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Mitogen-activated protein kinases (MAPKs) and calcium-dependent protein kinases (CDPKs) form two important signaling pathways that allow plants to integrate various environmental and developmental cues into appropriate cell responses, through the phosphorylation of specific substrates on specific sites. The existence of common substrates to both MAPKs and CDPKs suggest that the biological functions of these substrates can be modulated by peculiar patterns of phosphorylation, a possibility designated under the notions of MAPK and CDPK phosphocodes. Moreover common MAPK and CDPK substrates offer an original opportunity to study the crosstalk between the two signaling pathways. The inhibitor of phosphatase ATI-2 was recently identified in the STRESS team as a new substrate common to both the MAPK 3 and 6 and the CDPK 5 and 6. In the frame of a general project investigating the MAPK and CDPK phosphocodes of ATI-2, the objective of my internship was to determine whether ATI-2 plays a role in biotic stress responses. For this I compared three different Arabidopsis thaliana backgrounds: wild-type, loss of function ati-2 and complemented lines in pathoassays as well as in growth inhibition assays in response to the immune elicitor flg22. Overall my results indicate that ATI-2 is not involved in the response to biotic stresses, although further replicates and controls are still needed to come to a definitive conclusion.

Résumé

Les mitogen-activated protein kinases (MAPKs) et les calcium-dependent protein kinases (CDPKs) forment deux voies de signalisation importantes permettant à la plante d'intégrer différents signaux environnementaux et développementaux pour y donner une réponse cellulaire appropriée, via la phosphorylation de substrats spécifiques sur des sites spécifiques. L'existence de substrats communs aux MAPKs et aux CDPKs suggère que les fonctions biologiques de ces substrats puissent être modulées selon des schémas particuliers, une possibilité désignée par la notion de phosphocodes MAPK et CDPK. De plus, ces substrats communs aux MAPK et CDPK offrent une opportunité intéressante pour l'étude des interactions entre ces deux voies de signalisation. L'inhibiteur de phosphatases ATI-2 a été récemment identifié par l'équipe STRESS comme un nouveau substrat, commun aux MAPK 3 et 6 et aux CDPK 5 et 6. S'insérant dans un projet plus global de décodage des phosphocodes MAPK et CDPK d'ATI-2, l'objectif de mon stage a été de déterminer si ATI-2 joue un rôle dans les réponses au stress biotique. Pour cela, j'ai comparé trois différents fonds génétiques : sauvage, perte-de-fonction ati-2 et lignées complémentées dans des patho-essais ainsi que dans des tests d'inhibition de croissance en présence de l'éliciteur immun flg22. Mes résultats indiquent qu'ATI-2 n'est pas impliqué dans la réponse au stress biotique même si plus de réplicats et de contrôles sont nécessaires pour parvenir à une conclusion définitive.
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Introduction

MAPK and CDPK pathways

Plants are sessile organisms and as such must adapt to local environmental perturbations due to biotic and abiotic stresses. When a stress is perceived, the stimulus activates intracellular signaling pathways. Plants have evolved sophisticated signaling modules which allow the integration of different extracellular cues into appropriate cellular responses.

These modules often involve kinase proteins, enzymes able to phosphorylate other proteins in order to change their properties. Due to its versatility and reversibility, phosphorylation is a very efficient and common way of transmitting information from one actor to the next, and to regulate the proteins involved in the response specificity. Plant genomes generally encode for more than a thousand kinase proteins (In Viridiplantae, about 5% of the genome encodes protein kinases) which underlines the importance of this type of signaling [START_REF] Colcombet | Arabidopsis MAPKs: a complex signaling network involved in multiple biological processes[END_REF]. Among them, CDPK and MAPK cascades form two crucial signaling modules.

The MAPK modules are composed of a Mitogen-Activated Protein Kinase Kinase Kinase (MAPKKK, also known as MKKK or MEKK), a Mitogen-Activated Protein Kinase Kinase (MAPKK, also known as MKK or MEK), and a MAPK (or MPK) that are activated one after the 1 other by a cascade of phosphorylation. In turn the activated MAPKs can phosphorylate different substrates on specific sites, thereby contributing to implement appropriate cell responses. In plants, MAPK modules are encoded by multi-genic families (the whole genome sequencing of Arabidopsis thaliana revealed, based on homology analyses, that this species could have 80 MAPKKKs, 10 MAPKKs, and 20 MAPKs) that can form multiple possible signaling connections. Some MAPK modules are known to be involved in plant development, such as the module YODA-MKK4/5-MPK3/6 that is implicated in stomata formation [START_REF] Wang | Stomatal Development and Patterning Are Regulated by Environmentally Responsive Mitogen-Activated Protein Kinases in Arabidopsis[END_REF].

In the context of immune responses, two MAPK cascades MEKK1-MKK1/MKK2-MPK4 and MAPKKK5-MKK4/MKK5-MPK3/MPK6 have been well characterized [START_REF] Zhang | Mitogen-activated protein kinase cascades in plant signaling[END_REF]. The plant immune system is usually described as a two-layered system. The first level is triggered by conserved pathogen-associated molecular patterns (PAMPs) that are recognized by surface-localized pattern recognition receptors and leads to PAMP-triggered immunity (PTI). The second level of plant innate immunity, termed effector-triggered immunity (ETI) is triggered by the presence of pathogen effectors which are molecules produced by the pathogen to counter the PTI and that can be recognized by intracellular receptors belonging to the family of nucleotide-binding leucine-rich-repeat-containing receptors (NLRs). Several recent studies reported that PTI and ETI do not constitute independent processes, but are connected at different nodes, sharing similar signaling pathways and resulting in comparable outputs [START_REF] Lu | Intimate Association of PRR-and NLR-Mediated Signaling in Plant Immunity[END_REF]. For instance MPK3/6 are activated in a rapid and transitory manner during PTI, and in a delayed and sustained manner in ETI, but both types of kinetic converge towards the upregulation of NLR genes that thereby constitutes a common feature of the two types of immunity [START_REF] Lang | MPK3 and MPK6 control salicylic acid signaling by up-regulating NLR receptors during pattern-and effector-triggered immunity[END_REF].

As for CDPKs, they are capable of translating elevations in calcium levels in the cytoplasm or nuclei in phosphorylation signals. Like MAPK modules, CDPKs are encoded by multi-genic families (A. thaliana has 34 CDPK-coding genes in its genome). Several CPKs are involved in various aspects of plant development. For example, CPK2/6/20 are involved in pollen tube growth and CPK28 in shoot development, through the regulation of multiple hormone homeostasis [START_REF] Delormel | Properties and functions of calcium-dependent protein kinases and their relatives in Arabidopsis thaliana[END_REF]. Regarding plant immunity CPK5/6/11 were reported as redundant positive regulators of defense responses downstream of multiple PAMPs and damage-associated molecular patterns whose recognition induces Ca 2+ influx in the cell [START_REF] Boudsocq | CDPKs in immune and stress signaling[END_REF]. Remarkably CPK5/6 was shown to follow the same difference of activity kinetics as MPK3/6 in the contexts of PTI and ETI (Gao et al., 2013).

Potential crosstalk between the pathways

As phosphorylation of proteins can modify their stability, activity or subcellular localization, the characterization of MAPK and CDPK substrates is critical to fully understand their roles and still constitutes a lengthy quest. To date, only a few dozen of MAPK and CDPK substrates have been clearly characterized. For instance, the ACC synthase (ACS) 6 involved in ethylene production is phosphorylated by MPK6, while the respiratory burst oxidase homolog D involved in reactive oxygen species (ROS) production during immune responses is phosphorylated by CPK1/2/5/6/11 [START_REF] Dóczi | The Quest for MAP Kinase Substrates: Gaining Momentum[END_REF][START_REF] Simeunovic | Know where your clients are: subcellular localization and targets of calcium-dependent protein kinases[END_REF][START_REF] Delormel | Properties and functions of calcium-dependent protein kinases and their relatives in Arabidopsis thaliana[END_REF].

The fact that some MAPKs and CDPKs are activated in analogous conditions, and have similar activation kinetics, especially in immune responses, raises the possibility of eventual interactions between the two pathways. In line with this hypothesis it has been shown that MAPK and CDPK signaling can have additive and synergistic effects on gene reprogramming in the context of PTI [START_REF] Boudsocq | Differential innate immune signaling via Ca2+ sensor protein kinases[END_REF]. From a mechanistic perspective, two main possibilities can be considered: either CDPKs and MAPKs are substrates of each other and thereby can modulate their reciprocal activities, or CDPKs and MAPKs share a common set of substrates.

Interestingly, it has been shown that the rice CDPK18 could phosphorylate MPK5 at a different site than the MAPKK and that this dual phosphorylation modulates the functions of MPK5 in immune responses [START_REF] Xie | Direct Phosphorylation and Activation of a Mitogen-Activated Protein Kinase by a Calcium-Dependent Protein Kinase in Rice[END_REF]. Also it has been reported in tomato that the substrate ACS2 is phosphorylated in 2 different sites by MPK3/6 and CDPK2 and that both phosphorylated sites are required for ACS2 stabilization and ethylene production [START_REF] Kamiyoshihara | Turnover of LeACS2, a woundinducible 1-aminocyclopropane-1-carboxylic acid synthase in tomato, is regulated by phosphorylation/dephosphorylation: Turnover of LeACS2 by phosphorylation/dephosphorylation[END_REF]. More recently the transcription factor WRKY33 has also been characterized as a common substrate of MAPK and CDPK. In vitro and in vivo phosphorylation assays demonstrated that WRKY33 is phosphorylated on its Threonine-229 residue by CPK5/6 whereas MPK3/6 phosphorylate WRKY33 on several of its N-terminal serine residues. Those different phosphorylations have different effects on WRKY33 but act in cooperation during the immune response: while MPK3/6 phosphorylate WRKY33 to enhance its transactivation activity, phosphorylation by CPK5/6 enhances its binding to DNA, and both cascades function cooperatively to regulate camalexin biosynthesis controlled by WRKY33 [START_REF] Zhou | Differential Phosphorylation of the Transcription Factor WRKY33 by the Protein Kinases CPK5/CPK6 and MPK3/MPK6 Cooperatively Regulates Camalexin Biosynthesis in Arabidopsis[END_REF].

The existence of substrates common to both MAPK and CDPK like WRKY33 introduces the notion of MAPK/CDPK phosphocode which corresponds to the control of the functions of these substrates by specific patterns and kinetics of phosphorylation [START_REF] Perraki | Phosphocode-dependent functional dichotomy of a common co-receptor in plant signaling[END_REF].

Deciphering the phosphocode of new MAPK/CDPK substrates would therefore provide a better understanding of the coordination between the two important signaling modules, and should shed new light on the complex mechanisms allowing plants to cope with stresses.

The common substrate ATI-2 ATI-2 (At5g55200) was identified by [START_REF] Templeton | Identification and characterization of AtI-2, an Arabidopsis homologue of an ancient protein phosphatase 1 (PP1) regulatory subunit[END_REF], based on its affinity to human protein phosphatase-1 (PP1) gamma family and its homology with Inhibitor-2 (I-2) which was originally discovered as a potent inhibitor of PP1. However, later investigations also characterized I-2 as an activator of PP1 in animals [START_REF] Lemaire | Protein phosphatase-1: dual activity regulation by Inhibitor-2[END_REF]. In plants, ATI-2 can interact with Type One Protein Phosphatases (TOPPs) which are PP1-type phosphatases.

ATI-2 and TOPPs were demonstrated to regulate abscisic acid (ABA)-mediated responses.

Single mutants ati-2 and topp1 show a phenotype of higher sensitivity to salt stress and in response to ABA, while overexpression of ATI-2 or TOPP1 leads to increased growth on ABA [START_REF] Hou | Type One Protein Phosphatase 1 and Its Regulatory Protein Inhibitor 2 Negatively Regulate ABA Signaling[END_REF]. Moreover the septuple topp1/4/5/6/7/8/9 mutant showed an increased resistance to wild type (WT) Pseudomonas syringae pv. tomato (Pst) DC3000, indicating the implication of some TOPPs in the immune response. A yeast two-hybrid (Y2H) assay performed to investigate the potential interaction between TOPPs and several immune regulators, including MPK3/6, and MPK4 also showed direct interactions between TOPP1, TOPP4, TOPP7, and TOPP8 on one hand, and MPK3, MPK4 and MPK6 on the other hand. This was confirmed in vivo using a bimolecular fluorescence complementation (BiFC) assay in Nicotiana benthamiana leaves [START_REF] Liu | Type one protein phosphatases (TOPPs) contribute to the plant defense response in Arabidopsis[END_REF]. Together these data suggest a possible role for ATI-2 in defense responses.

Using Y2H, the STRESS team found ATI-2 to be interacting with MPK3 and using phosphoproteomics, to be a putative substrate of CPK5. Interactions between ATI-2 and the kinases were also observed in planta using the BiFC in tobacco. Moreover in vitro kinase assays confirmed that ATI-2 is a substrate of the kinases MPK3/6 as well as CPK5/6. Using targeted mutagenesis experiments, the team showed that the phosphorylation of ATI-2 by the MAPK takes place on the serine 47 (S47) and that by the CDPK on the serine 140 (S140) Importantly, webtools compiling phosphoproteomic data from various experiments confirmed that these two sites can be phosphorylated in vivo (www.psb.ugent.be/webtools/ptm-viewer). Moreover, preliminary mass spectrometry results showed an increase in phosphorylation of the S47 site of ATI-2 in presence of flg22 which is a peptidic fragment of 22 amino acids from the bacterial protein flagellin, routinely used as a PAMP. This further suggests the implication of ATI-2 and its For ATI-2, the MAPK phosphocode is mediated by the activation of the MPK3/6 module and the phosphorylation of S47, while the CDPK phosphocode is mediated by the activation of CPK5/6 and the phosphorylation of S140. To understand the role of the MAPK/CDPK phosphocode of ATI-2, two working hypotheses can be considered: either the MAPK and CDPK phosphocodes are independent, meaning that phosphorylations of S47 and S140 occur in different biological contexts, or they can act concomitantly, leading to possibly opposite, additive or synergistic effects.

phosphocode in the response to biotic stress.

Based on these preliminary results, the STRESS team aims at addressing different questions: How is the MAPK/CDPK phosphocode encoded in ATI-2? What is the biological translation of the ATI-2 phosphocode, especially in response to stress? And how is the phosphocode molecularly decoded to result in appropriate biological responses? (Figure 1) To help answering these questions, an approach is to compare wild type plants, a loss-of-function ati-2 line, and plants expressing phosphodeficient or phosphomimicking versions of ATI-2 in order to determine how these modifications are likely to revert the stress phenotypes observed in the mutant line. But prior to this, clear phenotypes must be established for the mutant line.

Therefore the goal of my internship was to provide initial results by characterizing the response of simple ati-2 mutants to infection by WT Pst DC3000 in order to determine whether this gene is involved in the immune response. I also performed flg22 assays, comparing the growth inhibition of plants in presence of flg22.

Material and methods

Plant and bacterial material

All plants from this study are in the Columbia background. The three alleles of the ati-2 mutant: ati-2-1 (SALK_110571, [START_REF] Hou | Type One Protein Phosphatase 1 and Its Regulatory Protein Inhibitor 2 Negatively Regulate ABA Signaling[END_REF], ati-2-2 (GABI_425D10), and ati-2-3 (WiscDsLoxHs092_09H) were ordered from the NASC. Transgenic pATI-2::ATI-2-TAP/ati-2-1 and pATI-2::ATI-2-TAP/ati-2-2 plants were generated previously by the STRESS team. Briefly the ATI-2 endogenic locus including a 500 nt fragment upstream of the ATG and a 400 nt fragment downstream of the stop codon was cloned in pGREEN 0229. By PCR, a restriction site was created to allow the insertion of a TAP tag just before the stop codon. Plants from the ati-2-1 and ati-2-2 backgrounds were transformed using the floral dip method. For the pathoassays, plants were grown in soil in growth rooms at 20 °C day, 18 °C night and 65 % relative humidity in short day conditions (8 h day, 16 h night).

For in vitro assays, seeds were sterilized 10 min in a sterilization solution (50 % ethanol, 37.5 % water, 12.5 % bleach 9.6 %) and washed three times with ethanol 100 %. They were sown on ½ Murashige and Skoog (MS) medium (0.22 % (w/v) MS (Sigma, M6899) basal salts, 0.05 % MES, and 0.5 % agar, pH 5.6) and stratified in darkness at 4 °C for 3 days. They were then transferred in growth chamber at 20 °C day, 18 °C night under long day condition (16 h day, 8 h night) and at 50 % relative humidity.

The wild-type strain of Pseudomonas syringae pv. tomato (Pst) DC3000 was grown on Luria-Bertani (LB) medium supplemented with rifampicin 50µg/mL, at 30°C.

Plant Infection

Bacteria were incubated overnight at 30 °C in liquid LB under agitation and then washed with MgCl 2 10 mM and diluted to obtain an OD 600 = 0.2. Prior to the infection, Silwet 77 was added to the inoculum at a final concentration of 0.04 %. 6 weeks old plants were spray-inoculated with Pst DC3000, watered and kept covered for one day to favor stomata opening.

Samples were harvested at 3 hpi and 72 hpi and were typically composed of two leaves coming from single independent plants. The leaves were surface sterilized with three successive washes: in ethanol 70 %, and in sterile water. Samples were frozen in liquid nitrogen and kept at -80 °C.

Genomic DNA extraction

Plant material was ground in Tissue Lyser (26 Hz, 2x30 sec) and powder was resuspended in extraction buffer (Tris HCl pH = 7.5 200 mM, NaCl 250 mM, EDTA 25 mM, SDS 0.5 %),. After centrifugation (13000 rpm, 1 min), DNA was precipitated by adding an equal volume of isopropanol. After a second centrifugation (13000 rpm, 5 min), the pellet was washed with ethanol 75 %, let to dry and DNA was diluted in sterile water.

Bacterial quantification by qPCR

DNA concentration for each sample was quantified by NanoDrop spectrometer and quantitative PCRs (qPCRs) were carried out using 10 ng of DNA with LightCycler® 480 SYBR Green I Master mix (Roche) and a LightCycler® 480 System (96 wells), following the manufacturer's standard instructions. Multiplication of the bacteria was measured using the 2 -ΔΔCt method where Ct stands for cycle threshold and corresponds to the number of cycles from which the amplification is above the noise signal. The 2 -ΔΔCt method compares the ΔCt = Ct(At)-Ct(Pst) of each sample to the mean of ΔCt for a genotype chosen as reference. [START_REF] Ross | A DNA-based real-time PCR assay for robust growth quantification of the bacterial pathogen Pseudomonas syringae on Arabidopsis thaliana[END_REF]Somssich, 2016, Livak and[START_REF] Livak | Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2-ΔΔCT Method[END_REF]. The reference used is indicated in the text when required. Ct(At) and Ct(Pst) correspond to the Ct of fragments specific to A. thaliana and to Pst DC3000 respectively. Primers used for the amplification of those fragments are in Table S1. 

Genotyping

Plants were genotyped using the primers listed in Table S1 and the Terra PCR Direct Polymerase®, following the manufacturer's instructions and PCR visualization was done with 1 % agarose gel electrophoresis.

Flagellin post-germination growth assays 7-days-old seedlings grown in vitro were transferred into ½ MS liquid medium supplemented or not with 500 mM of flg22 and kept in in vitro growth chamber. Fresh weights were measured at the moment of the transfer and seven days later.

Results

ati-2 mutant shows no phenotype in response to WT Pst DC3000

To test whether ATI-2 plays a role in the immune response, three independent pathoassays were performed with the Pst DC3000 strain on Col-0, ati-2-1 and pATI-2::ATI-2-TAP/ati-2-1 plants. Results for the three independent replicates are shown in Figure S1. We noticed that in the two first replicates, the levels of bacteria in plants at 72 hpi did not really increase compared to those at 3 hpi, while in the last replicate we could observe a strong multiplication of the pathogen up to 80 times the level at 3 hpi. This difference in pathogen virulence might be explained by the fact that for the two first replicates we used a bacterial strain conserved at 4 °C whereas for the last replicate we plated a new strain from the glycerol stock.

We also noticed that globally in the three replicates, the three genotypes seemed to behave similarly, with no clear differences in the levels of multiplication of the pathogen. To highlight this point we integrated the data of the three replicates by normalizing them to the mean values obtained for Col-0 (Figure 2). Non parametric statistical tests confirmed that there were no significant differences between the three genotypes, suggesting that ATI-2 is not involved in the resistance against Pst DC3000. Since for the calculation of the 2 -ΔΔCt we used as a reference the mean values of the 3hpi data for each genotype, our results might miss differences between the genotypes in this early timepoint, which might consequently impact our interpretation. To exclude this possibility, we performed a new analysis using this time as a reference the mean value of Col-0 at 3 hpi. As shown in Figure 3, no difference between the three genotypes could be detected, confirming our interpretation that, based on our pathoassays, ATI-2 does not contribute to defense responses against Pst DC3000. ati-2 mutants show no growth phenotype in response to flg22

To test whether the loss-of-function mutant reacts differently to the presence of a PAMP, we conducted an flg22 post-germination growth assay on three different mutant lines and two complemented lines as well as Col-0. For each genotype and each of the three tested conditions (7 days post germination, after 7 days of mock treatment and after 7 days of flg22 treatment), between 7 and 12 plantlets were analyzed. As we observed growth differences between the genotypes at day 7 post germination as well as in the mock condition (Figure 5), we decided to measure the ratio of the weights in the flg22 condition versus the mean of the weights in the mock condition for each genotype as an indicator of the flg22 effect (Figure 6). Based on those ratios, we first observed that flg22 does indeed provoke a growth inhibition, albeit weak, since the ratio for the Col-0 line is of 0.90. Besides, it seems that the mutant lines have a retarded growth compared to Col-0 when grown in flg22-supplemented medium (0.71, 0.74, 0.63 for ati2-1-1, ati-2-2, ati-2-3 respectively versus 0.90 for Col-0), while the complemented lines tend to behave more like Col-0. However non parametric statistical tests concluded that there was no significant difference between the six genotypes, which suggests that ATI-2 is not involved in the growth response induced by the presence of flagellin.

8 Overall our results indicate that ATI-2 is not involved in response to biotic stress.

However these results must be nuanced for three main reasons.

First our experiments suffered from inconsistencies in the biological replicates.

Indeed, for the pathoassays, the two first replicates were performed with a Pst DC3000 strain drastically less virulent than in the third replicate. Even if we did not take this in account in our interpretation, it is still possible that the discrepancy might affect the defense responses of the various genotypes, and it would be more rigorous to perform new replicates with a same Pst DC3000 strain. In regard to the flg22 assay, we actually carried out only one biological replicate, and therefore more data are required to be fully conclusive.

Second the information regarding the expression levels of ATI-2 in the different lines we used are not completely clear. For instance ati-2-1 is a published line for which a higher sensitivity to salt and ABA was reported [START_REF] Hou | Type One Protein Phosphatase 1 and Its Regulatory Protein Inhibitor 2 Negatively Regulate ABA Signaling[END_REF]), yet preliminary results in the STRESS group suggest that it still expresses ATI-2 and would not be consequently a real lossof-function line. In the same order of idea, the complemented line in the ati-2-1 background expresses quite more ATI-2 proteins than the one in the ati-2-2 background. Moreover, there are actually two isoforms of ATI-2, and it is possible that some mutant lines are KO for only one of the two. Therefore a comprehensive view of the ATI-2 expression levels in the different alleles we used is still needed to consolidate our analyses.

At last our results focused on pathoassays with Pst DC3000 and on growth inhibition assay in response to flg22. But it is not certain that these two kinds of experiments are enough to conclude that ATI-2 is not involved in biotic stress responses. Indeed we can imagine that ATI-2 is involved in the resistance against other pathogens than Pst. Moreover the growth inhibition is only a part of the responses triggered by flg22, and it is still possible that ATI-2 contributes to some of these other responses.

Conclusion and perspectives

Despite the limitations discussed above, our results indicate that ATI-2 is likely not involved in defense resistance against Pst and in the growth inhibition mediated by flg22. However to consolidate this interpretation, it will be important in the near future to evaluate the expression levels of ATI-2 in the different lines we used. In this sense, plants from the flg22 growth assay have been collected and will be processed through RT-qPCR. Likewise, two more biological replicates for this experiment have been set out.

In order to further investigate the MAPK/CDPK phosphocodes of ATI-2, two main perspectives can be followed. In the first one we can continue to look for a phenotype of the ati-2 lines in response to biotic stress, either by using other pathogens than PstDC3000, for instance fungi like Botrytis cinerea, or by analyzing other immune responses triggered by flg22, like the ROS bursts or the transcriptional reprogramming. It could also be interesting to redo the pathoassays with all the available mutant alleles. In the second perspective, we can focus on other phenotypes associated with the ati-2 loss of function. For instance we started to repeat experiments in response to salt to confirm the hypersensitivity of ati-2 compared to Col-0.

Interestingly a recent phosphoproteomic study reported that phosphorylation of ATI-2 on S47 transiently increased during the first steps of germination, suggesting a role for the MAPK phosphocode in this developmental process (Baudoin et al., 2022).

Given the results showed here, the second option is currently favored. Either way obtaining a clear phenotype for an ati-2 loss of function line that is reverted by a complemented line will be a prerequisite to test the relevance of the MAPK/CDPK-dependent phosphocode of ATI-2.
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  internship at the Paris Saclay Institute of Plant Sciences (IPS2), in the Stress Signaling (STRESS) team of the physiology and signaling department (DPHYS), under the supervision of Julien Lang. The DPHYS department aims at understanding the fundamental mechanisms implicated in the adaptation of plants to their environment in the context of global warming and increased food demand. The STRESS group tries to develop original approaches to better understand the signaling mechanisms of Calcium-Dependent Protein Kinase (CDPK or CPK) and Mitogen-Activated Protein Kinase (MAPK or MPK) modules notably in the context of stress responses. Their research revolves around several axis: a) the role of CDPKs in response to abiotic stress and especially in the case of salt stress, b) the impact of global warming on kinase signaling during stress perception, c) the role of an atypical MAPK module in integrating various environmental stresses, and d) the implication of MAPKs in the regulation of immune responses. To investigate these aspects the team is especially interested in the identification and characterization of new substrates targeted by the kinase signaling modules in stress conditions.

Figure 1 .

 1 Figure 1. Model for the MAPK/CDPK phosphocode of ATI-2. The notion of phosphocode refers to how the cellular functions of a protein are modulated by its pattern of phosphorylation.

Figure 2 .

 2 Figure 2. Pathoassays on ati-2-1 mutants, wild type and complemented lines. Plants were sprayed with Pst DC3000 and bacterial load was measured at 3 hpi and 72 hpi using the 2 -ΔΔCt method with the mean value at 3 hpi of each genotype as a reference. The dotplot and histogram showing mean values and standard deviations for the different genotypes were generated from integrating data of three independent replicates normalized to the mean of Col-0 values. Different letters above the bars indicate statistically significant differences (Kruskal-Wallis test followed by a non-parametric Tukey post-hoc test, p<0.05, 15<n<28).

Figure 3 .

 3 Figure 3. Difference in infection at 3 hpi between the genotypes. Bacterial load was measured at 3hpi using the 2 -ΔΔCt method with the mean value at 3 hpi of Col-0 as a reference. The dotplot and histogram showing mean values and standard deviations for different genotypes were generated from integrating data of the three independent replicates normalized to the mean value of Col-0. Letters above the bars indicate no statistically significant differences (Kruskal-Wallis test, p<0.05, 15<n<16).

Figure 4 .

 4 Figure 4. Genotyping of the Col-0, mutant and complemented lines. (A, B) Representation of the wild-type ATI-2 locus (A) and the pATI2::ATI2-TAP/ati-2-1 construct (B) with the localization of primers used for genotyping. (C, D, E) PCR results on a selection of samples using the RP4803+LP4802 pair (C), the RP4803+LBb1.3 pair (D), and the P4804+P160 pair of primers (E).A

Figure 5 .

 5 Figure 5. Fresh weights of plantlets from the six studied genotypes. (A) Before transfer in flg22 at day 7 post-germination and (B) after 7 days of mock treatment at day 14 postgermination (Kruskal-Wallis test followed by a non-parametric Tukey post-hoc test, p<0.01, 6<n<12).

Figure 6 .

 6 Figure 6. Flagellin post-germination growth assay on ati-2-1, ati-2-2, ati-2-3 mutants, wild type and complemented lines. The results are presented as the ratio between the fresh weight of plants grown in the flg22 condition versus the mean of weight in the mock condition for each genotype (Kruskal-Wallis test, p<0.05, 7<n<12).
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