopsis KO mutants for SSADH indicated that a functional GABA shunt is required to limit ROS intermediates during stress conditions such as heat and UV exposure (Bouche et al., 2003). This research suggested that GABA shunt supplies NADH and succinate under stressful conditions to maintain cellular oxidative balance, and allows to bypass steps of the TCA cycle involving enzymes sensitive to oxidative stress such as aconitase (Bouche et al., 2003;Fait et al., 2005). Further investigations in this direction suggested that Ca 2+ -dependent activation of the GABA shunt is critical for ROS scavenging under UV-light stress in Arabidopsis (Al-Quraan, 2015). Notably, exogenous application of GABA is known to reduce oxidative damage under abiotic stresses such as salinity, heat, hypoxia, cold and heavy metals toxicity [START_REF] Li | Exogenous γ-aminobutyric Acid (GABA) Application Improved Early Growth, Net Photosynthesis, and Associated Physio-Biochemistryical Events in Maize[END_REF]Song et al., 2010;Wang et al., 2014;Wang et This article is protected by copyright. All rights reserved.

Comment citer ce document : TARKOWSKI, L., Signorelli, S., Höfte, M. (2020). GABA and related amino acids in plant immune responses: emerging mechanisms of action. Plant, Cell & Environment, postprint. , DOI : 10.1111/pce.13734 al., 2017). The reduced oxidative damage was associated with increased activity of antioxidant enzymes such as catalase (CAT), superoxide dismutase (SOD), and the ascorbate-glutathione cycle enzymes (Wang et al., 2014;Mahmud et al., 2017;Wang et al., 2017;[START_REF] Kalhor | Enhanced salt tolerance and photosynthetic performance: Implication of ɤ-amino butyric acid application in saltexposed lettuce (Lactuca sativa L.) plants[END_REF]. Some of these authors proposed GABA-induced signaling to explain such reprogramming of the cellular antioxidant machinery (Vijayakumari & Puthur, 2016;Wang et al., 2017). It is worth mentioning that the direct scavenging of ROS by GABA is not known and remains largely undocumented. However, exogenous GABA treatments showed to be effective in counteracting biotic stress in crops such as tomato and pear (Pyrus pyrifolia Nakai.), mainly through the induction of both transcript and protein activity levels of antioxidant enzymes, which ultimately restricted HR [START_REF] Yang | Induced resistance in tomato fruit by γaminobutyric acid for the control of alternaria rot caused by Alternaria alternata[END_REF][START_REF] Yu | γ-Aminobutyric acid induces resistance against Penicillium expansum by priming of defence responses in pear fruit[END_REF]. Such conclusions agree with studies on rice and tomato sitiens mutants, where increased energetic supply to cells attacked by fungal pathogens through GABA shunt overactivation was postulated to be critical to contain HR spread (Seifi et al., 2013b;Wang et al., 2006). Nevertheless, these authors suggested that coordination between ROS production inside the lesion and increased energetic supply in the outer layer results in an effective HR event against pathogens that are typically able to take advantage of cell death, such as necrotrophs (Govrin & Levine, 2000;Seifi et al., 2013b), remarking how the host can shape its defense response by co-regulating GABA and ROS dynamics in order to adapt to pathogen invasion strategies. Consistently, studies on the lettuce-B. cinerea pathosystem showed that increased resistance of inulin and OGs-primed leaves was accompanied by an increase in both H2O2 and GABA levels compared to controls [START_REF] Signorelli | Linking Autophagy to Abiotic and Biotic Stress Responses[END_REF]. Such observations may suggest that rather than completely employing an endurance or evasion strategy, plants can finely tune elements from these two strategies in order to contain the advance of a specific pathogen. For example, host control over timing and localization of ROS burst can be used to counteract pathogens of different classes, including necrotrophs in their early infection stages (Małolepsza & Urbanek 2002;Seifi et al., 2013b;Unger et al., 2005).

Other modalities for GABA to affect ROS homeostasis during biotic stress

Besides the importance of the GABA shunt and the suspected contribution of GABA signaling, ROS homeostasis can be influenced indirectly by GABA through the action of PA. As mentioned before, GABA can be synthetized via PA catabolism, however this pathway yields also H2O2, which on the one hand can have detrimental effects on the plant cell structures, but on the other hand can act as a signal that activates antioxidant responses (Gupta et al., 2016). A role for PA in boosting antioxidant This article is protected by copyright. All rights reserved.

Comment citer ce document : TARKOWSKI, L., Signorelli, S., Höfte, M. (2020). GABA and related amino acids in plant immune responses: emerging mechanisms of action. Plant, Cell & Environment, postprint. , DOI : 10.1111/pce.13734 defenses under different stresses has been widely described (Minocha et al., 2014, and references therein), and a study demonstrated that PA can directly modulate gene expression of CAT in the green microalga Ulva fasciata, suggesting potential signaling roles (Sung et al., 2011). Accordingly, PA involvement in the modulation of ROS accumulation during plant-pathogen interactions has been reported [START_REF] Lou | Arabidopsis NATA1 acetylates putrescine and decreases defense-related hydrogen peroxide accumulation[END_REF][START_REF] Seifi | Spermine Differentially Refines Plant Defense Responses Against Biotic and Abiotic Stresses[END_REF]. Catabolism of the polyamine spermine (Spm) was proven to contribute to the onset of HR in tobacco and cotton (Gossipium hirsutum L.), while exogenous Spm treatment resulted in the activation of transcription factors involved in the H2O2 signaling pathway in the Arabidopsis-cucumber mosaic virus pathosystem (Mo et al., 2015;[START_REF] Yoda | Induction of Hypersensitive Cell Death by Hydrogen Peroxide Produced through Polyamine Degradation[END_REF]. In line with this, inhibition of putrescine (Put) catabolism through Put acetylation decreased H2O2 production during HR in Arabidopsis, resulting in the suppression of microbial defenses against P. syringae DC3000 [START_REF] Lou | Arabidopsis NATA1 acetylates putrescine and decreases defense-related hydrogen peroxide accumulation[END_REF]. Given that GABA appears to be critical in regulating antioxidant mechanisms during stress conditions (Seifi et al., 2013b;Song et al., 2010;Wang et al., 2017), PA catabolism-dependent accumulation of both H2O2 and GABA can provide further layers of regulation in the context of ROS dynamics under stress conditions (Gupta et al., 2016). Because of such considerations and the tight connection between GABA and PA during abiotic and biotic stress conditions (Hatmi et al., 2015;[START_REF] Podlešáková | Phytohormones and polyamines regulate plant stress responses by altering GABA pathway[END_REF]Wang et al., 2014), it is tempting to speculate that the modulation of the fluxes between GABA and PA metabolic pathways represents a way for controlling ROS accumulation and signaling during plant-pathogen interactions. Besides the metabolic link to PA, GABA can be preferably catabolized to GHB under elevated NADH/NAD + ratio conditions, which can take place under stresses such as cold, anoxia and drought (Allan et al., 2003(Allan et al., , 2008;;[START_REF] Kaplan | Transcript and metabolite profiling during cold acclimation of Arabidopsis reveals an intricate relationship of cold-regulated gene expression with modifications in metabolite content[END_REF]. A positive role was suggested for GHB in counteracting excessive ROS accumulation under stress conditions by supplying reductive equivalents in the form of NADPH by the action of the GHBDH (Breitkreuz et al., 2003). NADPH is required for the ascorbate/glutathione cycle enzymes and other detoxifying enzymes, and thus cytosolic enzymes able to regenerate NADPH are considered as a secondary defense system [START_REF] Signorelli | Water stress induces a differential and spatially distributed nitro-oxidative stress response in roots and leaves of Lotus japonicus[END_REF]. Moreover, GABA catabolism into GHB was proposed to contribute to regulating ROS homeostasis in tomato (Bao et al., 2015). However, there are no links between GHB metabolism and modulation of ROS homeostasis during plant-pathogen interactions (Shelp et al., 2017). Finally, the previously discussed link between GABA and ET can provide a further way to control ROS homeostasis during pathogen attack, given the regulatory role exerted by ET over pathogen-induced ROS burst [START_REF] Mersmann | Ethylene Signaling Regulates Accumulation of the FLS2 Receptor and Is Required for the Oxidative Burst Contributing to Plant Immunity[END_REF]Zhang, 2015) and autophagy
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Interconnections between GABA and other stress-related amino acids

So far, the findings discussed here highlighted how GABA can contribute to plant defenses through signaling, energy supply and control of the ROS homeostasis. Besides GABA, there are other amino acids reported to play relevant roles in plant immunity (Seifi et al., 2013a;Thevenet et al., 2016;[START_REF] Zeier | New insights into the regulation of plant immunity by amino acid metabolic pathways[END_REF]. Their relations with GABA and main recent findings about them are discussed below.

β-aminobutyric acid

BABA is a non-proteinogenic amino acid and isomer of GABA, known to boost defense responses against a wide array of pathogens in several plant species, such as Arabidopsis, lettuce and grape (Cohen et al., 2010;Hamiduzzaman et al., 2005;Ton et al., 2007). As GABA, it is a non-proteinogenic amino acid. BABA is perceived by plant cells in a very peculiar way: it specifically binds to the active site of aspartyl-tRNA synthetase, determining the intracellular accumulation of aspartate (Asp) and uncharged t-RNA. Such events trigger a signaling cascade that results in the activation of both SAdependent and independent pathways, and prime plants against both biotrophs and necrotrophs (Baccelli & Mauch-Mani, 2016;Luna et al., 2014;Zimmerli et al., 2000). Furthermore, BABA priming affects the methylome of plants, resulting in a transcriptional memory of the event which can affect following generations [START_REF] Kuźnicki | BABA-Induced DNA Methylome Adjustment to Intergenerational Defense Priming in Potato to Phytophthora infestans[END_REF]. Recent studies showed how BABA perception reshapes the primary metabolism of plant cells by boosting the TCA cycle and mobilizing starch reservoirs towards callose synthesis and deposition at the infection sites (Gamir et al., 2018;Pastor et al., 2014;[START_REF] Yao | BABA application improves soybean resistance to aphid through activation of phenylpropanoid metabolism and callose deposition[END_REF].

Recent, BABA was believed to be a xenobiotic compound for plants. However, a study by Thevenet and colleagues demonstrated unequivocally that BABA can be synthetized in plants in response to stress (Thevenet et al., 2016). Such finding opens the question on how BABA is synthetized in plants.

A previous report in bacteria suggested that BABA might be synthesized from Glu, as suggested for This article is protected by copyright. All rights reserved.
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Glutamate

Given the importance of primary metabolism in arming the plant defensive arsenal, it is not surprising that amino acids with important roles in N assimilation, such as the ones of the GS/GOGAT cycle, were reported to influence immune responses in different pathosystems (Brauc et al., 2011;[START_REF] Kadotani | Exogenous proteinogenic amino acids induce systemic resistance in rice[END_REF]. As mentioned before, Glu originated from the GS/GOGAT cycle is the main precursor for GABA biosynthesis. Glu itself, however, is a major metabolic hub that links C metabolism, N metabolism and redox balance, thus influencing host capacity to resist a pathogen by altering C and N availability at the infection site (Dulermo et al., 2009;Seifi et al., 2013a). Besides metabolic adjustments, an important role for the ionotropic glutamate receptor (iGluR)-like channels in transducing defense signals was recently demonstrated. Following Microbe-Associated Molecular Patterns (MAMP) perception, Glu was suggested to promote the opening of iGluRs to allow Ca +2 influx from the apoplast and in this way activate the mitogen-activated protein kinases (MAPKs) signaling pathway [START_REF] Kwaaitaal | Ionotropic glutamate receptor (iGluR)-like channels mediate MAMP-induced calcium influx in Arabidopsis thaliana[END_REF]. A number of homologs of animal iGluRs were so far identified in different plant species, and are classified into three clades [START_REF] Snedden | Signalling via glutamate and GLRs in Arabidopsis thaliana[END_REF] It was also shown that Glu can activate nitric oxide (•NO) production, a gasotransmitter with several roles in coordinating immune responses (Bellin et al., 2013;Vatsa et al., 2011). However, the authors noted that •NO production was not followed by typical downstream responses such as ROS accumulation and MAPK activation, leaving open the question concerning the biological significance of such •NO increase (Vatsa et al., 2011). In light of this body of evidence, we propose that the Glu-GABA hub can be seen as a critical node to control the traffic of metabolic resources during biotic stress responses (Figure 2). Moreover, given that both GABA and Glu are able to specifically bind ionotropic receptors in plants, coordinating spatiotemporal dynamics of these amino acids might be important to activate long-distance stress responses vehiculated by electric signals [START_REF] Snedden | Signalling via glutamate and GLRs in Arabidopsis thaliana[END_REF]Toyota et al., 2018). In this perspective, GABA and Glu constitute an interface between metabolic adjustments and signaling in the plant stress physiology context [START_REF] Michaeli | Closing the loop on the GABA shunt in plants: are GABA metabolism and signaling entwined?[END_REF][START_REF] Kan | Exogenous glutamate rapidly induces the expression of genes involved in metabolism and defense responses in rice roots[END_REF].

Proline

Like GABA, Pro is mainly synthesized from Glu and its metabolism is also known to be activated under stress conditions [START_REF] Signorelli | Identification of Δ1-pyrroline 5-carboxylate synthase (P5CS) genes involved in the synthesis of proline in Lotus japonicus[END_REF]. In the mitochondria, Pro can be converted into Glu by two enzymatic reactions catalyzed by proline dehydrogenase (ProDH) and P5C reductase (P5CR) (Trovato et al., 2019). The resulting Glu can be converted to GABA by GDH activity, closing a metabolic link between Pro and GABA (Figure 2). Moreover, we previously suggested that, under stress conditions, Pro can be converted into GABA through two non-enzymatic reactions followed by the action of pyrroline dehydrogenase (PyrrDH) [START_REF] Signorelli | Connecting proline and γaminobutyric acid in stressed plants through non-enzymatic reactions[END_REF]. The involvement of Pro in immune responses has been documented (Fabro et al., 2004;[START_REF] Qamar | Role of proline and pyrroline-5-carboxylate metabolism in plant defense against invading pathogens[END_REF]. Especially Pro catabolism appears to have a significant contribution in this sense since ProDH genes, ProDH1 and ProDH2 were shown to be required for the full activation of immune responses against both necrotrophs and hemibiotrophs in Arabidopsis (Rizzi et al., 2017). Furthermore, increases in pyrroline-5-carboxylate whether the ROS produced by Pro catabolism or P5C itself is responsible for the beneficial effect of proline catabolism under biotic stress.

Conclusions and future perspectives

Recent investigations on the interface between signaling and primary metabolism are starting to reveal which metabolic adjustments are adopted by plants to cope with stresses. Regulation of GABA metabolism is emerging as one of the most important features used by plants to respond to several types of biotic interactions, thanks to its capacity to fuel cellular metabolic processes and control pathogen-induced ROS accumulation. Thus, a more comprehensive understanding of the role of GABA in plant immunity can lead to the development of effective and sustainable pest control strategies, however, important gaps of knowledge remain to be filled in this sense, such as the contribution of GABA signaling to plant immune networks and ROS balance, and the exact nature of the connection between GABA and ET biosynthesis and signaling events. Finally, a better understanding of the metabolic fluxes coordinating the accumulation of GABA and other stress-related amino acids such as Glu and Pro is needed to build a clearer picture of the role of primary metabolism in plant immunity.
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