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 N nutrition relies on root acquisition of mineral resources, as well as on symbiotic N2 fixation by soil bacteria in legume plants  Both processes are regulated by systemic signaling pathways aiming to adjust N acquisition depending on plant N needs and assimilation capacities  Similar effectors acting in systemic signaling pathways are shared between both N nutrition modes, including hormones such as cytokinins and signaling peptides as well as related NIN-Like Protein (NLP) transcription factors  Recent advances highlighted that systemic signaling pathways linked to N fixation and acquisition are tightly related to phosphate systemic signaling  Light and/or CO2 shoot environmental factors impact N systemic signaling, suggesting mechanisms allowing integration of N and C signaling and metabolism Highlights

symbiotic root nodulation [START_REF] Roy | Celebrating 20 Years of Genetic Discoveries in Legume Nodulation and 477 Symbiotic Nitrogen Fixation[END_REF]. In this review, the systemic pathways regulating N fixing 71 root nodules in legumes will be used as a core to intertwine them with the knowledge 72 gained on N acquisition in roots of the non-nodulating reference plant Arabidopsis 73 thaliana. We will successively explore i) mechanisms ensuring the homeostatic 74 repression of N acquisition, ii) mechanisms promoting N acquisition when low N is 75 available and plants N needs are high, and iii), how shoot environmental conditions 76 and C metabolism capacities may impact N-systemic signaling. [START_REF] Zhu | A CEP Peptide Receptor-like Kinase Regulates Auxin Biosynthesis and 631 Ethylene Signaling to Coordinate Root Growth and Symbiotic Nodulation in Medicago truncatula[END_REF] 78

Repressing root nitrogen fixation and acquisition by long-distance signaling 79

The AON (Autoregulation Of Nodulation) homeostatic systemic signaling pathway 80 restricts the number of N fixing nodules that form on legume roots dependent on 81 rhizobial infections and nodules that were previously formed (Box 1). In nodulated 82 roots, the AON signaling initiates with the production of specific SSP (Small Secreted 83 Peptides) of the CLE (CLAVATA3/EMBRYO-SURROUNDING REGION RELATED) 84 family (Figure 1A). Those 12-amino acid long peptides are conserved among 85 legumes, and their expression is induced when roots interact with rhizobia and by 86 high mineral N availability. These AON-related CLE peptides are encoded by the 87 rhizobium-induced MtCLE12 and MtCLE13 genes in Medicago truncatula [START_REF] Mortier | Nodule numbers are governed by interaction between CLE peptides 479 and cytokinin signaling[END_REF][START_REF] Mortier | Expression of the CLE-RS3 gene suppresses root nodulation in Lotus 483 japonicus[END_REF]; the 88 rhizobium-induced LjCLE-RS1 (CLE-Root Signal1), LjCLE-RS2 and LjCLE-RS3 in 89

Lotus japonicus, the two latter genes being also induced by NO 3 -[9, 10]; and in 90 soybean the rhizobium-induced GmRIC1 (Rhizobia-Induced CLE1) and GmRIC2 91 genes and the NO 3 --induced GmNIC1 (Nitrate-Induced-CLE1) gene [START_REF] Reid | Inoculation-and nitrate-induced CLE peptides of soybean control 12[END_REF]. SSP activity 92 and/or stability frequently rely on post-translational modifications, and accordingly, 93 some of those CLE peptides were reported to be hydroxyprolinated and tri-94 arabinosylated in roots, by the MtRDN1 (Root Determined Nodulation1) enzyme for 95 MtCLE12 [12,13] and by LjPLENTY for LjCLE-RS2 and LjCLE-RS3 [START_REF] Yoshida | plenty, a novel hypernodulation mutant in Lotus japonicus[END_REF][START_REF] Okamoto | Root-derived CLE glycopeptides control nodulation by direct binding 497 to HAR1 receptor kinase[END_REF][START_REF] Yoro | PLENTY, a hydroxyproline O-arabinosyltransferase, negatively regulates 499 root nodule symbiosis in Lotus japonicus[END_REF]. Those 96 SSPs can be detected in the xylem sap and are thus proposed to be root-to-shoot 97 mobile signals, perceived in shoots by the CLV1-like (CLAVATA1-like) LRR-RLKs 98 (Leucine Rich Repeats -Receptor Like Kinases) MtSUNN [START_REF] Mortier | Nodule numbers are governed by interaction between CLE peptides 479 and cytokinin signaling[END_REF][START_REF] Schnabel | The Medicago truncatula SUNN gene encodes a CLV1-like leucine-501 rich repeat receptor kinase that regulates nodule number and root length[END_REF], LjHAR1 [15, 18-99 21], and GmNARK [START_REF] Reid | Inoculation-and nitrate-induced CLE peptides of soybean control 12[END_REF][START_REF] Searle | Long-distance signaling in nodulation directed by a CLAVATA1-like 511 receptor kinase[END_REF] (Figure 1A). A direct binding of LjCLE-RS2 to LjHAR1 100 was demonstrated [START_REF] Okamoto | Root-derived CLE glycopeptides control nodulation by direct binding 497 to HAR1 receptor kinase[END_REF], and several co-receptors (LjKLAVIER, MtCLAVATA2, 101 MtCORYNE) were shown to interact with MtSUNN/LjHAR1 [START_REF] Miyazawa | The receptor-like kinase KLAVIER mediates systemic regulation of 513 nodulation and non-symbiotic shoot development in Lotus japonicus[END_REF][START_REF] Krusell | The Clavata2 genes of pea and Lotus japonicus affect autoregulation 515 of nodulation[END_REF][START_REF] Crook | The systemic nodule number regulation kinase SUNN in Medicago 517 truncatula interacts with MtCLV2 and MtCRN[END_REF]. 102 103 In Arabidopsis, local functions of CLE peptides in meristems were extensively 104 described, but only few links with nutrient and systemic regulations were reported 105 [START_REF] Yamaguchi | CLE peptides and their signaling pathways in plant 519 development[END_REF][START_REF] Hirakawa | Diverse function of plant peptide hormones in local 28[END_REF]. A role for the CLE-CLV1 signaling pathway in the regulation of lateral root 106 development by N provision was however shown [28]. Indeed, the AtCLE1, 3, 4 and 107 7 genes are expressed in pericycle cells and are induced by N-limited conditions. 108

Corresponding peptides would then be translocated into root phloem companion cells 109 to repress the emergence of lateral root primordia in a CLV1-dependent manner [28]. 110

This signaling module may thus also negatively regulate N acquisition locally in roots 111 and would be the target of an unknown N-deficiency shoot-derived signal (Figure 112 1B). Interestingly in L. japonicus, the har1 mutant, affected in the LRR-RLK most 113 closely related to AtCLV1, has also a root architecture phenotype, consisting in 114 shorter roots and an increased number of lateral roots [START_REF] Wopereis | Short root mutant of Lotus japonicus with a dramatically altered 503 symbiotic phenotype[END_REF]. The existence of a root-115 to-shoot CLE-related signaling pathway regulating root architecture and N acquisition 116 remains to be explored further in Arabidopsis, as well as a function in shoots of the 117 -inhibition of nodulation both in L. japonicus and M. truncatula [START_REF] Nishida | A NIN-LIKE PROTEIN mediates nitrate-induced control of root nodule 536 symbiosis in Lotus japonicus[END_REF][START_REF] Lin | NIN interacts with NLPs to mediate nitrate inhibition of nodulation in 538 Medicago truncatula[END_REF] (Figure 127 1A). Indeed, Nitrate Unresponsive Symbiosis 1 (NRSYM1)/LjNLP4 binds the LjCLE-128 RS2 promoter and activates its expression in response to NO 3 -, as well as the 129 NITRITE REDUCTASE 1 (NIR1) encoding gene involved in NO 3 -assimilation but not 130 nodulation, highlighting shared symbiotic and non-symbiotic root functions of this 131 N/NLP/CLE module [START_REF] Nishida | A NIN-LIKE PROTEIN mediates nitrate-induced control of root nodule 536 symbiosis in Lotus japonicus[END_REF]. In M. truncatula, MtNLP1 and MtNLP4 redundantly 132 accumulates in the nucleus in response to NO 3 -and interact with NIN to potentially 133 inhibits its function, including hampering the activation of the CK receptor MtCRE1 134 expression that is required for nodule initiation [START_REF] Lin | NIN interacts with NLPs to mediate nitrate inhibition of nodulation in 538 Medicago truncatula[END_REF]. 135

In Arabidopsis, regulators of CLE peptides expression in response to N provision are 137 yet unknown. Given that AtNLP7 is an important hub for the NO 3 -root response [35-138 38], its involvement may be speculated, even though no CLE peptide linked to NO 3 -

139

provision was yet identified in Arabidopsis. Transcriptomic analyses however did not 140 identify any NLP7-dependent gene encoding a CLE peptide [START_REF] Marchive | Nuclear retention of the transcription factor NLP7 orchestrates the 544 early response to nitrate in plants[END_REF][START_REF] Alvarez | Transient genome-wide interactions of the master transcription 548 factor NLP7 initiate a rapid nitrogen-response cascade[END_REF]. It remains to be 141 explored if other NLPs could nevertheless regulate the expression of CLE genes 142 linked to N signaling. In addition, several NLPs interact together via their PB1 (Phox 143 and Bem1) domain [START_REF] Konishi | The role of protein-protein interactions mediated by 550 the PB1 domain of NLP transcription factors in nitrate-inducible gene expression[END_REF][START_REF] Guan | Interacting TCP and NLP transcription factors control plant responses to 553 nitrate availability[END_REF] responsive genes and root meristem growth depending on N-availability [START_REF] Guan | Interacting TCP and NLP transcription factors control plant responses to 553 nitrate availability[END_REF]. 148 Interestingly, AtTCP20 is a target in roots of the N-demand systemic signaling [START_REF] Guan | Nitrate foraging by Arabidopsis roots is mediated by the transcription 555 factor TCP20 through the systemic signaling pathway[END_REF], 149 indicating that the transcriptional complex AtNLP7/AtTCP20 may integrate local and 150 systemic N signaling pathways (Figure 1B). ribosides 5'-phosphates, iPRPs), and as CKs applied to shoots are transported 158 through the phloem towards roots and inhibit nodulation independently of LjHAR1, it 159 was proposed that CK could be a shoot-to-root signal inhibiting root nodulation, in 160 addition to its role as a NIN/CLE activator in roots [START_REF] Sasaki | Shoot-derived cytokinins systemically regulate root nodulation[END_REF] (Figure 1A). In soybean, a 161 LjIPT3 ortholog, GmIPT5, is also shoot-induced by symbiotic conditions but 162 independently of GmNARK, and CK applications on either shoots or roots similarly 163 promote or inhibit nodulation, depending on the low or high concentration used, 164 respectively [START_REF] Mens | Local and Systemic Effect of Cytokinins on Soybean Nodulation and 559 Regulation of Their Isopentenyl Transferase (IPT) Biosynthesis Genes Following Rhizobia Inoculation[END_REF]. Thus, the negative role of shoot CKs on root nodulation 165 downstream of the AON pathway proposed in L. japonicus, implying a potential 166 systemic action of CKs, seems not a general feature of AON in all legumes. 167 168 In Arabidopsis, AtIPT3 expression is triggered by NO 3 - [START_REF] Takei | AtIPT3 is a Key Determinant of Nitrate-Dependent Cytokinin 562 Biosynthesis in Arabidopsis[END_REF]. In roots, this ultimately 169 leads to the accumulation of the CK precursor tZR (transZeatin Riboside) and of the in response to NO 3 - [START_REF] Takei | Nitrogen-dependent accumulation of cytokinins in root and the 570 translocation to leaf: implication of cytokinin species that induces gene expression of maize response 571 regulator[END_REF][START_REF] Osugi | Systemic transport of trans-zeatin and its precursor have differing roles 573 in Arabidopsis shoots[END_REF][START_REF] Landrein | Nitrate modulates stem cell dynamics in Arabidopsis shoot 575 meristems through cytokinins[END_REF][START_REF] Kiba | Side-chain modification of cytokinins controls shoot growth in 577 Arabidopsis[END_REF]. The shoot apical meristem fate is notably likely 173 modulated by the influence of tZR on WUSCHEL expression [START_REF] Osugi | Systemic transport of trans-zeatin and its precursor have differing roles 573 in Arabidopsis shoots[END_REF][START_REF] Landrein | Nitrate modulates stem cell dynamics in Arabidopsis shoot 575 meristems through cytokinins[END_REF] (Figure 1B), 174 WUSCHEL being directly activated by a subset of type B Arabidopsis Response 175 Regulators (see [START_REF] Zhang | Type-B ARABIDOPSIS RESPONSE REGULATORs Directly Activate 579 WUSCHEL[END_REF] for an overview). Moreover, in split-root experiments mimicking 176 NO 3 -heterogeneity, the tZ/tZR integration in shoots is also required to enhance 177 lateral root development and NO 3 -transport in NO 3 --supplied roots, compensating for 178 the partial N deficiency [START_REF] Ruffel | Nitrogen economics of root foraging: transitive closure of the nitrate-581 cytokinin relay and distinct systemic signaling for N supply vs. demand[END_REF][START_REF] Poitout | Responses to Systemic Nitrogen Signaling in Arabidopsis Roots 584 Involve trans-Zeatin in Shoots[END_REF][START_REF] Ruffel | Long-distance nitrate signaling displays cytokinin dependent and 586 independent branches[END_REF] (Figure 1B). As shown in legumes, CK are proposed 179 to act at several levels of N-signaling since it also regulates locally the NO 3 --180 dependent primary root growth [START_REF] Naulin | Hormonal control of nitrogen acquisition: roles of auxin, abscisic acid, 590 and cytokinin[END_REF], lateral root development and NO 3

-transport [58, 181

59]. 182 183

In legumes, another shoot-to-root signal conserved between L. japonicus and M. 184 truncatula was more recently proposed, corresponding to the microRNA miR2111, 185 which expression is shoot-specific and repressed by rhizobium inoculation, 186 dependent on LjHAR1/MtSUNN [START_REF] Tsikou | Systemic control of legume susceptibility to rhizobial infection by a 594 mobile microRNA[END_REF][START_REF] Gautrat | Compact Root Architecture 2 Promotes Root Competence for 596 Nodulation through the miR2111 Systemic Effector[END_REF] (Figure 1A). This miRNA regulates post-187 transcriptionally the accumulation of TML (Too Much Love) genes (LjTML in L. 188 japonicus [START_REF] Tsikou | Systemic control of legume susceptibility to rhizobial infection by a 594 mobile microRNA[END_REF][START_REF] Magori | Too much love, a root regulator associated with the long-distance 598 control of nodulation in Lotus japonicus[END_REF][START_REF] Takahara | Too much love, a novel Kelch repeat-containing F-box protein, 600 functions in the long-distance regulation of the legume-Rhizobium symbiosis[END_REF] and MtTML1/MtTML2 in M. truncatula [START_REF] Gautrat | Compact Root Architecture 2 Promotes Root Competence for 596 Nodulation through the miR2111 Systemic Effector[END_REF][START_REF] Gautrat | Identification of nutrient-responsive Arabidopsis and rapeseed 605 microRNAs by comprehensive real-time polymerase chain reaction profiling and small RNA 606 sequencing[END_REF]), which encode 189 E3 ubiquitin ligases acting in roots to inhibit nodulation. Although TMLs targets 190 remain unknown, one could anticipate that they regulate the stability of symbiotic 191 regulators, and notably of NIN that is a homeostatic target of the NIN/CLE/AON 192 pathway [29]. Overall, whereas the initial AON model was proposing a nodulation 193 "Shoot-Derived Inhibitor" (SDI) signal, as could be CKs in L. japonicus (see above), 194 the miR2111 shoot-to-root systemic effector behaves as a nodulation "Shoot-Derived 195

Activator" (SDA) signal that is repressed by the AON pathway (Figure 1A). 196 197 In Arabidopsis, the miR2111/TML regulatory module is evolutionary conserved, 198 suggesting a possible recruitment in the regulation of root responses to N availability 199 beyond nodulation. Indeed, one of the two TML homologs (At3g27150) encoding an 200 uncharacterized E3 ubiquitin ligase, is targeted by mir2111, which was detected in 201 Arabidopsis phloem saps in agreement with a function as a systemic shoot-to-root 202 effector [65]. However, miR2111 accumulation is induced under phosphate (Pi)-203 limited conditions and not by N-limitation [65], in contrast to legumes (Figure 1B). 204 Interestingly, others F-box proteins that are also regulated by systemic miRNAs 205 control nutrient homeostasis depending on combined P and N availability. Indeed, 206 the E3 ubiquitin ligase NLA (NITROGEN LIMITATION ADAPTATION), and the E2 207 ubiquitin conjugase PHO2 (PHOSPHATE2), are targeted by the shoot-to-root mobile 208 mir827 and mir399 miRNAs, respectively, in Pi-limiting conditions to inhibit their 209 activity and to favor Pi acquisition [START_REF] Kant | Genetic regulation by NLA and microRNA827 for maintaining nitrate-608 dependent phosphate homeostasis in arabidopsis[END_REF][START_REF] Chiou | Regulation of Phosphate Homeostasis by MicroRNA in Arabidopsis[END_REF][START_REF] Park | NITROGEN LIMITATION ADAPTATION recruits PHOSPHATE2 to 612 target the phosphate transporter PT2 for degradation during the regulation of Arabidopsis phosphate 613 homeostasis[END_REF]. Furthermore, the phosphate starvation 210 response (PSR) is conditional to the NO 3 -provision [START_REF] Medici | Identification of molecular integrators shows that nitrogen actively 615 controls the phosphate starvation response in plants[END_REF][START_REF] Hu | Nitrate-NRT1.1B-SPX4 cascade integrates nitrogen and phosphorus 617 signalling networks in plants[END_REF][START_REF] Ueda | Nitrate-inducible NIGT1 proteins modulate phosphate uptake and 619 starvation signalling via transcriptional regulation of SPX genes[END_REF] and this feature depends 211 on the reciprocal regulation of the transceptor NPF6.3/NRT1.1 and of PHO2 [START_REF] Medici | Identification of molecular integrators shows that nitrogen actively 615 controls the phosphate starvation response in plants[END_REF] 212 1B). This is achieved by integrating local and systemic signals, suggesting 213 that the furniture of a N signal to forage for P acquisition is mandatory even at long-214 distance [START_REF] Medici | Identification of molecular integrators shows that nitrogen actively 615 controls the phosphate starvation response in plants[END_REF]. 215 216

(Figure

Promoting root nitrogen acquisition and fixation by long-distance signaling 217

As a mirror of the negative AON systemic pathway, a positive systemic pathway 218 promoting nodulation was more recently evidenced in M. truncatula, involving 219 another class of SSP, the CEP (C-terminally Encoded Peptide) family, which 220 expression is generally enhanced in N-deficient roots [START_REF] Imin | Local and systemic regulation of plant root system architecture and 623 symbiotic nodulation by a receptor-like kinase[END_REF] (Figure 1A). CEP peptides 221 increase the number of nodules formed [START_REF] Imin | Local and systemic regulation of plant root system architecture and 623 symbiotic nodulation by a receptor-like kinase[END_REF] inhibitor of nodulation (see above) [START_REF] Gautrat | Compact Root Architecture 2 Promotes Root Competence for 596 Nodulation through the miR2111 Systemic Effector[END_REF]. The MtCEP/MtCRA2 pathway thus actively 227 maintains roots competent for nodulation in N deficiency conditions (Figure 1A). 228 Interestingly, the previously described rhizobium-and N-induced MtSUNN AON 229 pathway and the MtCRA2 pathways act independently [START_REF] Laffont | Independent Regulation of Symbiotic Nodulation by the SUNN 627 Negative and CRA2 Positive Systemic Pathways[END_REF] but modulate 230 antagonistically the same mir2111/TML regulatory module, which is thus a central 231 hub to regulate dynamically nodule number depending on environmental N-232 availability and the plant N-metabolic status [START_REF] Gautrat | Compact Root Architecture 2 Promotes Root Competence for 596 Nodulation through the miR2111 Systemic Effector[END_REF]. Interestingly, the MtCEP/MtCRA2 233 pathway also regulates locally the root system architecture, inhibiting lateral root 234 development and being required for primary root growth depending on a YUCCA-235 dependent local auxin biosynthesis pathway [START_REF] Imin | Local and systemic regulation of plant root system architecture and 623 symbiotic nodulation by a receptor-like kinase[END_REF]73,[START_REF] Laffont | Independent Regulation of Symbiotic Nodulation by the SUNN 627 Negative and CRA2 Positive Systemic Pathways[END_REF][START_REF] Mohd-Radzman | Novel MtCEP1 peptides produced in vivo differentially 629 regulate root development in Medicago truncatula[END_REF][START_REF] Zhu | A CEP Peptide Receptor-like Kinase Regulates Auxin Biosynthesis and 631 Ethylene Signaling to Coordinate Root Growth and Symbiotic Nodulation in Medicago truncatula[END_REF] (Figure 1A). cra2 mutant 236 roots perceive changes in N environments but have altered responses to these 237 conditions [START_REF] Zhu | A CEP Peptide Receptor-like Kinase Regulates Auxin Biosynthesis and 631 Ethylene Signaling to Coordinate Root Growth and Symbiotic Nodulation in Medicago truncatula[END_REF]. Indeed, instead of repressing root growth and increasing lateral root density, NO 3 -promotes cra2 mutant root growth and represses its lateral root density. 239

In addition, this pathway regulates systemically from shoots the gravitropic set-point 240 angle of lateral roots by limiting shoot auxin transport to roots, ultimately allowing a 241 wider foraging area of the root system [START_REF] Chapman | CEP receptor signalling controls root system architecture in 79[END_REF] (Figure 1A). 242

243

In Arabidopsis, the first CEP peptide, AtCEP1, was identified in silico and then by LC-244 MS (Liquid Chromatography-Mass Spectrometry) as a 15 amino acid long 245 hydroxyprolined peptide. A subset of AtCEP peptides, including notably AtCEP3, 5 246 and 9 accumulates in N-deficient roots and inhibit primary root growth (AtCEP3 and 247 5), with a reduction of meristematic cell number and of the size of the meristem, as 248 well as the emergence of lateral roots (AtCEP3 and 5), and/or the gravitropic set-249 point angle of lateral roots (AtCEP3) [START_REF] Chapman | CEP receptor signalling controls root system architecture in 79[END_REF][79][START_REF] Delay | CEP3 levels affect starvation-related growth responses of the primary 82[END_REF][81][82][83][START_REF] Taleski | The peptide hormone receptor CEPR1 functions in the reproductive 648 tissue to control seed size and yield[END_REF] (Figure 1B). In addition, AtCEP1 250 upregulates systemically the expression of the AtNRT2.1 high affinity NO 3 -251 transporter depending on the LRR-RLKs AtCEPR1/AtCEPR2 (CEP Receptor 1 and 252

2) [START_REF] Tabata | Perception of root-derived peptides by shoot LRR-RKs mediates 650 systemic N-demand signaling[END_REF], closely related to MtCRA2 in M. truncatula (Figure 1B). Noteworthy, the 253 binding of the AtCEP1 peptide to these two CEPR receptors was demonstrated [START_REF] Tabata | Perception of root-derived peptides by shoot LRR-RKs mediates 650 systemic N-demand signaling[END_REF].

254

A shoot-to-root systemic signal upregulating AtNRT2.1 expression in roots 255 downstream of the AtCEP/CEPR1 pathway was identified as belonging to the class 256 III glutaredoxins family, and so called AtCEPD1 (CEP Downstream1) and AtCEPD2. 257 Split-root experiments revealed that these shoot-produced AtCEPDs are translocated 258 through the phloem in the root system to upregulate AtNRT2.1 expression only in 259 roots locally supplied with NO 3 -, through a yet unknown mechanism implying an 260 interaction with local N conditions [START_REF] Ohkubo | Shoot-to-root mobile polypeptides involved in systemic regulation of 652 nitrogen acquisition[END_REF] (Figure 1B). Interestingly, it was previously 261 shown that the Class III glutaredoxins AtGRX3/4/5/8, homologous to CEPDs, were 262 regulated by NO 3 -and CK, and negatively controlled primary root growth [START_REF] Patterson | Nitrate-Regulated Glutaredoxins Control Arabidopsis Primary Root 654 Growth[END_REF], 263 suggesting a complex involvement of GRXs in the NO -uptake and root-to-shoot 279 transport [START_REF] Ota | Shoot-to root mobile CEPD-like 2 integrates shoot nitrogen status to 656 systemically regulate nitrate uptake in Arabidopsis[END_REF] (Figure 1B). AtCEPDL2 acts independently of AtCEPR1/2 but 280 complements cepd1/2 mutations for the NO 3

-uptake [START_REF] Ota | Shoot-to root mobile CEPD-like 2 integrates shoot nitrogen status to 656 systemically regulate nitrate uptake in Arabidopsis[END_REF]. Interestingly, the maximal 281 induction of AtCEPDL2 expression in shoots requires tZ accumulation [START_REF] Ota | Shoot-to root mobile CEPD-like 2 integrates shoot nitrogen status to 656 systemically regulate nitrate uptake in Arabidopsis[END_REF] (Figure 282 1B). As described in the previous part, tZ/tZR is a N-supply root-borne signal whose 283 translocation in shoots has a positive effect on NO 3 -uptake, including AtNRT2.1 284 upregulation, and on lateral root growth [START_REF] Poitout | Responses to Systemic Nitrogen Signaling in Arabidopsis Roots 584 Involve trans-Zeatin in Shoots[END_REF]. Altogether, these results show that 285 -, the expression of most CEP genes is cumulatively induced by low N and high 307 CO 2 (800 ppm) conditions [START_REF] Imin | Local and systemic regulation of plant root system architecture and 623 symbiotic nodulation by a receptor-like kinase[END_REF]. In Arabidopsis, the root architecture phenotype of the 308 cep3 mutant is observed not only under low N but also under low light conditions 309 [START_REF] Delay | CEP3 levels affect starvation-related growth responses of the primary 82[END_REF]. In addition, a subset of AtCEP genes (AtCEP5-AtCEP9) is upregulated by a 310 treatment with metabolizable sugars, such as sucrose [START_REF] Chapman | CEP-CEPR1 signalling inhibits the sucrose-dependent 658 enhancement of lateral root growth[END_REF]. AtCEP5 notably restricts 311 the promotion of lateral root growth in response to sucrose depending on an 312 AtCEPR1 activity in both roots and shoots. An upregulation of sucrose responsive 313 genes is detected in the Atcepr1 transcriptome, suggesting a potential interaction 314 with the SnRK1 (Sucrose non-fermenting 1-Related protein Kinase 1) C-signaling 315 pathway [START_REF] Chapman | CEP-CEPR1 signalling inhibits the sucrose-dependent 658 enhancement of lateral root growth[END_REF]. This indicates that the Arabidopsis CEP/CEPR1 pathway, and thus 316 likely by homology the M. truncatula CEP/CRA2 pathway, integrates N and C signals 317 to modulate root system architecture and growth. Whether this coordination implies a 318 regulation by C sources of already known systemic effectors (e.g. CEPDs and/or the 319 miR2111), and/or of novel shoot-to-root signals, remain to be discovered (Figure 1B). 320

In addition, the role of the AtCEPR1/MtCRA2 pathway into the regulation by C 321 provision of root NO 3 -transport, assimilation, and corresponding genes should be 322 investigated. Indeed, photosynthesis products stimulate NO 3 -uptake and NO 3 -

323

transporter gene expression [START_REF] Lejay | Molecular and functional regulation of two NO3-uptake systems by N-660 and C-status of Arabidopsis plants[END_REF][START_REF] Lejay | Regulation of root ion transporters by photosynthesis: functional 662 importance and relation with hexokinase[END_REF]. To date, the regulation of AtNRT2.1 and 324 AtNPF6.3/NRT1.1 seems not dependent on the SnRK1 pathway [START_REF] Ruffel | Signal interactions in the regulation of root nitrate uptake[END_REF] but rather 325 linked to the oxidative pentose phosphate pathway (OPPP) [START_REF] Lejay | Oxidative pentose phosphate pathway-dependent sugar sensing as a 666 mechanism for regulation of root ion transporters by photosynthesis[END_REF][START_REF] De | Glucose Elevates NITRATE TRANSPORTER2.1 Protein Levels and 668 Nitrate Transport Activity Independently of Its HEXOKINASE1-Mediated Stimulation of NITRATE 669 TRANSPORTER2.1 Expression[END_REF]. In addition, 326 glucose itself promotes NRT2.1 protein accumulation [START_REF] De | Glucose Elevates NITRATE TRANSPORTER2.1 Protein Levels and 668 Nitrate Transport Activity Independently of Its HEXOKINASE1-Mediated Stimulation of NITRATE 669 TRANSPORTER2.1 Expression[END_REF]. Interestingly, the redox 327 metabolism, including the OPPP output, may actually regulate NO 3 -transport 328 depending on N and C signaling (see [START_REF] Chaput | Redox metabolism: the hidden player in C and N signaling?[END_REF] for a review). On this line, the 329 CEPDs/CEPDLs shoot-born mobile signals, being class III GRX, may thus participate 330 to such redox integration of C and N regulations. 331 332 In Arabidopsis, a systemic shoot-to-root function of the transcription factor AtHY5 333 (Elongated Hypocotyl5) was also proposed to control N-acquisition and shoot/root 334 development, depending on the C status of shoots [START_REF] Chen | Shoot-to-Root Mobile Transcription Factor HY5 Coordinates Plant 673 Carbon and Nitrogen Acquisition[END_REF]. AtHY5 was initially described 335 as a positive regulator of photomorphogenesis, modulating hypocotyl growth 336 depending on light availability, but was also linked to various aspects of root 337 development and to redox regulations [START_REF] Gangappa | The Multifaceted Roles of HY5 in Plant Growth and 675 Development[END_REF][START_REF] Bellegarde | The Chromatin Factor HNI9 and ELONGATED HYPOCOTYL5 677 Maintain ROS Homeostasis under High Nitrogen Provision[END_REF][START_REF] Oyama | The Arabidopsis HY5 gene encodes a bZIP protein that regulates 679 stimulus-induced development of root and hypocotyl[END_REF][100][101]. Recently, under light illumination, through the phloem [START_REF] Chen | Shoot-to-Root Mobile Transcription Factor HY5 Coordinates Plant 673 Carbon and Nitrogen Acquisition[END_REF]. In roots, AtHY5 binds its own promoter to generate an 342 amplification loop, as well as the AtNRT2.1 promoter to enhance its expression and 343 root NO 3

-uptake [START_REF] Chen | Shoot-to-Root Mobile Transcription Factor HY5 Coordinates Plant 673 Carbon and Nitrogen Acquisition[END_REF] (Figure 1B). In L. japonicus, LjHY5/LjBzf (BZip ring-Finger) 344 -acquisition in roots [START_REF] Poitout | Responses to Systemic Nitrogen Signaling in Arabidopsis Roots 584 Involve trans-Zeatin in Shoots[END_REF][START_REF] Ota | Shoot-to root mobile CEPD-like 2 integrates shoot nitrogen status to 656 systemically regulate nitrate uptake in Arabidopsis[END_REF] (Figure 1B). The regulation of CK 357 biosynthesis may depend directly on sugars but also on derived metabolic signals 358

[105], such as glutamine for example, which is also known to influence CK 359 biosynthesis [106]. 360

Interestingly, in Arabidopsis shoots, an overrepresented number of genes encoding 361 enzymes involved in the glutamine metabolism show a differential expression 362 depending on NO 3 -availability, and this regulation relies on tZ/tZR translocated from 363 roots [START_REF] Poitout | Responses to Systemic Nitrogen Signaling in Arabidopsis Roots 584 Involve trans-Zeatin in Shoots[END_REF]. The role of amino acids as a nutrient status reporter of the whole plant 364 level, and in particular of glutamine that is the first amino acid issued from C and N 365 assimilation, was a long-standing hypothesis that could however never be validated 366 experimentally [107]. 367

Altogether, these studies shed light that CK-glutamine interaction in shoots may thus 368 be a potential hub in systemic signaling controlling root responses and integrating C 369 and N availability. 370 371 Concluding remarks and Future Perspectives 372 pathways differentially activated depending on N availability and/or the whole plant N 375 status to regulate nodulation, and likely more globally root system architecture and N 376 acquisition. This new knowledge allowed reconsidering the historical AON model, 377 which is not only activated by previously established nodules but also by NO 3 -, 378 indicating that rhizobium seems considered as an N source by the plant. In addition, 379 the initially proposed shoot-to-root systemic signal inhibiting nodulation, which may 380 involve CKs in some legume plants, also comprises the repression of a positive 381 regulator of nodulation produced only in shoots, the miR2111 miRNA. Strikingly, the 382 production of this miRNA is actively maintained under low N and/or N deficit 383 conditions by the CEP/CRA2 pathway (Figure 1A). In addition to these two 384 -either "supernodulating" as sunn/har1 or "superrooting" as cra2 (see "Outstanding 414

Questions"). 415 416

This review also highlights that we know few about interactions between these 417 different systemic signaling pathways and how they integrate the multiplicity of 418 signals that plants continuously perceive in their different organs (e.g., rhizobium, N-419 limitation, NO 3 -provision in roots) (see "Outstanding Questions"). For example, in 420

Arabidopsis, the study of the potential interactions between CK (tZ/tZR)-and 421 CEPD/CEPDL-pathways in shoots remains in its infancy (Figure 1B). Interestingly, 422 results obtained on the antagonistic regulation of the miR2111 by CRA2 and SUNN 423 illustrates the integration of the balance between permissive and repressive 424 nodulation states according to N provision (i.e., N-limitation and rhizobium) [START_REF] Gautrat | Compact Root Architecture 2 Promotes Root Competence for 596 Nodulation through the miR2111 Systemic Effector[END_REF] 425 (Figure 1A). Indeed, a specific M. truncatula CEP gene, MtCEP7, systemically 426 promoting nodulation through the MtCRA2 receptor, was recently shown to be 427 induced by rhizobium and CKs, depending on the MtCRE1 CK receptor and on the 428 MtNIN transcription factor [109] (Figure 1A). Interestingly, MtNIN binds both 429 following a first wave of rhizobial infection events. Later, the observation that the 876 nodulation of super/hypernodulating mutants was also NO 3 -resistant expanded the 877 delineation of AON to nodulation repressive conditions mediated by high NO 3 -, which 878 for the plant is a cheaper source of N than N fixing rhizobia are [START_REF] Schnabel | The Medicago truncatula SUNN gene encodes a CLV1-like leucine-501 rich repeat receptor kinase that regulates nodule number and root length[END_REF]. More recent 879 results showed that the systemic AON restricts rhizobial infections, likely by impairing 880 the perception of rhizobial signals [START_REF] Tsikou | Systemic control of legume susceptibility to rhizobial infection by a 594 mobile microRNA[END_REF][START_REF] Gautrat | Identification of nutrient-responsive Arabidopsis and rapeseed 605 microRNAs by comprehensive real-time polymerase chain reaction profiling and small RNA 606 sequencing[END_REF]118]. N-repression involves not only 881 "AON"-dependent mechanisms, but also independent local and/or systemic pathways 882 controlling nodule number and rhizobial infections as well as later nodulation stages, 883 including N fixation and assimilation in nodules [START_REF] Nishida | A NIN-LIKE PROTEIN mediates nitrate-induced control of root nodule 536 symbiosis in Lotus japonicus[END_REF][119][120][121]. 

  AtCLV1 receptor in relation to N-related CLE peptides. 118 119 In legumes, the induction of CLE genes expression by NO 3 -and rhizobia relies on 120 transcription factors of the NODULE INCEPTION (NIN) family. Indeed, both in M. 121 truncatula and L. japonicus, the induction of MtCLE13 and LjCLE-RS1/2 expression 122 by rhizobia depends on NIN [8, 29], which binds LjCLE-RS1/2 promoters [29]. 123 Interestingly, cytokinin (CK) hormones, that are essential for the establishment of 124 nodules, activate NIN and MtCLE13 or LjCLE-RS1/2 expression [7, 29-32] (Figure 125 1A). A subset of NIN-LIKE PROTEIN (NLP) similarly mediates the CLE-dependent 126 NO 3

  , as shown for MtNIN and MtNLP1, or with other 144 transcription factors, which may allow coordinating the root response to different N 145 /Proliferating cell factor1-20) to regulate the response of NO 3 -147

151 152

 151 Downstream of the AON-related CLE receptor activation in legume shoots, shoot-to-153 root systemic effectors inhibiting root nodulation were identified. First, as the shoot 154 expression of the ISOPENTENYLTRANSFERASE3 (IPT3) gene increases in 155 response to rhizobium inoculation depending on LjCLE-RS/LjHAR1 signaling 156 pathway, as well as an intermediate form of CKs (N 6 -(Δ 2 -isopentenyl) adenine 157

  through a systemic pathway involving 222 the activity in shoots of the MtCRA2 (Compact Root Architecture2) LRR-RLK 223 receptor [73, 74]. Under N deficiency conditions, this systemic MtCEP/MtCRA2 224 pathway upregulates in shoots the expression of the miR2111 shoot-to-root systemic 225 effector, promoting in roots the cleavage of MtTML transcripts that encode an 226

  multiple systemic signals coexist to positively regulate NO 3 -uptake in plants. This 286 would allow integrating local N-deprivation pathways (i.e., CEP/CEPR/CEPD) with 287 global N-deprivation pathways (i.e., CEPDL) and local NO 3 -supply (i.e., tZ/tZR) to 288 finely modulate N acquisition in NO 3 -heterogeneous environment (Figure 1B). 289 290 Influence of shoot environment on N-related long-distance signaling 291 The systemic regulation of root N acquisition and fixation relies on the perception of 292 root-borne signals modulated by local environmental soil conditions, and by their 293 integration in shoots. This suggests that the N acquisition may be modulated 294 depending on the nutrient status of shoots, i.e. the N status but also C resources that 295 can be provided to sustain root and nodule development as well as N assimilation, 296 and thus on plant C fixation capacities and C allocation to roots. Aboveground 297 atmospheric environmental conditions, including CO 2 levels as well as light quality 298 and quantity, are thus anticipated to impact systemic signaling pathways targeting N 299 acquisition. The increase of atmospheric CO 2 concentrations associated to the global 300 climate change has various consequences depending on plant species (Box 3), 301 notably impacting C allocation to roots and the different modes of N mineral vs 302 symbiotic acquisition. Below, we expose emerging data indicating that C provision 303 likely impacts N-systemic signaling effectors and pathways regulating N acquisition. 304 305 In M. truncatula, additionally to their transcriptional upregulation in response to low 306 NO 3

  inhibits nodulation but not LR development [102]. However, it is not known if this 345 occurs through a local and/or a systemic regulation. 346 347 Finally, hormones are anticipated to mediate the integration of shoot local 348 environmental C-related signals with N-systemic signaling. For instance, CK is a 349 positive regulator of chlorophyll synthesis as well as of chloroplast development [103, 350 104], and might potentially favor C allocation to roots and thus N acquisition. 351 Conversely in Arabidopsis, photosynthesis-related sugars, which synthesis is favored 352 by elevated CO 2 environments, induce the expression of the IPT3, CYP735A2 and 353 ABCG14 CK biosynthesis enzymes and transporter, and consequently CK 354 accumulation, promoting shoot growth [105]. By promoting CK biosynthesis in 355 shoots, elevated CO 2 may thus interfere with the CK-dependent systemic signaling 356 controlling NO 3

  antagonistic systemic pathways regulating rhizobial infections at the onset of nodule 385 initiation, AON-independent systemic signaling pathways also exist to regulate later 386 nodulation stages including N fixation and assimilation (Box 1). 387 388 Whether it is through N 2 fixation in symbiotic nodules of legume plants, or NO 3 -389 import from the soil at the root surface of all plants, N acquisition is constantly 390 modulated by a combination of local and long-distance systemic signals. The parallel 391 made between the legume and Arabidopsis knowledge that is at the basis of this 392 review allowed to highlight similarities and overlaps between N-related systemic 393 pathways regulating N fixing nodules and root N acquisition. The respective role of 394 the mir2111, CEPDs/CEPDLs, CK and HY5 shoot-to-root signals remains however to 395 be better analyzed in parallel between Arabidopsis and legume plants, as well as the 396 potential role of NLP transcription factors to regulate CLE and/or CEP signaling 397 peptides related to N systemic pathways (see "Outstanding Questions"). Some 398 differences exist, such as the regulation of root development by the CEP pathway, 399 both systemically from shoots and locally from roots in Arabidopsis, at least in 400 response to sucrose, or only locally in roots in M. truncatula, or such as the 401 LjHAR1/MtSUNN and AtCLV1 CLE peptide receptor functions that, despite being the 402 most closely related proteins, apparently diverged functionally regarding their 403 functions in shoot and floral meristems or N related systemic signaling [108]. 404 Regulatory mechanisms regulating inorganic N acquisition exist in all plants, and are 406 thus expected to be likely conserved in legumes, including the regulation of NO 3 -407 transport (Box 2). The acquisition of nodulation, implying the co-option of local and 408 systemic N-(or P-) related regulatory circuits, thus required an integration of the 409 regulation of N-fixing nodules with root N-acquisition through related pathways. This 410 may also allow ensuring a robustness of repressive mechanisms against detrimental 411 effects of exaggerated root and nodule development resulting from an over C 412 allocation to nodules, as exemplified by the phenotypes of peptide receptors mutants 413

MtCLE13

  Figure 1.

Figure 1 .

 1 Figure 1. Regulation of Nitrogen Fixation and Acquisition by Systemic 799 Signaling Pathways in Legumes and in Arabidopsis. 800 (A) Systemic signaling repressing (left) and promoting (right) nodulation in legumes. 801 In legumes, the CLE (CLAVATA3/EMBRYO-SURROUNDING REGION RELATED)-802 dependent long-distance signaling represses the N fixing nodulation (Blue arrow). 803 Symbiotic rhizobia infection triggers this systemic signaling partially through the CK 804 (Cytokinin) signaling pathway involving the CK receptor CRE1 and the NIN (Nodule 805 Inception) transcription factor activity that are also required for nodulation (+). Nitrate 806 (NO 3 -) also triggers this CLE-systemic signaling through the activity of NLP (NIN-like 807 Protein) transcription factors. CLE peptide signals are perceived in shoots by a CLV1 808 (CLAVATA1)-like receptor (LRR-RLK, Leucine Rich Repeats -Receptor Like 809 Kinases; SUNN in M. truncatula). This induces downstream the expression of IPT3 810 (ISOPENTENYLTRANSFERASE 3) and thus CK biosynthesis, a putative nodulation 811 "Shoot-Derived Inhibitor" (SDI) signal. 812 In the M. truncatula legume, the CEP (C-Terminally Encoded Peptide)-dependent 813 long-distance signaling promotes N fixing nodulation in low N conditions (Green 814 arrow). CEP peptide signals are perceived in shoots by a LRR-RLK receptor, named 815 CRA2 (Compact Root Architecture2). The MtCEP/MtCRA2 pathway regulates also 816 locally in roots negatively LR (Lateral Root) development and promotes PR (Primary 817 Root) growth. This pathway also systemically regulates LR GSA (Gravitropic Set 818 Angle) by inhibiting shoot-root auxin transport. 819 These CLE and CEP-systemic signaling pathways respectively repress and induce 820 the expression of the mobile microRNA mir2111, a nodulation "Shoot-Derived 821 Activator" (SDA) signal, that targets the expression of the E3 Ubiquitin Ligase TML 822 (Too Much Love) inhibiting nodulation. Thickness of arrows and lines represents the 823 strength of the signaling pathway. 824 In addition, rhizobia promote through CK/CRE1 and NIN the expression of MtCEP7, 825 promoting nodulation depending on MtCRA2, thus potentially allowing switching from 826 a negative to a positive regulation of nodulation depending on changes in N 827 availability and of the N plant status. 828 (B) N provision (left) and N deficiency (right) systemic signaling in Arabidopsis. 829 On the left (with the light-purple background), NO 3 -signaling requires the 830 NRT1.1/NPF6.3 transceptor and NLP7 in roots. The TCP20 transcription factor 831

Box 2 .

 2 photosynthesis rate, but several studies revealed a limited beneficial effect on the 935 long-term in some plants, such as C3 grains (wheat, rice) and legumes (field pea, 936 soybean), leading to lower yields, protein contents, and even nutritional food quality, 937 because of a CO 2 /photosynthesis acclimation [145-147]. Whether elevated CO 2 938 consequences on plant growth and protein content are also different depending on 939 the N inorganic form remains under debate [148, 149]. Some studies point to an 940 inhibition of photorespiration and consequently of NO 3 -assimilation [150, 151], 941 whereas other studies report no differences in N assimilation and growth in C3 plants 942 supplied with NO 3 -or NH 4 + [152]. 943 CO 2 /photosynthesis acclimation also strongly relies on the sink organ strength to 944 consume photosynthesis C products, since a reduced sink strength negatively 945 feedback on photosynthesis [145]. The N 2 fixing symbiosis is particularly interesting 946 in this context since nodules constitute an important C sink, and since the nodule N 2 947 fixation capacity depends on C allocation. Recent studies suggest that the nodule N 2 948 fixation activity may allow avoidance of the negative feedback on photosynthesis 949 provoked by elevated CO 2 conditions [153]. This way, symbiosis in N fixing legumes 950is anticipated to gain higher yields and biomass productivity under elevated CO 2 , a 951 condition that will be the future agricultural context to consider. 952

biologically active tZ, which are then translocated to the shoots through the ABCG14

MtCRA2/MtCEPD pathway. Conversely, a relationship between the Arabidopsis

AtHY5 was shown to up-regulate the expression of sucrose biosynthesis and efflux

genes in shoots (AtTPS1 for Trehalose-6-Phosphate Synthase; SWEET11 and

recently emerged, involving antagonistic CEP/CRA2 and CLE/SUNN-HAR1

AtCLV1/CLE signaling pathway [81] (Figure1B). Finally, different types of CKs have
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