Kevin Robe 
  
Esther Izquierdo 
  
Florence Vignols 
  
Hatem Rouached 
  
Christian Dubos 
email: christian.dubos@inrae.fr
  
The Coumarins: Secondary Metabolites Playing a Primary Role in Plant Nutrition and Health

Keywords: Arabidopsis thaliana, coumarins, iron, PDR9

de documents scientifiques de niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

2 the form of insoluble Fe hydroxides and oxides [START_REF] Guerinot | Iron: Nutritious, Noxious, and Not Readily Available[END_REF]. This is for instance the case in wellaerated alkaline or calcareous soils that represent one-third of the world's cultivated lands.

As a consequence, plants growing on these soils display growth and developmental defects together with reduced Fe concentration. Considering that about one billion people worldwide suffer from Fe-deficiency anemia, a reduction of Fe concentration in staple crops is a major threat for several populations, in particular those whose dietary intake of Fe relies mainly or entirely on plants. Therefore, a better understanding of the mechanisms evolved by plants to acquire Fe is needed to improve Fe nutrition in crops, the entry point of Fe in human diet.

Fe acquisition is the first limiting step for Fe nutrition in plants. Monocots and dicots have evolved different strategies to ensure this first step. For instance, non-grass species have evolved a reduction-based mechanism to solubilize and absorb Fe from the soil [START_REF] Brumbarova | Molecular mechanisms governing Arabidopsis iron uptake[END_REF][START_REF] Connorton | Iron homeostasis in plants -a brief overview[END_REF]. This mechanism relies on the release of protons into the rhizosphere to acidify the root surrounding media and increase the concentration of Fe(III) in the soil solution. The solubilized Fe 3+ is then reduced into Fe 2+ at the root surface prior to its transportation across the root epidermal cell membrane. In arabidopsis (Arabidopsis thaliana), these three steps are tightly connected and respectively catalyzed by the AHA2 proton-ATPase, the FERRIC REDUCTION OXIDASE 2 (FRO2) and the IRON-REGULATED TRANSPORTER 1 (IRT1) [START_REF] Barranco | Dynamic control of the high-affinity iron uptake complex in root epidermal cells[END_REF] (Figure 1).

In non-grass species, the secretion of secondary metabolites with Fe-mobilizing properties appeared to play a wider role than what was previously thought [START_REF] Tsai | Mobilization of Iron by Plant-Borne Coumarins[END_REF]. A good example are the coumarins, which have emerged as key players for Fe solubilization and/or uptake, in particular when the pH of the soil is high and the FRO2 activity is reduced. Coumarins secretion in arabidopsis requires the PLEIOTROPIC DRUG RESISTANCE 9/ATP-BINDING CASSETTE G37 (PDR9/ABCG37) transporter [START_REF] Tsai | Mobilization of Iron by Plant-Borne Coumarins[END_REF][START_REF] Susin | The pH Requirement for in Vivo Activity of the Iron-Deficiency-Induced "Turbo" Ferric Chelate Reductase (A Comparison of the Iron-Deficiency-Induced Iron Reductase Activities of Intact Plants and Isolated Plasma Membrane Fractions in Sugar Beet)[END_REF][START_REF] Teres | Soil carbonate drives local adaptation in Arabidopsis thaliana[END_REF]. Herein, are reviewed recent findings, mainly obtained in Arabidopsis, ranging from the biosynthesis, storage and trafficking of the different coumarins involved in plant Fe acquisition to the mechanisms that regulate their biosynthesis and secretion.

The coumarins biosynthetic pathway

Several functions necessary for the plant responses to various biotic and abiotic stresses as well as for the plant structural support or the regulation of its growth are ensured by metabolites originated from the phenylpropanoid pathway. The phenylpropanoid biosynthetic pathway is relatively well described for several classes of molecules (e.g. lignins, flavonoids); however, the steps leading to the biosynthesis of coumarins were, until recently, poorly documented. Expression studies highlighted that several genes from the phenylpropanoid pathway are responsive to Fe availability [START_REF] Lan | iTRAQ protein profile analysis of Arabidopsis roots reveals new aspects critical for iron homeostasis[END_REF][START_REF] Long | The bHLH transcription factor POPEYE regulates response to iron deficiency in Arabidopsis roots[END_REF], in particular those from the main core of the pathway that leads to the biosynthesis of 4-coumaroyl-CoA (e.g. PAL1: PHENYLALANINE AMMONIA-LYASE 1, 4CL1 and 2: 4-COUMARATE:CoA LIGASE 1 and 2), the first intermediate in common between the different classes of phenylpropanoid compounds (Figure 2). The HYDROXYCINNAMOYL-CoA SHIKIMATE/QUINATE HYDROXYCINNAMOYLTRANSFERASE (HCT) and the CAFFEOYL-CoA O-METHYLTRANSFERASE (CCoAOMT1) are responsive to Fe regime and ensure the conversion of 4-coumaroyl-CoA into feruloyl-CoA, the precursor of coumarins. For instance, the accumulation of coumarins in ccoaomt1 loss-of-function mutants is impaired [START_REF] Doll | Accumulation of the coumarin scopolin under abiotic stress conditions is mediated by the Arabidopsis thaliana THO/TREX complex[END_REF][START_REF] Kai | Scopoletin is biosynthesized via ortho-hydroxylation of feruloyl CoA by a 2-oxoglutarate-dependent dioxygenase in Arabidopsis thaliana[END_REF].

The FERULOYL-CoA 6 -HYDROXYLASE 1 (F6'H1) catalyzes the first step committed to the biosynthesis of coumarins (Figure 3), leading to the formation of 6'-hydroxyferuloyl-CoA [START_REF] Kai | Scopoletin is biosynthesized via ortho-hydroxylation of feruloyl CoA by a 2-oxoglutarate-dependent dioxygenase in Arabidopsis thaliana[END_REF]. The characterization of f6'h1 loss-of-function mutants has allowed demonstrating that coumarins play an important role in plant Fe nutrition, in particular in response to Fe shortage in alkaline soils [START_REF] Rodriguez-Celma | Reduction-based iron uptake revisited: on the role of secreted iron-binding compounds[END_REF][START_REF] Schmid | Feruloyl-CoA 6'-Hydroxylase1-dependent coumarins mediate iron acquisition from alkaline substrates in Arabidopsis[END_REF]. In Arabidopsis, three coumarins with Fe-mobilizing properties are synthesized. These molecules are the fraxetin (7,8-dihydroxy-6-methoxycoumarin), the sideretin (5,7,8-trihydroxy-6-methoxycoumarin) and the esculetin (6,7-dihydroxycoumarin) [START_REF] Rajniak | Biosynthesis of redox-active metabolites in response to iron deficiency in plants[END_REF][START_REF] Siwinska | Scopoletin 8-hydroxylase: a novel enzyme involved in coumarin biosynthesis and iron-deficiency responses in Arabidopsis[END_REF][START_REF] Tsai | Scopoletin 8-Hydroxylase-Mediated Fraxetin Production Is Crucial for Iron Mobilization[END_REF]. Each one of these molecules displays a catechol moiety (i.e. two neighboring hydroxyl groups) that interacts with and mobilizes the Fe present in soils. Until recently, the biochemical steps leading to the biosynthesis of these catechol coumarins were still to be characterized. Recent studies have shed light on this part of the coumarin pathway highlighting that scopoletin, a non-catechol coumarin, is the precursor of fraxetin and sideretin. Scopoletin is issued from the trans-cis isomerization and lactonization of 6'hydroxyferuloyl-CoA. This step is partially spontaneous but the reaction efficiency is significantly increased by the activity of COUMARIN SYNTHASE (COSY), a BHAD acyltransferase enzyme [START_REF] Vanholme | COSY catalyses trans-cis isomerization and lactonization in the biosynthesis of coumarins[END_REF]. The hydroxylation at the C8 position of scopoletin by the SCOPOLETIN 8-HYDROXYLASE (S8H), a 2-oxoglutarate-dependent dioxygenase, leads to the formation of fraxetin [START_REF] Siwinska | Scopoletin 8-hydroxylase: a novel enzyme involved in coumarin biosynthesis and iron-deficiency responses in Arabidopsis[END_REF]. While alkaline pH favors the biosynthesis of fraxetin, the main catechol coumarin secreted at acidic pH is sideretin. Sideretin biosynthesis involves the activity of CYP82C4 [START_REF] Rajniak | Biosynthesis of redox-active metabolites in response to iron deficiency in plants[END_REF][START_REF] Murgia | Arabidopsis CYP82C4 expression is dependent on Fe availability and circadian rhythm, and correlates with genes involved in the early Fe deficiency response[END_REF], an Fe deficiency-responsive cytochrome P450 enzyme whose expression is abolished when plants are grown on high pH media [START_REF] Tsai | pH-dependent transcriptional profile changes in irondeficient Arabidopsis roots[END_REF]. How esculetin biosynthesis occurs is still a matter of debate. It was demonstrated that COSY could catalyze in vitro the spontaneous conversion of 6'-hydroxycaffeoyl-CoA into esculetin, but this step

has not yet been proven to occur in plants [START_REF] Vanholme | COSY catalyses trans-cis isomerization and lactonization in the biosynthesis of coumarins[END_REF][START_REF] Shimizu | 2-Oxoglutarate-dependent dioxygenases in the biosynthesis of simple coumarins[END_REF]. In addition, it cannot be excluded that esculetin derives from scopoletin following a demethylation step or from a side activity of F6'H1 using caffeoyl-CoA as precursor [START_REF] Rajniak | Biosynthesis of redox-active metabolites in response to iron deficiency in plants[END_REF].

Coumarins storage and secretion

Once synthesized, coumarins are either stored within the plant cells as glycosylated conjugates (e.g. scopolin, fraxin, sideretin glycosides or esculin) to avoid toxicity or secreted into the rhizosphere as aglycones (e.g. scopoletin, fraxetin, sideretin or esculetin) [START_REF] Siso-Terraza | Accumulation and Secretion of Coumarinolignans and other Coumarins in Arabidopsis thaliana Roots in Response to Iron Deficiency at High pH[END_REF].

Within the plant cells, coumarins accumulate in the vacuolar compartment [START_REF] De Brito Francisco | The Vacuolar Transportome of Plant Specialized Metabolites[END_REF][START_REF] Knoblauch | Multispectral phloem-mobile probes: properties and applications[END_REF][START_REF] Werner | Accumulation of coumarylglucosides in vacuoles of barley mesophyll protoplasts[END_REF][START_REF] Robe | Coumarin accumulation and trafficking in Arabidopsis thaliana: a complex and dynamic process[END_REF]. In Arabidopsis, BGLU42 (BETA GLUCOSIDASE 42), which is predominantly expressed in trichoblasts (root hair cells), is responsible for the deglycosylation of scopolin [START_REF] Stringlis | MYB72-dependent coumarin exudation shapes root microbiome assembly to promote plant health[END_REF][START_REF] Zamioudis | beta-Glucosidase BGLU42 is a MYB72-dependent key regulator of rhizobacteria-induced systemic resistance and modulates iron deficiency responses in Arabidopsis roots[END_REF]. bglu42 loss-of-function mutants are unable to secrete scopoletin and accumulate large amounts of scopolin [START_REF] Stringlis | MYB72-dependent coumarin exudation shapes root microbiome assembly to promote plant health[END_REF]. Three additional beta glucosidases that are expressed in roots (i.e. BGLU21, BGLU2122 and BGLU23) display a similar activity in vitro to that of BGLU42 toward scopolin and esculin [START_REF] Ahn | Scopolin-hydrolyzing beta-glucosidases in roots of Arabidopsis[END_REF]. Nevertheless, in vivo validations are still missing to conclude on the biological role of BGLU21, BGLU22 and BGLU23, leaving unidentified the enzymes involved in the deglycosylation of fraxin, sideretin glycosides or esculin prior to their secretion into the rhizosphere. Coumarins secretion occurs mainly via the PDR9 transporter [START_REF] Fourcroy | Involvement of the ABCG37 transporter in secretion of scopoletin and derivatives by Arabidopsis roots in response to iron deficiency[END_REF][START_REF] Fourcroy | Facilitated Fe Nutrition by Phenolic Compounds Excreted by the Arabidopsis ABCG37/PDR9 Transporter Requires the IRT1/FRO2 High-Affinity Root Fe(2+) Transport System[END_REF]. Whether some specificity towards the secretion of the different coumarins occurs between trichoblast (root hairs) and atrichoblast (non-root hairs) cells was an open question until recently. By coupling spectral imaging (allowing monitoring ironmobilizing coumarins and scopolin accumulation in roots) with coumarins quantification in root hair mutants, it was demonstrated that root hairs play a major role in scopoletin secretion whereas fraxetin and esculetin exudation occurs through all epidermis cells [START_REF] Robe | Coumarin accumulation and trafficking in Arabidopsis thaliana: a complex and dynamic process[END_REF].

Finally, it is noteworthy that small amounts of glycosylated coumarins have been identified in the media surrounding the plant root system, in particular in response to Fe deficiency [START_REF] Stringlis | MYB72-dependent coumarin exudation shapes root microbiome assembly to promote plant health[END_REF][START_REF] Lefevre | The Nicotiana tabacum ABC transporter NtPDR3 secretes Omethylated coumarins in response to iron deficiency[END_REF][START_REF] Ziegler | Arabidopsis Transporter ABCG37/PDR9 contributes primarily highly oxygenated Coumarins to Root Exudation[END_REF]. These observations suggest that a fraction of the glycosylated coumarins could be directly secreted across the root epidermis (via an unknown mechanism) or that coumarin aglycones could be glycosylated outside the plant roots [START_REF] Stringlis | MYB72-dependent coumarin exudation shapes root microbiome assembly to promote plant health[END_REF][START_REF] Ziegler | Arabidopsis Transporter ABCG37/PDR9 contributes primarily highly oxygenated Coumarins to Root Exudation[END_REF]. The presence of coumarins in the growth medium of the pdr9-2 mutant also indicates that others transporters might be involved in coumarins secretion [START_REF] Fourcroy | Involvement of the ABCG37 transporter in secretion of scopoletin and derivatives by Arabidopsis roots in response to iron deficiency[END_REF][START_REF] Ziegler | Arabidopsis Transporter ABCG37/PDR9 contributes primarily highly oxygenated Coumarins to Root Exudation[END_REF].

Coumarins cellular localization and trafficking

Coumarins are essentially synthesized in roots, a tissue that coordinates Fe uptake with the demand of the plant and that is in contact and influenced by soil microorganisms.

Underground, coumarins have emerged as important players for both optimizing Fe uptake and shaping the root microbiome, thus affecting plant health [START_REF] Rodriguez-Celma | Reduction-based iron uptake revisited: on the role of secreted iron-binding compounds[END_REF][START_REF] Schmid | Feruloyl-CoA 6'-Hydroxylase1-dependent coumarins mediate iron acquisition from alkaline substrates in Arabidopsis[END_REF][START_REF] Stringlis | The Age of Coumarins in Plant-Microbe Interactions[END_REF]. In aerial tissues, coumarins are involved in the plant response to pathogens [START_REF] Doll | Accumulation of the coumarin scopolin under abiotic stress conditions is mediated by the Arabidopsis thaliana THO/TREX complex[END_REF][START_REF] Stringlis | The Age of Coumarins in Plant-Microbe Interactions[END_REF]. Their various roles in different tissues suggested that these compounds might be highly mobile. However, very little was known until recently on the actual localization and the trafficking of coumarins within the plant body.

The precise pattern of scopolin, fraxin and esculin accumulation in roots was recently uncovered [START_REF] Robe | Coumarin accumulation and trafficking in Arabidopsis thaliana: a complex and dynamic process[END_REF]. These observations, in the light of F6'H1 localization studies [START_REF] Schmid | Feruloyl-CoA 6'-Hydroxylase1-dependent coumarins mediate iron acquisition from alkaline substrates in Arabidopsis[END_REF], indicate that scopolin, fraxin and esculin biosynthesis and storage preferentially occur in the cortex cells, suggesting that the epidermis is mostly a transit tissue before their secretion into the rhizosphere [START_REF] Robe | Coumarin accumulation and trafficking in Arabidopsis thaliana: a complex and dynamic process[END_REF] (Figure 4). Whether this is also the case for the biosynthesis and exudation of sideretin remains to be determined. However, there is an apparent discrepancy between the proposed model and the expression of S8H and CYP82C4, which is mainly restricted to the root epidermis [START_REF] Rajniak | Biosynthesis of redox-active metabolites in response to iron deficiency in plants[END_REF]. Since it cannot be excluded that the pattern of S8H and CYP82C4 accumulation might differ from gene expression, protein localization studies will be necessary in order to fully conclude. An in depth analysis of COSY protein accumulation would also be useful since, to date, COSY promoter activity in plant grown under Fe replete condition is only available, and show a ubiquitous expression within the roots (i.e. expressed in all cell types in the differentiation zone) [START_REF] Vanholme | COSY catalyses trans-cis isomerization and lactonization in the biosynthesis of coumarins[END_REF].

Coumarins accumulation was also observed in the endodermis in plants grown under replete or Fe deficiency conditions, indicating that coumarins move also from the cortex to this cell layer [START_REF] Robe | Coumarin accumulation and trafficking in Arabidopsis thaliana: a complex and dynamic process[END_REF]. Cold and osmotic stresses as well as high carbon availability also stimulate scopolin accumulation in roots, mainly in the endodermis [START_REF] Doll | Accumulation of the coumarin scopolin under abiotic stress conditions is mediated by the Arabidopsis thaliana THO/TREX complex[END_REF], suggesting that scopoletin, or its precursors (i.e. 6'-hydroxyferuloyl-CoA), might move from the cortex to the endodermis via an Fe-independent mechanism.

Reciprocal grafting experiments between wild type and f6'h1 mutant seedlings allowed demonstrating that coumarins movement also occurs between different organs of the plant, from roots to shoots (Figure 4) [START_REF] Robe | Coumarin accumulation and trafficking in Arabidopsis thaliana: a complex and dynamic process[END_REF]. The identification of both scopolin and scopoletin in xylem sap further confirmed this assertion [START_REF] Robe | Coumarin accumulation and trafficking in Arabidopsis thaliana: a complex and dynamic process[END_REF]. Interestingly, these reciprocal grafting experiments highlighted also that scopolin can be synthesized in leaves via a mechanism that is independent of F6'H1 activity in roots. These findings therefore suggest that the accumulation of scopolin in leaves in response to biotic (e.g. pathogens) and abiotic (e.g. cold) stresses [START_REF] Doll | Accumulation of the coumarin scopolin under abiotic stress conditions is mediated by the Arabidopsis thaliana THO/TREX complex[END_REF][START_REF] Stringlis | The Age of Coumarins in Plant-Microbe Interactions[END_REF] might also derive, at least in part, from the roots. However, it is noteworthy that since F6'H1 expression is induced in leaves following 2,4-D treatment [START_REF] Kai | Scopoletin is biosynthesized via ortho-hydroxylation of feruloyl CoA by a 2-oxoglutarate-dependent dioxygenase in Arabidopsis thaliana[END_REF],

it might be that scopoletin is synthesized in this tissue in a F6'H1-dependent manner in some specific growth conditions. When exogenously applied at the surface of arabidopsis cotyledons, fraxin and esculin move to the roots via the phloem, suggesting that coumarins could relocate from the aerial tissues to the roots [START_REF] Knoblauch | Multispectral phloem-mobile probes: properties and applications[END_REF][START_REF] De Moliner | Probing binding specificity of the sucrose transporter AtSUC2 with fluorescent coumarin glucosides[END_REF]. Whether this observation is relevant or not for plants is still a matter of debate. Taken together, these different studies highlight that coumarins accumulation and trafficking is a complex and dynamic process. Beside these recent findings, our understanding of coumarins trafficking in plants remains a jigsaw for which several pieces are missing (Figure 1 and4). For instance, the transporters and the glycosyltransferases that participate to the compartmentalization of the different coumarins into the vacuoles are still to be characterized.

Additional glucosidases, other than BGLU42, are likely to be involved in the secretion of fraxetin, sideretin and esculetin into the root surrounding media. In addition, if it has been demonstrated that the role of PDR9 is not restricted to the secretion of coumarins into the rhizosphere, but also extent to their transportation from the cortical cells to the epidermis [START_REF] Robe | Coumarin accumulation and trafficking in Arabidopsis thaliana: a complex and dynamic process[END_REF], the molecular mechanisms by which coumarins move from the cortex cells to the endodermis, and then to the xylem sap and the aerial tissues, is still to be elucidated.

Recent studies also support that secreted coumarins are uptaken by surrounding plants. This was for instance demonstrated for the umbelliferone (7-hydroxycoumarin), a non-catechol coumarin [START_REF] Hijazin | Uptake and modification of umbelliferone by various seedlings[END_REF]. Since the addition of scopoletin into the growth media is sufficient to rescue the chlorotic phenotype of f6'h1-1 but not the one of s8h [START_REF] Rajniak | Biosynthesis of redox-active metabolites in response to iron deficiency in plants[END_REF][START_REF] Tsai | Scopoletin 8-Hydroxylase-Mediated Fraxetin Production Is Crucial for Iron Mobilization[END_REF], it was hypothesized that scopoletin is taken up by the root of the f6'h1-1 mutant and then metabolized into catechol coumarins such as fraxetin and/or sideretin to facilitate Fe acquisition. The ability of the f6'h1-1 mutant to uptake, glycosylate and store scopoletin, fraxetin and esculetin in roots was recently demonstrated [START_REF] Robe | Coumarin accumulation and trafficking in Arabidopsis thaliana: a complex and dynamic process[END_REF]. Interestingly, in this study it was also shown that other dicot (i.e. tomato) and gymnosperm (i.e. maritime pine) species had, in contrast to monocots, the ability to uptake the main Fe-mobilizing coumarin found in Arabidopsis, fraxetin. These later results indicate that the ability of plants to uptake coumarins has most probably emerged early during the evolution of land plants. It also suggests that this ability has been lost in graminaceous plant species. Whether coumarins uptake requires a dedicated transport system or occurs by simple diffusion will have to be determined.

The potential roles of coumarins in Fe acquisition

Although the importance of catechol coumarins secretion for Fe acquisition has been demonstrated in several studies [START_REF] Rajniak | Biosynthesis of redox-active metabolites in response to iron deficiency in plants[END_REF][START_REF] Tsai | Scopoletin 8-Hydroxylase-Mediated Fraxetin Production Is Crucial for Iron Mobilization[END_REF][START_REF] Fourcroy | Involvement of the ABCG37 transporter in secretion of scopoletin and derivatives by Arabidopsis roots in response to iron deficiency[END_REF], their precise function in Fe nutrition is not fully understood.

The ability of catechol coumarins (i.e. sideretin, fraxetin, esculetin) to reduce Fe 3+ has clearly been established [START_REF] Rajniak | Biosynthesis of redox-active metabolites in response to iron deficiency in plants[END_REF]. However, recent advances indicate that reducing Fe might not be the sole role for the secreted coumarins in plant Fe nutrition. For instance, no difference in the ferric reductase activity of wild type and f6'h1-1 mutant was observed and the use of secreted phenolics from wild type plant subjected to Fe deficiency was inefficient to rescue fro2 mutant chlorosis [START_REF] Schmid | Feruloyl-CoA 6'-Hydroxylase1-dependent coumarins mediate iron acquisition from alkaline substrates in Arabidopsis[END_REF][START_REF] Fourcroy | Facilitated Fe Nutrition by Phenolic Compounds Excreted by the Arabidopsis ABCG37/PDR9 Transporter Requires the IRT1/FRO2 High-Affinity Root Fe(2+) Transport System[END_REF]. Importantly, catechol coumarins can form complexes with Fe(III) at alkaline pH (mostly in a 2 coumarins to 1 Fe stoichiometry, [START_REF] Baune | Importance of oxidation products in coumarin-mediated Fe(hydr)oxide mineral dissolution[END_REF]), thus facilitating Fe dissolution [START_REF] Rajniak | Biosynthesis of redox-active metabolites in response to iron deficiency in plants[END_REF], which raises an important question: How can this mechanism improve Fe nutrition for plants, considering that alkaline pH reduces FRO2 expression [START_REF] Tsai | pH-dependent transcriptional profile changes in irondeficient Arabidopsis roots[END_REF] and inactivates the activity of the encoded enzyme? [START_REF] Susin | The pH Requirement for in Vivo Activity of the Iron-Deficiency-Induced "Turbo" Ferric Chelate Reductase (A Comparison of the Iron-Deficiency-Induced Iron Reductase Activities of Intact Plants and Isolated Plasma Membrane Fractions in Sugar Beet)[END_REF][START_REF] Teres | Soil carbonate drives local adaptation in Arabidopsis thaliana[END_REF] An appealing hypothesis would be that at alkaline pH, Fe-catechol coumarin complexes are transported into the plant roots through an unknown mechanism. Since, as aforementioned, some direct evidences support that catechol coumarins can be uptaken by plant roots [START_REF] Robe | Coumarin accumulation and trafficking in Arabidopsis thaliana: a complex and dynamic process[END_REF] and since co-cultivation of wild type plants with f6'h1 is sufficient to revert the chlorotic phenotype of the mutant [START_REF] Rodriguez-Celma | Reduction-based iron uptake revisited: on the role of secreted iron-binding compounds[END_REF][START_REF] Vanholme | COSY catalyses trans-cis isomerization and lactonization in the biosynthesis of coumarins[END_REF], it might be that the role of coumarins secretion at alkaline pH, in addition to Fe dissolution and reduction, could be the chelation and transport of Fe into the plant roots. Indeed, this hypothesis has not yet been demonstrated and additional experiments will be required in order to fully conclude.

Impact of other mineral nutrients on coumarins biosynthesis

Plants must sense and adapt their responses to changes in external and internal Fe concentrations to adjust their growth and match resources present in the soil. The plant responses to fluctuations in Fe accessibility are therefore tightly dependent on the availability of other macro-and micronutrients [START_REF] Bouain | Systems genomics approaches provide new insights into Arabidopsis thaliana root growth regulation under combinatorial mineral nutrient limitation[END_REF][START_REF] Briat | Integration of P, S, Fe, and Zn nutrition signals in Arabidopsis thaliana: potential involvement of PHOSPHATE STARVATION RESPONSE 1 (PHR1)[END_REF][START_REF] Couturier | The iron-sulfur cluster assembly machineries in plants: current knowledge and open questions[END_REF]. The interdependency between mineral nutrients raises questions on whether the levels and the identity of coumarin compounds produced by plants and secreted into the rhizosphere is modulated under single and combined nutrient stress conditions.

For instance, an excess of zinc (Zn) in the growth media of arabidopsis seedlings is sufficient to promote coumarins synthesis and excretion [START_REF] Leskova | Heavy Metals Induce Iron Deficiency Responses at Different Hierarchic and Regulatory Levels[END_REF]. This effect is accompanied by an increase of FRO2 and IRT1 expression and ferric chelate reductase activity, indicating that Zn excess induces the Fe deficiency responses. Similar but less marked responses were observed with plants treated with excess of nickel (Ni) and cobalt (Co) and, to a lesser extent, with cadmium (Cd). On the contrary, manganese (Mn) deficiency provokes a decrease of S8H protein accumulation [START_REF] Rodriguez-Celma | Systems-wide analysis of manganese deficiencyinduced changes in gene activity of Arabidopsis roots[END_REF], which suggests that Mn deficient plants may produce less fraxetin and sideretin than plants grown in Mn sufficient condition.

The availability of different nutrients can simultaneously vary resulting from the very low concentration of two or more nutrients in the soil and/or the competition that exists between plants and living organisms for mineral nutrients, making them less available to plants [START_REF] Bouain | Getting to the Root of Plant Mineral Nutrition: Combinatorial Nutrient Stresses Reveal Emergent Properties[END_REF].

For instance, arabidopsis plants grown on medium lacking P or Fe showed shorter primary root length phenotype compared to plants grown in presence of P and Fe (control condition) [START_REF] Bouain | Systems genomics approaches provide new insights into Arabidopsis thaliana root growth regulation under combinatorial mineral nutrient limitation[END_REF], while plants growing under combined Fe and P deficiencies (both elements were removed from the medium) displayed a remarkable recovery of the primary root elongation [START_REF] Ward | The effect of iron on the primary root elongation of Arabidopsis during phosphate deficiency[END_REF]. This indicates that combined nutrient stress is a new condition, and not the simple addition of the two stresses. Notably, the integration of nutrient stresses can be observed at the metabolic level as well. Early work showed that in addition to Fe deficiency, arabidopsis plants subjected to P deficiency exudate coumarins [START_REF] Ziegler | Non-targeted profiling of semi-polar metabolites in Arabidopsis root exudates uncovers a role for coumarin secretion and lignification during the local response to phosphate limitation[END_REF]. Nevertheless, differences between the types and the levels of coumarins produced and secreted in response to Fe, P or Fe and P deficiencies were observed [START_REF] Ziegler | Non-targeted profiling of semi-polar metabolites in Arabidopsis root exudates uncovers a role for coumarin secretion and lignification during the local response to phosphate limitation[END_REF][START_REF] Chutia | Iron and Phosphate Deficiency Regulators Concertedly Control Coumarin Profiles in Arabidopsis thaliana Roots During Iron, Phosphate, and Combined Deficiencies[END_REF]. For instance, considering the main catechol coumarins, both fraxin and sideretin glucosides accumulate in roots at high levels in response to Fe deficiency whereas under P deficiency, fraxin level remains stable, or slightly reduced compared to control condition, and sideretin glucosides accumulation decreases. Under Fe and P dual deficiency, fraxin level is similar to that of Fe deficiency but sideretin glucosides accumulation is lowered [START_REF] Ziegler | Non-targeted profiling of semi-polar metabolites in Arabidopsis root exudates uncovers a role for coumarin secretion and lignification during the local response to phosphate limitation[END_REF][START_REF] Chutia | Iron and Phosphate Deficiency Regulators Concertedly Control Coumarin Profiles in Arabidopsis thaliana Roots During Iron, Phosphate, and Combined Deficiencies[END_REF]. Scopolin accumulation is solely affected by P availability, whether it is alone or combined. A role of Fe-deficiency response regulators in the regulation of Fe and of P deficiency-induced coumarin profiles has been observed, and similar observation has been made with the P deficiency response regulators [START_REF] Chutia | Iron and Phosphate Deficiency Regulators Concertedly Control Coumarin Profiles in Arabidopsis thaliana Roots During Iron, Phosphate, and Combined Deficiencies[END_REF]. From these data, it is hypothesized that an antagonistic cross talk between Fe and P deficiency responses modulates the biosynthesis of coumarins [START_REF] Chutia | Iron and Phosphate Deficiency Regulators Concertedly Control Coumarin Profiles in Arabidopsis thaliana Roots During Iron, Phosphate, and Combined Deficiencies[END_REF], in particular the catechol ones, which is in adequacy with reported effects of P concentration in the growth media on Fe availability (i.e. under P deficiency Fe availability increases) [START_REF] Bournier | Arabidopsis ferritin 1 (AtFer1) gene regulation by the phosphate starvation response 1 (AtPHR1) transcription factor reveals a direct molecular link between iron and phosphate homeostasis[END_REF]. However, such hypothesis does not apply when plants are subjected to P and Fe dual deficiency, suggesting that P availability interferes with Fe deficiency-induced biosynthesis of catechol coumarins [START_REF] Chutia | Iron and Phosphate Deficiency Regulators Concertedly Control Coumarin Profiles in Arabidopsis thaliana Roots During Iron, Phosphate, and Combined Deficiencies[END_REF].

Transcriptional regulation of coumarins biosynthesis

Even though the induction of coumarins biosynthesis occurs essentially at the transcriptional level [START_REF] Schmid | Feruloyl-CoA 6'-Hydroxylase1-dependent coumarins mediate iron acquisition from alkaline substrates in Arabidopsis[END_REF][START_REF] Tsai | Scopoletin 8-Hydroxylase-Mediated Fraxetin Production Is Crucial for Iron Mobilization[END_REF][START_REF] Gao | The Transcription Factor bHLH121 Interacts with bHLH105 (ILR3) and Its Closest Homologs to Regulate Iron Homeostasis in Arabidopsis[END_REF], little is known on the actual molecular actors that are involved.

In arabidopsis, several bHLH transcription factors regulate the Fe deficiency responses in a complex regulatory network [START_REF] Gao | The Transcription Factor bHLH121 Interacts with bHLH105 (ILR3) and Its Closest Homologs to Regulate Iron Homeostasis in Arabidopsis[END_REF][START_REF] Gao | The Transcriptional Control of Iron Homeostasis in Plants: A Tale of bHLH Transcription Factors?[END_REF][START_REF] Kim | The iron deficiency response in Arabidopsis thaliana requires the phosphorylated transcription factor URI[END_REF][START_REF] Lei | bHLH121 Functions as a Direct Link that Facilitates the Activation of FIT by bHLH IVc Transcription Factors for Maintaining Fe Homeostasis in Arabidopsis[END_REF] (Figure 5). Among the main regulators of these phosphorylation state [START_REF] Kim | The iron deficiency response in Arabidopsis thaliana requires the phosphorylated transcription factor URI[END_REF][START_REF] Gratz | Phospho-mutant activity assays provide evidence for alternative phospho-regulation pathways of the transcription factor FER-LIKE IRON DEFICIENCY-INDUCED TRANSCRIPTION FACTOR[END_REF][START_REF] Gratz | CIPK11-Dependent Phosphorylation Modulates FIT Activity to Promote Arabidopsis Iron Acquisition in Response to Calcium Signaling[END_REF]. URI is necessary to activate the expression of several regulatory genes involved in the control of Fe homeostasis, indirectly modulating the expression of genes involved in Fe uptake (e.g. FRO2, IRT1), transport (e.g. NAS4:

NICOTIANAMINE SYNTHASE 4) and storage (e.g. FER1: FERRITIN 1) as well as in the biosynthesis (i.e. F6'H1, S8H and CYP82C4) and secretion (i.e. BGLU42) of coumarins [START_REF] Gao | The Transcription Factor bHLH121 Interacts with bHLH105 (ILR3) and Its Closest Homologs to Regulate Iron Homeostasis in Arabidopsis[END_REF].

Following Fe starvation, the induction of FIT expression relies, at least in part, on the activity of URI [START_REF] Gao | The Transcription Factor bHLH121 Interacts with bHLH105 (ILR3) and Its Closest Homologs to Regulate Iron Homeostasis in Arabidopsis[END_REF]. FIT activity is necessary to activate the expression of S8H and CYP82C4 [START_REF] Schmid | Feruloyl-CoA 6'-Hydroxylase1-dependent coumarins mediate iron acquisition from alkaline substrates in Arabidopsis[END_REF][START_REF] Gao | The Transcription Factor bHLH121 Interacts with bHLH105 (ILR3) and Its Closest Homologs to Regulate Iron Homeostasis in Arabidopsis[END_REF][START_REF] Colangelo | The essential basic helix-loop-helix protein FIT1 is required for the iron deficiency response[END_REF]. As a consequence, fit and uri mutants display very low levels of the two main catechol coumarins, fraxin and sideretin glycosides [START_REF] Schmid | Feruloyl-CoA 6'-Hydroxylase1-dependent coumarins mediate iron acquisition from alkaline substrates in Arabidopsis[END_REF][START_REF] Gao | The Transcription Factor bHLH121 Interacts with bHLH105 (ILR3) and Its Closest Homologs to Regulate Iron Homeostasis in Arabidopsis[END_REF]. However, since F6'H1 expression is only partially controlled by FIT, fit mutants still accumulate scopolin and esculin [START_REF] Chutia | Iron and Phosphate Deficiency Regulators Concertedly Control Coumarin Profiles in Arabidopsis thaliana Roots During Iron, Phosphate, and Combined Deficiencies[END_REF]. In contrast, F6'H1 expression is tightly regulated by the MYB72 transcription factor and myb72 mutant produces almost no scopolin [START_REF] Stringlis | MYB72-dependent coumarin exudation shapes root microbiome assembly to promote plant health[END_REF]. It is also likely that the expression of key genes involved in esculetin biosynthesis is under the control of MYB72 since esculin accumulation is completely abolished in myb72 mutant [START_REF] Stringlis | MYB72-dependent coumarin exudation shapes root microbiome assembly to promote plant health[END_REF]. However, it cannot be excluded that the absence of esculin in myb72 mutant roots might be a consequence of a lack of scopolin biosynthesis, as esculetin synthesis could occur via the demethylation of scopoletin [START_REF] Rajniak | Biosynthesis of redox-active metabolites in response to iron deficiency in plants[END_REF]. Whether MYB10, the closest homolog of MYB72, is also involved in coumarin biosynthesis has not yet been established even if both genes are required for plant growth at alkaline pH [START_REF] Palmer | MYB10 and MYB72 are required for growth under ironlimiting conditions[END_REF]. It is noteworthy that MYB72 and MYB10 are direct targets of URI and as a consequence, only low levels of scopolin are detected in uri mutant roots [START_REF] Gao | The Transcription Factor bHLH121 Interacts with bHLH105 (ILR3) and Its Closest Homologs to Regulate Iron Homeostasis in Arabidopsis[END_REF].

Heavy metals availability also influences the expression of transcription factors involved in the regulation of Fe homeostasis and thus coumarin biosynthesis [START_REF] Leskova | Heavy Metals Induce Iron Deficiency Responses at Different Hierarchic and Regulatory Levels[END_REF]. For instance, the expression of PYE/bHLH47 (POPEYE) and MYB72 is induced in response to an excess of Zn, Ni, Co and, to a lesser extent, Cd. In contrast, the expression of FIT is only induced in response to an excess of Zn and Co.

In addition to the above-described TFs, MYB15, whose activity is necessary for the defenseinduced synthesis of guaiacyl lignin monomers, is proposed to regulate the basal synthesis of scopoletin [START_REF] Chezem | GLOSSARY Aglycone: the non-sugar component of a glycoside. In that form, a hydrogen atom replaces the glycosyl group. Calcareous soil: a soil that is rich in calcium carbonate and whose pH is alkaline (i.e. pH > 7)[END_REF], whereas bHLH32 and PYE might participate to the inhibition of sideretin glucosides levels under Fe deficiency and P sufficiency, respectively [START_REF] Chutia | Iron and Phosphate Deficiency Regulators Concertedly Control Coumarin Profiles in Arabidopsis thaliana Roots During Iron, Phosphate, and Combined Deficiencies[END_REF] (Figure 2). These later observations suggest that CYP82C4 could be a target of both bHLH32 and PYE. RNA silencing is another mechanism that participates to the regulation of coumarin biosynthesis, in particular the biosynthesis of scopolin in response to cold, osmotic stresses and high carbon availability [START_REF] Doll | Accumulation of the coumarin scopolin under abiotic stress conditions is mediated by the Arabidopsis thaliana THO/TREX complex[END_REF].

Concluding remarks and future perspectives

The secretion of coumarins into the rhizophere under low Fe bioavailability conditions is now considered as an essential component of the Fe-acquisition system of non-grass species. The identification of fraxetin and sideretin as the main coumarins involved in Fe acquisition as well as the key enzymes (i.e. F6'H1, COSY, S8H or CYP28C4) leading to their synthesis was an important step forward in elucidating the coumarin biosynthetic pathway.

Nevertheless, there are still several steps related to coumarin conjugation, storage, transport and trafficking that need to be elucidated and that would help in decrypting the precise mode of action of coumarins involved in Fe acquisition in non-grass species. Understanding the mechanisms by which this pathway is regulated at the transcriptional level by environmental factors and in particular the availability of other macro-and micronutrients awaits further investigations in order to integrate the complexity of the interactions between Fe and other mineral nutrient homeostasis.

Since coumarin synthesis is a complex trait, the use of quantitative genetic approaches and in particular GWAS (genome-wide association studies) might provide a powerful strategy to get insights into the genetic basis of coumarins synthesis in plants either under Fe deficiency or under combined stress conditions, and may help identifying missing molecular actors. For instance, one might screen accessions by measuring the amount of different coumarins present in roots or secreted into the surrounding media. Causal genes and alleles that will be identified may have high potential for generating germplasm with increased Fe-assimilation efficiency in soils where Fe availability is low but also in soils with contrasted mineral nutrient composition and thus participate to the design of effective bio-fortification programs and to combat global human Fe malnutrition (see also outstanding questions).
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Coumarins: secondary metabolites derived from the phenylpropanoid pathway notably involved in plant/microbe interactions and plant iron acquisition.

Flavonoids: secondary metabolites derived from the phenylpropanoid pathway whose biosynthesis in plants affects flower coloration, the response to various biotic (e.g. insects)

and abiotic stresses (e.g. U.V.) or the transport of hormones (i.e. auxin).

Lignins: secondary metabolites derived from the phenylpropanoid pathway providing structural support and rigidity to plants and participating to the transport of water and the defense against pathogens.

Phenylpropanoids: secondary metabolites derived from the amino acid phenylalanine.

Among the phenylpropanoid compounds are the lignins, the flavonoids and the coumarins.

Rhizosphere: part of the soil directly influenced by root secretions and associated microorganisms.

Trichoblasts: specialized cells in root epidermis that develop into root hairs.

2-4 D: the 2,4-dichlorophenoxyacetic acid is a synthetic analog of the auxin plant hormone. 

  and the newly described URI/bHLH121 (UPSTREAM REGULATOR OF IRT1), two transcription factors whose activity relies on their
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 1 Figure 1. Iron acquisition system in Arabidopsis thaliana roots. Ferric Fe hydroxides(FeOH3) solubilization involves the secretion of protons (H + ) into the rhizosphere by the Ptype ATPase AHA2. The acidification of the rhizosphere is necessary for the activity of FRO2, which reduces Fe 3+ into Fe 2+ . Fe 2+ is then taken up into the root via the IRT1 transporter. AHA2, FRO2 and IRT1 form protein complexes at the plasma membrane of the root epidermis. When Fe availability is low, the activity of AHA2, FRO2 and IRT1 is induced. This process is accompanied by the production and secretion, via the PDR9/ABCG37 transporter, of Fe-mobilizing coumarins. Once synthesized, coumarins are glycosylated and stored into the vacuole. The molecular components involved in vacuolar import and export of coumarins are still to be characterized. Prior to their secretion into the rhizosphere, coumarins are deglycosylated. BGLU42 is responsible of scopolin deglycosylation whereas the identity of the BGLUs involved in the deglycosylation of the Femobilizing coumarins remains elusive. It is hypothesized that once secreted, Fe-mobilizing coumarins reduce Fe 3+ into Fe 2+ , to make it available for IRT1 uptake. It is also hypothesized that Fe 3+ -coumarin chelates might be directly taken up into the roots by a yet unknown mechanism that could involve an epidermal transporter. This figure was created using BioRender (https://biorender.com/).

Figure 2 .

 2 Figure 2. Coumarins biosynthesis pathway in Arabidopsis thaliana. Plain arrows indicate characterized enzymatic step, broken lines indicate uncharacterized step. Numbers refer to the name of the different intermediate compounds synthesized during the biosynthesis of scopoletin and esculetin, starting from phenylalanine. 1: L-phenylalanine, 2: cinnamic acid, 3: coumarin, 4: p-coumaric acid, 5: p-coumaroyl-CoA, 6: 2-hydroxy-p-coumaroyl-CoA, 7: umbelifereone, 8: caffeate, 9: caffeoyl-CoA, 10: 6 hydroxycaffeoyl-CoA, 11: ferrulate, 12: feruloyl-CoA, 13: 6-hydroxyferuloyl-CoA. The biosynthesis of 9 from 5 is a three enzymatic steps process and involves as intermediate the p-coumaroyl skikimate deriving from 5 (catalyzed by the HCT) and then the caffeoyl shikimate (catalyzed by the C3'H) form which is synthesized 9 (catalyzed by the HCT). Capital letters indicate the enzymes involved in this biosynthesis pathway. 4CL: 4-coumarate-CoA ligase, C3'H: p-coumarate 3-hydroxylase, C4H: cinnamate 4-hydroxylase, CCoAOMT: caffeoyl-CoA 3-O-methyltransferase, COSY: coumarin synthase, F6'H1: feruloyl-CoA 6'-hydroxylase 1, HCT: hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyltransferase, PAL: phenylalanine ammonia-lyase.

Figure 3 .

 3 Figure 3. The iron-mobilizing coumarins biosynthesis pathway in Arabidopsis thaliana roots. Fe-mobilizing coumarins are secondary metabolites displaying a catechol moiety (i.e. two neighboring hydroxyl groups) and synthesized from feruloyl-CoA, an intermediate of the phenylpropanoid pathway. The catechol moiety present on Fe-mobilizing coumarins is necessary to interact with and mobilize the Fe present in soils. The FERULOYL-CoA 6 -HYDROXYLASE 1 (F6'H1) catalyzes the first step committed to the biosynthesis of coumarins, leading to the formation of 6'-hydroxyferuloyl-CoA. The conversion of 6'hydroxyferuloyl-CoA into scopoletin is partially spontaneous but the reaction efficiency is significantly increased by the activity of COUMARIN SYNTHASE (COSY). Scopoletin is then hydroxylated into fraxetin by the SCOPOLETIN 8-HYDROXYLASE (S8H). While alkaline pH favors the biosynthesis of fraxetin, the main Fe-mobilizing coumarin secreted at acidic pH is sideretin. Sideretin biosynthesis involves the activity of CYP82C4, a cytochrome P450 enzyme. The biosynthesis of esculetin is still uncharacterized. This figure was created using BioRender (https://biorender.com/).
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 4 Figure 4. Coumarins localization and dynamics in Arabidopsis thaliana roots. Coumarins (blue) are differentially accumulated and located in roots depending on Fe availability. UnderFe sufficient condition, coumarins accumulate in the epidermis, the cortex and the endodermis. Under Fe deficiency, coumarins accumulate at high level in the same cell types except the trichoblasts (root hairs). Coumarins move from root to shoot (blue arrow) to accumulate in shoot after Fe deficiency, cold stress or pathogen infections. Glycosylated coumarins are able to move via the phloem to reach the root once exogenously applied on cotyledons surface (blue arrow). PDR9 is located at the epidermis, allowing coumarins secretion into the rhizosphere. In response to Fe deficiency, PDR9 accumulation increases in this tissue and in the cortex allowing coumarins movement from the cortex cell layer to the rhizosphere. Promoter activities and protein localizations of biosynthetic enzymes are indicated in light red and green squares, respectively. Several transporters involved in coumarins cell-to-cell movement are still to be identified. ep, epidermis; c, cortex; e, endodermis; s, stele. This figure was created using BioRender (https://biorender.com/).

Figure 5 .

 5 Figure 5. Transcriptional regulation of coumarins biosynthesis in Arabidopsis thaliana roots. A complex regulatory network controls the Fe deficiency responses. When Fe availability is scarce, URI/bHLH121 and clade IVc bHLH transcription factors (i.e. bHLH34,
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