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Titre : Identification de facteurs impliqués dans la réponse au stress réplicatif chez Arabidopsis thaliana

Mots clés : cycle cellulaire, stress réplicatif, lésions de l'ADN, méristèmes Résumé : La survie de tous les êtres vivants dépend du maintien de l'intégrité de leur génome. Les plantes étant des organismes sessiles, elles sont constamment exposées à des stress qui pourraient endommager leur génome. Parmi ces dommages, le stress réplicatif est l'un des plus fréquents car il se produit naturellement dans toutes les cellules en prolifération. Chez les plantes, le facteur de transcription SOG1 est le régulateur central de la réponse aux lésions de l'ADN. Cependant, des données récentes indiquent que la réponse au stress réplicatif fonctionne ne dépend que partiellement de SOG1. Au cours de ma thèse, j'ai étudié la réponse des plantes au stress réplicatif, dans le but (i) d'identifier de nouveaux acteurs de ce processus et (ii) de mieux comprendre les mécanismes de réparation activés après la réplication de l'ADN. Pour le premier objectif, j'ai utilisé des approches de génétique directe et inverse. Par génétique inverse, j'ai ainsi montré que le facteur de transcription E2Fb fonctionne en parallèle de SOG1 lors de la réponse au stress réplicatif.

En parallèle, j'ai participé à un crible génétique visant à identifier des suppresseurs d'un mutant d'Arabidopsis présentant une activation constitutive de la réponse au stress réplicatif. J'ai ainsi identifié le gène LD comme nouveau composant de cette réponse. Sa caractérisation est toujours en cours et se prolongera au-delà de ma thèse. Enfin, nous avons caractérisé le rôle de l'ADN polymérase theta (0) dans la réparation des lésions associées à la réplication de l'ADN. Nous avons montré que cette protéine est cruciale pour le maintien de l'intégrité du génome dans les cellules en prolifération, et ce de manière d'autant plus prononcée que les plantes sont exposées à des conditions de stress. Cette observation révèle donc un lien entre le maintien de l'intégrité du génome et la capacité des plantes à s'ajuster à des conditions environnementales fluctuantes.

I-Introduction

Plant development is largely post-embryonic and relies on the activity of meristems to produce new organs and tissues throughout the plants' life that can last several hundred years in some species. In addition, plants are sessile and constantly exposed to environmental stresses. This combination of factors raises the question of how plants safeguard their genome integrity to avoid accumulation of mutations during their vegetative development or through sexual reproduction. Different studies showed that plants' meristems comprise a centre of slowly dividing cells (the quiescent centre in the root and the organizing centre in the shoot), that are less likely to accumulate replication errors and mutation and function as a reservoir of cells to preserve genome integrity (Burian et al., 2016).

In addition to that, some sophisticated mechanisms are involved in the maintenance of genome integrity. My PhD work is generally related to deciphering the interplay between DNA replication and DNA damage response in plants to understand the mechanisms involved in the maintenance of genome integrity in meristematic cells.

INTRODUCTION

Maintenance of genome integrity is essential in all living organisms. It is required for proper development and for faithful transmission of the genetic information from one generation to the next. Yet, cells are constantly subjected to DNA damage. One major source of mutations is DNA metabolism itself, both during DNA replication and DNA repair. The error rate of the replication machinery is estimated in the range of 10 -7 to 10 -8 . This low error rate results from the fidelity of replicative polymerases, which have an error rate between 10 -6 and 10 -8 , and the successful excision of 90-99% of mis-paired bases thanks to the proof-reading activity of these complexes [START_REF] Kunkel | DNA replication fidelity[END_REF]. DNA repair processes can also introduce errors, with a similar rate as replication when they involve proof-reading polymerases, or with a higher rate when they involve alternative polymerases [START_REF] Kunkel | DNA replication fidelity[END_REF][START_REF] Jain | Eukaryotic DNA polymerases[END_REF]. Finally, unrepaired lesions can block the main replicative polymerases; in that case, Trans-Lesion Synthesis (TLS) Polymerases, take over (Uchiyama et al., 2009). In eukaryotes, nonreplicative DNA polymerases involved in TLS are highly diverse and can be found in all polymerases families. The Arabidopsis genome encodes at least seven TLS DNA polymerases distributed between the A, B, X and Y families (Pedroza- [START_REF] Pedroza-Garcia | Plant DNA polymerases[END_REF]. TLS usually have larger active sites can accommodate bulky lesions and based on the different cognate lesions compared to the DNA replicative polymerases, different TLS polymerases can be recruited effectively to bypass these lesions. They interact with each other, and are thought to form a large complex at stalled forks to allow choosing the best suited polymerase for each type of lesion [START_REF] Powers | Eukaryotic translesion synthesis: Choosing the right tool for the job[END_REF]. Their ability to replicate DNA passed lesions makes them error-prone: their substitution rate when replicating undamaged templates is comprised between 10 -3 and 10-1 [START_REF] Kunkel | DNA replication fidelity[END_REF]. In addition, DNA demethylation can also cause mutations because it requires nucleotide removal followed by Base Excision Repair (BER) [START_REF] He | Regulation and function of DNA methylation in plants and animals[END_REF].

Being sessile organisms, plants are constantly exposed to stress conditions which could be biotic and abiotic, can also damage their DNA. Indeed, plants need light to grow photoautotrophically, but UV light induces DNA damage, notably in the form of cyclobutane pyrimidines (CPDs). Likewise, the photosynthetic apparatus generates Reactive Oxygen Species (ROS), especially when plants are exposed to excess light, either because the intensity is very high, or when other external conditions such as heat or drought reduce the plant's capacity to consume the reducing power produced by light absorption in photosystems (Noctor and Foyer, 2016). Very few studies have estimated the frequency of DNA lesions in plant cells. In Human cells, DNA lesions caused by spontaneous hydrolysis or ROS occur at a frequency ranging from a few hundreds to over 10 5 per cell, depending on the type of damage [START_REF] Bray | DNA repair mechanisms in plants: crucial sensors and effectors for the maintenance of genome integrity[END_REF]. In maize, the number of apurinic/apyrimidic sites formed in root tips during the first 20 hours of seed imbibition was estimated to 3.75 x 10 5 per genome and per cell. Thus, although detailed quantification of DNA damage occurring in plant cells is missing, DNA damage can be considered as a frequent event under normal conditions, and likely even more so in response to various stress conditions.

In spite of the high frequency of DNA damage occurring in plant cells, the estimated mutation rate is very low. Through whole genome sequencing of Arabidopsis lines propagated from single seed descent for 25-30 generations, the genome-wide average mutation rate was estimated around 7 × 10 -9 per site per generation (Ossowski et al., 2010;Weng et al., 2019). This figure corresponds to less than one single mutation in the entire genome per generation, and is at least 10 times lower than the error rate of the replication machinery for a single cell cycle. This provides striking evidence for the efficiency with which DNA Damage is detected and repaired in the cell. DNA lesions can be repaired through multiple pathways that have been reviewed elsewhere and will not be described into detail here (Amiard et al., 2013;Manova and Gruszka, 2015;[START_REF] Spampinato | Protecting DNA from errors and damage: an overview of DNA repair mechanisms in plants compared to mammals[END_REF]. Briefly, most lesions, such as UV-induced CPDs, mismatches etc., are sensed and repaired by dedicated machineries such as photolyases, or complexes involved in mismatch repair, BER or Nucleotide Excision Repair (NER) [START_REF] Jackson | The DNA-damage response in human biology and disease[END_REF]Manova and Gruszka, 2015;[START_REF] Spampinato | Protecting DNA from errors and damage: an overview of DNA repair mechanisms in plants compared to mammals[END_REF]. However, if incorrectly repaired, all these lesions can hamper DNA replication or cause double strand breaks (DSBs) that require specific DNA repair pathways such as Non-Homologous End Joining (NHEJ) or Homologous Recombination (HR) (Amiard et al., 2013). In that case, a sophisticated signalling process called the DNA Damage Response (DDR) allows activation of cell cycle checkpoints and of specific DNA repair mechanisms (Yoshiyama et al., 2013b;Hu et al., 2016). The DDR is highly conserved between eukaryotes with some variations that will be briefly discussed below. Its ultimate outcome will depend on the severity of the DNA lesions and the efficiency of the repair process: cell cycle activity can resume if lesions are successfully repaired, but more severe DNA damage can induce endo-reduplication [START_REF] Adachi | Programmed induction of endoreduplication by DNAdouble-strand breaks in Arabidopsis[END_REF]. This process corresponds to several rounds of DNA replication without mitosis, leading to an increase in nuclear DNA content; it is widely distributed in plants such as in Arabidopsis leaves or stems, fruits and endosperm in cereals (Galbraith et al., 1991), and is associated with cell differentiation and enlargement [START_REF] Kondorosi | Plant cell-size control: growing by ploidy?[END_REF]. In the context of DSBs activate ATM signaling through the MNR (MRE11 NBS1 RAD50) complex while ATR is recruited to single stranded DNA by RPA proteins via ATRIP, and activated by the 9-1-1 and RAD17/RFC complexes. ATR can also be activated by DNA Polymerase s through an unknown mechanism. Both ATM and ATR signaling converge to the SOG1 transcription factor that controls the expression of hundreds of genes involved in cell cycle regulation, cell death control, and DNA repair. E2Fa/RBR complexes also control DNA repair by regulating DNA repair genes and by recruiting RAD51 and BRCA1 at DNA damage sites. The role of E2F/RBR complexes in DDR depends on CYCB1/CDKB and ATM/ATR activity, but the exact molecular mechanisms are unknown. Dashed arrows represent putative/possibly indirect regulations.

the DDR, it is thus seen as a permanent differentiation, thereby avoiding the proliferation of cells with damaged DNA. Interestingly, although it is not as common as in plants, endoreduplication also exists in animals [START_REF] Gandarillas | Mammalian endoreplication emerges to reveal a potential developmental timer[END_REF], where it has been observed in, human's hepatocytes, heart, mammary gland, mammary epithelium etc [START_REF] Meckert | Endomitosis and polyploidization of myocardial cells in the periphery of human acute myocardial infarction[END_REF][START_REF] Senyo | Mammalian heart renewal by preexisting cardiomyocytes[END_REF][START_REF] Gentric | Polyploidization in liver tissue[END_REF]Rios et al., 2016). It can be triggered by DNA damage, and could thus be a conserved response in eukaryotes (Fox and Duronio, 2013). Finally, depending on the cell type and the severity of damage, DDR activation can result in programmed cell death (PCD) [START_REF] Furukawa | Ashared DNAdamage-response pathway for induction of stem-cell death by UVB and by gamma irradiation[END_REF]. Plant stem cells are particularly sensitive to DNA damage and prone to enter cell death [START_REF] Fulcher | Hypersensitivity to DNAdamage in plant stem cell niches[END_REF], suggesting that specific mechanisms are at work to protect meristems from accumulating mutations.

The DDR signalling pathway has received extensive attention in Mammals due to its relevance in the field of cancer research, but has also been studied into details in plants for about 15-20 years. In this review we will summarize the recent advances on the plant DDR.

We will focus exclusively on the DDR signalling events and cell cycle regulation, but will not discuss the complex mechanisms involved in DNA repair that have been reviewed elsewhere (Manova and Gruszka, 2015;[START_REF] Spampinato | Protecting DNA from errors and damage: an overview of DNA repair mechanisms in plants compared to mammals[END_REF]. Next, we will explore the emerging connection between DDR and biotic and abiotic stress responses. Indeed, even though DDR is likely activated in response to a wide range of stress conditions and could account for some of the negative effects of stress on cell division, it has to date little been studied in the context of plant response to stress, with most studies using genotoxins to trigger the DDR.

MAIN PLAYERS IN DDR SIGNALLING:

ATM and ATR, the main DNA Damage sensors

It is now well established that the general organization of the DDR signalling cascade is conserved between plants and animals. Figure 1 summarizes our current knowledge of the plant DDR. In animals, DDR activation relies on two protein kinases, called Ataxia Telangiectasia Mutated (ATM) and ATM and Rad3-related (ATR), both of which belong to the phosphatidylinositol 3-kinase-like family (Maréchal and Zou, 2013). ATM primarily responds to double strand breaks (DSBs) whereas ATR is activated by single stranded DNA and defects in replication fork progression (Maréchal and Zou, 2013); both proteins activate downstream components of the DDR. Arabidopsis homologues of ATR and ATM were isolated in the early 2000s (Garcia et al., 2003;Culligan et al., 2004), based on their sequence conservation with their counterparts in animal and yeast. Interestingly, Arabidopsis atr mutants are viable, in sharp contrast with atr-deficient mice that stop development at an early stage of embryogenesis (Culligan et al., 2004), which facilitated the functional dissection of ATR and ATM functions in plants. Like their animal homologues, ATM and ATR play both distinct and additive roles in response to DNA damage, both mutants being hypersensitive to DSBs induced by y-irradiation whereas only atr is required for replicative stress response (Culligan et al., 2006). Recently, quantitative phosphoproteomics allowed the identification of hundreds of proteins that are differentially phosphorylated in response to genotoxic stress in an ATM/ATR dependent manner [START_REF] Roitinger | Quantitative phosphoproteomics of the ataxia telangiectasia-mutated (ATM) and ataxia telangiectasia-mutated and rad3-related (ATR) dependent DNAdamage response in Arabidopsis thaliana[END_REF]. This study highlighted the large number of ATM/ATR targets and thus their central role in coordinating DNA replication, DNA repair and gene expression in response to genotoxic stress.

Because they recognize different types of lesions, ATM and ATR are activated through different mechanisms. Like in animals and yeast, the plant ATM is activated by the MRN complex (MRE11, RAD50, NBS1) that recognizes DSBs (Puizina et al., 2004;Waterworth et al., 2007;[START_REF] Amiard | Distinct roles of the ATR kinase and the Mre11-Rad50-Nbs1 complex in the maintenance of chromosomal stability in Arabidopsis[END_REF]. In animals, ATR responds to a large variety of genotoxic stresses that all have in common to slow down DNA polymerases, leading to the accumulation of single stranded DNA. This single stranded DNA coated with the RPA (Replication Protein A) heterotrimer recruits ATRIP (ATR Interacting Protein) which in turn facilitates the recruitment of ATR [START_REF] Saldivar | The essential kinase ATR: ensuring faithful duplication of a challenging genome[END_REF]. ATR is then activated by a number of factors including the 9-1-1 complex (RAD9, RAD1, HUS1), that is loaded on damaged DNA by the RAD17 replication Factor C 2-5 sub-units (RFC) [START_REF] Saldivar | The essential kinase ATR: ensuring faithful duplication of a challenging genome[END_REF]. Furthermore in yeast, DNA Polymerase ε can directly contribute to ATR activation [START_REF] García-Rodríguez | A conserved Polϵ binding module in Ctf18-RFC is required for S-phase checkpoint activation downstream of Mec1[END_REF], but whether this function is conserved in animals is unclear. ATRIP protein has been identified [START_REF] Sweeney | The Arabidopsis ATRIP ortholog is required for a programmed response to replication inhibitors[END_REF], as well as the components of the 9-1-1 complex and RAD17 [START_REF] Heitzeberg | The Rad17 homologue of Arabidopsis is involved in the regulation of DNA damage repair and homologous recombination[END_REF]. It is worth nothing that in plants, RPA subunits are encoded by small multi-gene families that appear to have specialized functions in DNA replication or DDR signalling (Aklilu et al., 2014). In addition, the plant DNA Pol ε was shown to play a role in replicative stress sensing upstream of ATR, as observed in budding yeast [START_REF] Pedroza-Garcia | Function of the plant DNA Polymerase epsilon in replicative stress sensing, a genetic analysis[END_REF].

Both the ATR and the ATM pathways lead to the accumulation of yH2AX (a phosphorylated histone variant) at DNA damage sites [START_REF] Amiard | Distinct roles of the ATR kinase and the Mre11-Rad50-Nbs1 complex in the maintenance of chromosomal stability in Arabidopsis[END_REF], which is instrumental for the recruitment of signalling and repair factors [START_REF] Kinner | H2AX in recognition and signaling of DNA double-strand breaks in the context of chromatin[END_REF].

Intriguingly, plant atr mre11 double mutants display a high frequency of anaphase bridges despite the complete absence of yH2AX accumulation, indicating that plants can repair DSBs in the absence of ATR and ATM activation [START_REF] Amiard | Distinct roles of the ATR kinase and the Mre11-Rad50-Nbs1 complex in the maintenance of chromosomal stability in Arabidopsis[END_REF] but the underlying mechanisms remain to be fully elucidated.

Signalling downstream of ATM and ATR through the central integrator SOG1

In animals, the ATR and ATM direct targets are Checkpoint kinase 1 (CHK1), and CHK2 respectively [START_REF] Sancar | Molecular mechanisms of mammalian DNA repair and the DNA damage checkpoints[END_REF], and the two branches of DDR signalling then converge to activate the p53 tumour suppressor, a transcription factor that controls both DNA repair and cell cycle arrest (Yoshiyama et al., 2013b). Plant genomes lack a p53 homologue, but its functional equivalent was isolated through a genetic screen for suppressors of the growth arrest induced by y-irradiation in the uvh1 (UV-hypersensitive 1) mutant, that is deficient for the DNA repair endonuclease XPF (Xeroderma Pigmentosum complementation group F) (Preuss and Britt, 2003). Suppressor Of Gamma-response 1 (SOG1), is a transcription factor of the NAC (NAM, ATAF1/2, and CUC2) family and is the central regulator of the plant DDR (Yoshiyama et al., 2009). It is expressed predominantly in meristems and in vascular tissues (Yoshiyama et al., 2013a), and accounts for all the shortterm transcriptional changes induced by y-irradiation (Yoshiyama et al., 2009). Genetic analysis revealed that atm and atr are partially redundant for the induction or endoreduplication or cell death in response to DNA damage, whereas SOG1 is strictly required [START_REF] Furukawa | Ashared DNAdamage-response pathway for induction of stem-cell death by UVB and by gamma irradiation[END_REF][START_REF] Adachi | Programmed induction of endoreduplication by DNAdouble-strand breaks in Arabidopsis[END_REF], which led to a model according to which SOG1 is the central integrator of DDR in plants (Hu et al., 2016). SOG1 is rapidly phosphorylated in response to DNA damage and is a direct target of ATM (Yoshiyama et al., 2013a) and ATR (Sjogren et al., 2015). This represents another difference between plant and animal DDR signalling, since in animals the CHK1 and CHK2 (ChecK point) kinases act as intermediates between ATR or ATM and p53, whereas genes encoding these kinases appear to be absent for plant genomes (Yoshiyama et al., 2013b). Recent genome-wide analyses of SOG1 targets confirmed the central role of SOG1 in the early transcriptional response to DSBs, placing SOG1 at the top of the regulatory DDR network (Bourbousse et al., 2018;[START_REF] Ogita | Identifying the target genes of SUPPRESSOR OF GAMMA RESPONSE 1, a master transcription factor controlling DNAdamage response in Arabidopsis[END_REF]. Surprisingly, quantitative phosphoproteomics allowed the identification of hundreds of proteins that are differentially phosphorylated in response to genotoxic stress in an ATM/ATR dependent manner [START_REF] Roitinger | Quantitative phosphoproteomics of the ataxia telangiectasia-mutated (ATM) and ataxia telangiectasia-mutated and rad3-related (ATR) dependent DNAdamage response in Arabidopsis thaliana[END_REF] but failed to identify SOG1, possibly due to unfavourable peptide cleavage or to the fact that this study used mature rosettes while SOG1 is mainly expressed in meristematic tissues (Yoshiyama et al., 2013a).

SOG1 is a transcription activator that controls the expression of DNA repair genes and cell cycle regulators (Bourbousse et al., 2018;[START_REF] Ogita | Identifying the target genes of SUPPRESSOR OF GAMMA RESPONSE 1, a master transcription factor controlling DNAdamage response in Arabidopsis[END_REF]. Here, we will focus on the mechanisms leading to cell cycle checkpoint activation. Depending on the phase of the cell cycle at which DNA damage occurs, cells can stop either in S phase or in G2. Replicative stress activates an intra-S checkpoint that is dependent on SOG1 and WEE1 [START_REF] Schutter | Arabidopsis WEE1 kinase controls cell cycle arrest in response to activation of the DNA integrity checkpoint[END_REF][START_REF] Cools | The Arabidopsis thaliana checkpoint kinase WEE1 protects against premature vascular differentiation during replication stress[END_REF][START_REF] Hu | Deficiency of the Arabidopsis helicase RTEL1 triggers a SOG1-dependent replication checkpoint in response to DNA cross-links[END_REF], a protein kinase that stops the cell cycle through an inhibitory phosphorylation of Cyclin Dependent Kinases (CDK). SOG1 can also induce a G2 arrest of the cell cycle through several mechanisms. First, together with ATR, SOG1 was shown to control proteasome-dependent degradation of the mitotic CDKB2;1 [START_REF] Adachi | Programmed induction of endoreduplication by DNAdouble-strand breaks in Arabidopsis[END_REF]; second, SOG1 controls the expression of genes encoding negative cell cycle regulators such as the CDK inhibitors SMR5 and SMR7 that induce endoreduplication (Yi et al., 2014), and the expression of of the G2-specific CYCLINB1, a mechanism that has been proposed to delay mitosis, although it likely also reflects the specific involvement of CYCB1;1 in DNA repair [START_REF] Schnittger | The Dual Face of Cyclin B1[END_REF]. Furthermore, it activates the gene encoding the WEE1 kinase (Bourbousse et al., 2018;[START_REF] Ogita | Identifying the target genes of SUPPRESSOR OF GAMMA RESPONSE 1, a master transcription factor controlling DNAdamage response in Arabidopsis[END_REF], that inhibits CDK activity [START_REF] Schutter | Arabidopsis WEE1 kinase controls cell cycle arrest in response to activation of the DNA integrity checkpoint[END_REF][START_REF] Cools | The Arabidopsis thaliana checkpoint kinase WEE1 protects against premature vascular differentiation during replication stress[END_REF]Cook et al., 2013), thereby inhibiting the G2/M transition. How WEE1 could promote cell-cycle arrest has long remained unclear. Indeed, in yeast, Wee1 induces cell cycle arrest by phosphorylating and thus inactivating Cdk1.

However, although the phosphorylation site is conserved in plants, it does not seem to be targeted by WEE1 [START_REF] Dissmeyer | Control of cell proliferation, organ growth, and DNA damage response operate independently of dephosphorylation of the Arabidopsis Cdk1 homolog CDKA;1[END_REF], indicating that WEE1 likely controls cell cycle regulation by targeting other proteins than CDKA. Recently, two other possible modes of action for WEE1 have been reported. First, it was shown to directly interact with the FBL17 E3 ubiquitin ligase that controls the accumulation of cell cycle inhibitors targeting CDKs [START_REF] Pan | A novel WEE1 pathway for replication stress responses[END_REF]. Second, the ATR-WEE1 module was found to negatively regulate MOS4associated complex (MAC) that is involved in alternative splicing, leading to intron retention and potentially decreased accumulation of cell cycle regulators such as cyclins [START_REF] Pan | A novel WEE1 pathway for replication stress responses[END_REF].

Finally, the full analysis of SOG1-dependent transcriptome changes induced by DNA damage, further revealed that SOG1 also acts through the activation of MYB3R repressors that inhibit the expression of G2/M cell cycle genes (Bourbousse et al., 2018). MYB3R transcription factors are well known regulators of the G2/M transition, MYB3R4 being an activator, MYB3R3 and 5 repressors, and MYB3R1 behaving either as an activator or as a repressor depending on its interacting partners [START_REF] Haga | Mutations in MYB3R1 and MYB3R4 cause pleiotropic developmental defects and preferential down-regulation of multiple G2/Mspecific genes in Arabidopsis[END_REF]Kobayashi et al., 2015b; Under normal conditions, protein accumulation of repressive MYB3Rs (rep-MYB3R) is restricted to Sphase during which they repress the transcription of G2 genes including CYCBs and CDKBs. Rep-MYB3R accumulation is kept low during G2 to M through phosphorylation of these transcription factors by CYCB/CDKB complexes, leading to their degradation by the proteasome (shaded shapes and arrows). Upon DNA damage, SOG1 regulates the intra S and G2/M checkpoint by targeting the core cell cycle genes WEE1, SMR5 and 7 and APC/C sub-units, and by indirectly controlling the accumulation of rep-MYB3Rs. How SOG1 acts on MYB3Rs degradation remains to be fully elucidated, but this pathway involved direct up-regulation of the genes encoding the ANAC044 and ANAC085 transcription factors. These two proteins influence repressive MYB3R accumulation through a mechanism that remains to be elucidated, although reduction of CYCB/CDKB complexes accumulation and activity likely contributes to this process by reducing MYB3R phosphorylation. WEE1 can inhibit Sphase progression by inhibiting the activity of CYCA/CDKA complexes. WEE1 and SMR5 and 7 can also inhibit the activity of CYCB1/CDKB complexes directly, whereas MYB3R and APC/C control the accumulation of the complex. Together, all these mechanisms contribute to lowering the activity of mitotic CDKs, leading to G2 arrest or endoreduplication. In addition to these SOG1-dependent mechanisms, E2Fa/RBR complexes likely contribute to the activation of cell cycle checkpoints possibly by regulating WEE1 or CYC and CDK genes, but their role remains to be fully elucidated. On this figure, red arrows indicate direct transcriptional regulations whereas black arrows indicate indirect regulations. Kobayashi et al., 2015a). Recently, Chen and colleagues demonstrated that repressor MYB3Rs (Rep-MYB3R) are essential for the growth inhibition induced by DNA damage: in response to zeocin treatment, the MYB3R3 protein accumulates in root meristems, thereby preventing cell proliferation by inducing a G2 arrest (Chen et al., 2017). In this work, authors showed that MYB3R3 is phosphorylated by CDKs and that this phosphorylation promotes its proteasomal degradation. Thus, reduction of CDK activity due to CDK inhibitors induction likely contributes to the accumulation of Rep-MYB3Rs in response to DNA damage.

Together, these observations shed new light on the mechanisms underlying the SOG1dependant repression of CDKB2;1 accumulation. Indeed, SOG1 positively regulates activators of the Anaphase Promoting Complex Cyclosome (APC/C) (Bourbousse et al., 2018). The down-regulation of CDKB2;1 in response to DNA damage could thus result from the concomitant degradation of the protein by the APC/C and repression of the CDKB2;1 gene by Rep-MYB3Rs. Very recently, the ANAC044 and ANAC085 transcription factors, the two SOG1 closest relatives that are also SOG1 targets [START_REF] Ogita | Identifying the target genes of SUPPRESSOR OF GAMMA RESPONSE 1, a master transcription factor controlling DNAdamage response in Arabidopsis[END_REF], were reported to promote rep-MYB3R accumulation in response to DNA damage [START_REF] Takahashi | Fenster CB (2019) Fine-Grained Analysis of Spontaneous Mutation Spectrum and Frequency in Arabidopsis thaliana[END_REF].

Genetic analysis showed that ANAC044 and ANAC085 function in the same pathway as SOG1 to control cell cycle arrest through rep-MYB3R accumulation but not activation of SMR genes or DNA repair genes. To date, it remains unclear how ANAC044 and ANAC085 modulate Rep-MYB3R protein levels, as they do not directly target Rep-MYB genes, but this pathway could involve the regulation of proteins involved in the degradation of Rep-MYBs such as F-box proteins [START_REF] Takahashi | Fenster CB (2019) Fine-Grained Analysis of Spontaneous Mutation Spectrum and Frequency in Arabidopsis thaliana[END_REF]. Figure 2 summarizes how DDR triggers cell cycle arrest either in S phase or in G2 phase, and can lead to cell differentiation and endoreduplication. Another member of the NAC transcription factor family, NAC103, was later identified as a SOG1 dependent downstream player acting during genotoxic stress response [START_REF] Ryu | SOG1-dependent NAC103 modulates the DNA damage response as a transcriptional regulator in Arabidopsis[END_REF], and regulating DNA repair genes such as RAD51 and BRCA1, indicating that several NAC transcription factors seem to form a regulatory network controlling DDR activation downstream of SOG1.

E2F/RBR complexes: new players in the plant DDR

Despite this central role of SOG1, recent studies have revealed SOG1-independent pathways in the plant DDR. The first evidence for SOG1-independent DDR response came from the genetic analysis of wee1 sog1 double mutants, that showed enhanced sensitivity to replicative stress compared to the sog1 mutant, providing evidence for a SOG1-independent mechanism that could lead to WEE1 activation [START_REF] Hu | Deficiency of the Arabidopsis helicase RTEL1 triggers a SOG1-dependent replication checkpoint in response to DNA cross-links[END_REF]. This hypothesis is further supported by the analysis of Arabidopsis mutants with partial deficiency in the replicative DNA Polymerase ε that suffer from constitutive replicative stress (Pedroza- [START_REF] Pedroza-Garcia | Role of the Polymerase ε sub-unit DPB2 in DNA replication, cell cycle regulation and DNA damage response in Arabidopsis[END_REF][START_REF] Pedroza-Garcia | Function of the plant DNA Polymerase epsilon in replicative stress sensing, a genetic analysis[END_REF]. ATR and WEE1 are both essential for the survival of abo4-1 mutants that are partially deficient for the Pol ε catalytic subunit, whereas the abo4-1 sog1 double mutants are viable. Consistently, some DDR responsive genes are induced in a SOG1independent manner in the abo4-1 sog1 double mutants [START_REF] Pedroza-Garcia | Function of the plant DNA Polymerase epsilon in replicative stress sensing, a genetic analysis[END_REF].

Together, these results indicate that DDR activation, at least when triggered by replicative stress, not solely goes through SOG1, but that other pathways exist. The underlying molecular mechanism remains unknown, but may involve E2F-RBR1 (RetinoBlastoma Related 1) complexes. These transcription regulators are well known both in plants and animals for controlling S-phase entry: RBR1 binds and inhibits E2F transcription factors thereby preventing the expression of S-phase genes (Berckmans and De Veylder, 2009). Upon activation of CYCD-CDKA complexes and cell cycle entry, RBR1 is phosphorylated and E2F transcription factors function together with their Dimerization Partners (DP) proteins to activate the expression of genes involved in DNA replication, leading to the onset of S-phase [START_REF] Gutzat | Emerging roles of RETINOBLASTOMA-RELATED proteins in evolution and plant development[END_REF]. In Arabidopsis, the E2Fs family has six members which are E2Fa, E2Fb, E2Fc, DEL1/E2Fe, DEL2/E2Fd, and DEL3/E2Ff (Vandepoele et al., 2002). They are categorized into canonical E2fs such as (E2Fa, E2Fb and E2Fc), that bind DNA in the form of heterodimers with their partners DPa and DPb proteins, whereas non-canonical E2Fs are DEL1/E2Fe, DEL2/E2Fd and DEL3/E2Ff, function independently of DPs because they contain duplicated DNA binding domains allowing them to bind E2F promoter sites in a monomeric form (Mariconti et al., 2002a;[START_REF] Lammens | Atypical E2Fs: new players in the E2F transcription factor family[END_REF]. Canonical E2Fa and E2Fb are considered as activators because they contain trans-activation domains and promote cell proliferation whereas E2Fc is thought to function as a transcription repressor, because of the absence of a transactivation domain (Mariconti et al., 2002a;del Pozo et al., 2002;[START_REF] Veylder | Control of proliferation, endoreduplication and differentiation by the Arabidopsis E2Fa-DPa transcription factor[END_REF][START_REF] Sozzani | Interplay between Arabidopsis activating factors E2Fb and E2Fa in cell cycle progression and development[END_REF][START_REF] Lammens | Atypical E2Fs: new players in the E2F transcription factor family[END_REF]. Besides its role in cell cycle regulation, E2Fa had been previously shown to control the expression of RNR (RiboNucleotide Reductase), an enzyme involved in desoxyribonucleotide biosynthesis that is strongly activated by DNA damage [START_REF] Roa | Ribonucleotide reductase regulation in response to genotoxic stress in Arabidopsis[END_REF]. Furthermore, E2Fa was shown to form foci at DNA damage sites [START_REF] Lang | Plant yH2AX foci are required for proper DNA DSB repair responses and colocalize with E2F factors[END_REF]. Two recent studies further substantiated the role of RBR1 and E2Fs in the plant DDR: a temperature sensitive rbr1 mutant was shown to be hypersensitive to DNA damage, and to accumulate enhanced levels of DNA lesions in response to genotoxic stress (Biedermann et al., 2017), while RBR1 silencing triggered DNA damage accumulation and cell death onset in root tips even in the absence of exogenous stress [START_REF] Horvath | Arabidopsis RETINOBLASTOMA RELATED directly regulates DNA damage responses through functions beyond cell cycle control[END_REF]. Intriguingly, RBR1 represses the expression of several DDR genes in a E2Fa-dependent manner (Biedermann et al., 2017;[START_REF] Horvath | Arabidopsis RETINOBLASTOMA RELATED directly regulates DNA damage responses through functions beyond cell cycle control[END_REF], and RBR1 deficiency could thus have been expected to improve the DNA repair capacity of the plant.

Consistently, genome-wide identification of RBR1 target genes confirmed that it targets a large set of DDR-related genes, and allowed the identification of novel DDR components [START_REF] Bouyer | Genome-wide identification of RETINOBLASTOMA RELATED 1 binding sites in Arabidopsis reveals novel DNA damage regulators[END_REF]. However, authors also demonstrated that RBR1 localizes to DNA damage foci (Biedermann et al., 2017) together with E2Fa, and recruits the DNA repair proteins RAD51 (RADIATION SENSITIVE 51) and BRCA1 to the DNA damage site (Biedermann et al., 2017;[START_REF] Horvath | Arabidopsis RETINOBLASTOMA RELATED directly regulates DNA damage responses through functions beyond cell cycle control[END_REF]. Thus E2F-RBR1 could play a dual role in the DDR (i) by controlling the expression of DDR genes, possibly to up-regulate their expression during S-phase and thereby enhance the repair activity at this specific phase of the cell cycle that triggers extensive DNA damage, and (ii) more directly by controlling the DNA repair process itself at specific sites (Figure 1). Moreover E2F/RBR complexes contribute to cell cycle checkpoint activation during DDR: loss of RBR results in enhanced cell death in response to genotoxic stress, suggesting that E2F/RBR complexes function antagonistically to SOG1 to restrict PCD (Biedermann et al., 2017). Further, since ATR and WEE1, but not SOG1 are required for the survival of Pol  deficient mutants that display constitutive replicative stress, RBR/E2F complexes may play a role in the control of the intra-S checkpoint, possibly by controlling WEE1 or CDK/CYC expression (Figure 2). In line with this hypothesis, RBR was found to target WEE1 and a large number of core cell cycle regulators as well as many DNA repair genes [START_REF] Bouyer | Genome-wide identification of RETINOBLASTOMA RELATED 1 binding sites in Arabidopsis reveals novel DNA damage regulators[END_REF]. How E2F-RBR complexes are regulated upon DNA damage remains to be fully clarified. Formation of RBR foci upon DNA damaged was reported to depend both on CYCB1/CDKB and ATM/ATR activity (Biedermann et al., 2017;[START_REF] Horvath | Arabidopsis RETINOBLASTOMA RELATED directly regulates DNA damage responses through functions beyond cell cycle control[END_REF]. Whether RBR is directly phosphorylated by ATM, ATR and CYCB1/CDBK1 complexes, or whether the kinases function sequentially remains to be established. Neither RBR nor CYCB1/CDKB have been identified as putative ATM/ATR targets [START_REF] Roitinger | Quantitative phosphoproteomics of the ataxia telangiectasia-mutated (ATM) and ataxia telangiectasia-mutated and rad3-related (ATR) dependent DNAdamage response in Arabidopsis thaliana[END_REF]. Further work will thus be needed to fully dissect this part of the DDR signalling cascade.

Besides RBR1, another regulator called SNI1 (Suppressor of Npr1 Inducible 1) was recently reported to antagonize E2Fs, and was proposed to have a dual function in the DDR by connecting cell cycle checkpoint activation and DNA repair mechanisms (Wang et al., 2018).

SNI1 is a subunit of SMC5/6 complex (Structural Maintenance of Chromosome), which is conserved in all eukaryotes [START_REF] De Piccoli | The unnamed complex: What do we know about Smc5-Smc6?[END_REF]. Over-expression of SNI1 rescues the phenotype of E2Fa/DPa over-expressers that is characterized by increased endo-reduplication level and retarded growth [START_REF] Veylder | Control of proliferation, endoreduplication and differentiation by the Arabidopsis E2Fa-DPa transcription factor[END_REF], likely because it represses E2F target genes through the recruitment of histone deacetylases (Wang et al., 2018). Reciprocally, loss of E2Fs abolishes the induction of cell death observed in the root tip of sni1 mutants.

Interestingly, loss of genes involved in homologous recombination had been previously reported to suppress cell death in sni1 mutants (Durrant et al., 2007;[START_REF] Liu | Mutation in the catalytic subunit of DNA polymerase alpha influences transcriptional gene silencing and homologous recombination in Arabidopsis[END_REF][START_REF] Song | DNA Repair Proteins Are Directly Involved in Regulation of Gene Expression during Plant Immune Response[END_REF]. Since RBR1 and E2F are recruited to a small number of foci associated with heterochromatin, and not to all DNA damage sites, it is thus tempting to speculate that RBR1/E2F complexes and SNI function in heterochromatin-specific DNA repair mechanisms. Indeed, in human cells, the choice between DSB repairs pathway is greatly influenced by chromatin compaction, heterochromatin being more prone to Non-Homologuous End Joining (NHEJ) possibly to avoid homologous recombination between repeats [START_REF] Lemaître | Double strand break (DSB) repair in heterochromatin and heterochromatin proteins in DSB repair[END_REF].

Another mechanism modulating the activity of E2Fs in the context of DDR was recently described and involves Arabidopsis PROHIBITIN 3 (PHB3). PHBs were discovered in mammals as tumour suppressors [START_REF] Mcclung | Isolation of a cDNA that hybrid selects antiproliferative mRNA from rat liver[END_REF]. In Arabidopsis, they were later found to play a role in defence, cell division, root hair elongation etc (Nadimpalli et al., 2000;Chen et al., 2005;Van Aken et al., 2007). Huang et al. reported that Arabidopsis loss of the nucleo-mitochondrial protein PHB3 results in DNA damage, defective cell division, loss of maintenance of the root stem cell niche, upregulation of MCM (Mini-Chromosome Maintenance) genes and altered expression of DNA damage response genes. They found that PBH3 acts as a transcriptional co-regulator inhibiting the expression of MCM genes by competitively binding to the E2Fa and thereby helps in maintenance of genome integrity and cell proliferation [START_REF] Huang | Nuclear Prohibitin3 Maintains Genome Integrity and Cell Proliferation in the Root Meristem through Minichromosome Maintenance 2[END_REF].

All the above-mentioned studies have been conducted in Arabidopsis, using DNA damaging agents. However, understanding and characterizing the contribution of plant DDR pathways in more physiological conditions could provide valuable insight into the plant response to various environmental stresses.

ROLE OF THE PLANT DDR IN ABIOTIC STRESS RESPONSES

Although studies connecting the plant DDR to abiotic stress responses remain scarce, maintenance of genome integrity is likely to play a role in plant stress tolerance. In agreement with this hypothesis, whole genome sequencing of two species of Eutrema, a recently evolved genus of alpine Brassicaceae, revealed that several genes involved in DNA repair, cell cycle regulation or DDR are duplicated, thereby providing a potential mechanistic basis for the adaptation of these plants to the harsh alpine environment [START_REF] Guo | The genomes of two Eutrema species provide insight into plant adaptation to high altitudes[END_REF]. Indeed, a number of abiotic stresses are well known to cause DNA damage. The most obvious example is UV-B light (280-320 nm) that directly damages DNA by inducing the formation of CPDs.

This results in DNA strand distortion, and hampers both transcription and DNA replication [START_REF] Britt | Repair of DNA damage induced by solar UV[END_REF]. Most CPDs are directly repaired by photolyases such as UVR2 (UV Response 2) in Arabidopsis [START_REF] Willing | UVR2 ensures transgenerational genome stability under simulated natural UV-B in Arabidopsis thaliana[END_REF], but tolerance of UV-B photodimers also requires TLS polymerases to allow DNA replication to proceed in spite of lesions [START_REF] Curtis | Tolerance of dividing cells to replication stress in UVBirradiated Arabidopsis roots: requirements for DNA translesion polymerases eta and zeta[END_REF].

When unrepaired, CPDs can activate the DDR. Indeed, exposure to UV-B light, like yirradiation, can induce programmed cell death (PCD) in root meristems, in a SOG1-dependent manner [START_REF] Furukawa | Ashared DNAdamage-response pathway for induction of stem-cell death by UVB and by gamma irradiation[END_REF]. PCD induction after y-irradiation still occurs in atm and atr single mutants, although it is delayed, but not in double mutants, indicating that either kinase is sufficient to activate SOG1 [START_REF] Furukawa | Ashared DNAdamage-response pathway for induction of stem-cell death by UVB and by gamma irradiation[END_REF]. Likewise, zeocin-induced cell death was abolished in both atm and atr mutants in the root tips, while it seems to require only ATM in the inflorescence meristem, suggesting that DDR signaling components play partially specialized functions depending on cell types [START_REF] Fulcher | Hypersensitivity to DNAdamage in plant stem cell niches[END_REF]. In maize and Arabidopsis, histone acetylation has been associated to UV-B responses and damage repair (Campi et al., 2012;Fina et al., 2017). Interestingly, mutants deficient for histone acetyltransferases showed reduced growth inhibition after UV-B exposure, associated with altered expression of E2F transcription factors (Fina et al., 2017). Consistently, E2Fc know-down lines show less severe reduction of leaf growth in response to UV-B than the wild-type, suggesting that E2Fc could also play a role in the DDR activated by UV light [START_REF] Gómez | Arabidopsis E2Fc is required for the DNA damage response under UV-B radiation epistatically over the microRNA396 and independently of E2Fe[END_REF], as was previously suggested for the atypical E2Fe (Radziejwoski et al., 2011).

Another well documented example of abiotic stress activating the plant DDR is the exposure to heavy metals (for example cadmium (Cd), copper (Cu), lead (Pb) or mercury (Hg), [START_REF] Küpper | Mechanisms of metal toxicity in plants[END_REF][START_REF] Lanier | Combined toxic effects and DNA damage to two plant species exposed to binary metal mixtures (Cd/Pb)[END_REF]), or other metallic ions such as aluminum (Al).

These metallic ions can be divided into two categories: some, like copper or zinc are essential for plant growth but toxic at high doses, while others such as cadmium, mercury and lead are not required for plant development. The toxic effects of these metals are varied, ranging from impairment of photosynthesis to inhibition of the uptake of other essential metal ions, but many of them cause DNA damage either directly, or through the induction of ROS production [START_REF] Küpper | Mechanisms of metal toxicity in plants[END_REF].

Among the metal elements that can affect plant growth, Al is probably one of the best studied, because it is very abundant, and because Al 3+ ions that are predominant in acidic soils cause severe phytotoxicity, making this metal one of the primary growth-limiting factors for agriculture. Exposure to Al 3+ was shown to induce DNA damage in Arabidopsis (Nezames et al., 2012;Chen et al., 2019) but also in crops such as barley [START_REF] Jaskowiak | Analysis of aluminum toxicity in Hordeum vulgare roots with an emphasis on DNA integrity and cell cycle[END_REF], and plant growth inhibition in response to this ion has been shown to require ATR and SOG1 [START_REF] Rounds | Aluminum-dependent root-growth inhibition in Arabidopsis results from AtATR-regulated cell-cycle arrest[END_REF]Sjogren et al., 2015;[START_REF] Zhang | The Cell Cycle Checkpoint Regulator ATR Is Required for Internal Aluminum Toxicity-Mediated Root Growth Inhibition in Arabidopsis[END_REF]. Since Al causes DSBs, the improved root growth of sog1 or atr mutants on Al containing medium may appear counter-intuitive. However, detailed genetic dissection of the response to low and high doses of Al allowed Chen and colleagues to propose a model according to which low levels of Alinduced DNA damage triggers ATR-dependent SOG1 activation leading to growth reduction and CYCB1/CDKB-dependent DNA repair. This pathway can be inactivated without compromising plant survival, suggesting that another pathway can allow activation of CYCB1-dependent DNA repair in the absence of ATR and SOG1. This alternative activation mechanisms could rely on RBR1 since rbr1 mutants are hypersensitive to Al (Biedermann et al., 2017). By contrast, response to higher doses of Al and more severe DNA damage involves ATM-dependent SOG1 activation, triggering the full activation of the DDR and leading to minimal growth, this pathway being indispensable for plant survival (Chen et al., 2019).

Recently, an additional layer of regulation controlling SOG1 activity in response to Al (aluminium) toxicity was identified: Casein Kinase 2 (CK2) was found to phosphorylate SOG1 and to prime its activity. Importantly, this CK2-SOG1 module also plays an important role for the prevention of meristem exhaustion during Pi starvation, which highlights the role of plants' DDR pathways to cope with environmental (abiotic) stresses (Wei et al., 2021).

In addition to the well documented examples of UV-light or metal ions, there is accumulating evidence that a wide variety of stress conditions can induce DNA damage through unknown mechanisms that could involve ROS production. For example, prolonged chilling stress was found to induce DNA fragmentation in tobacco BY-2 cells [START_REF] Koukalova | Chromatin fragmentation associated with apoptotic changes in tobacco cells exposed to cold stress[END_REF] or maize root tip cells (Ning et al., 2002). Although one cannot rule out that some of the DNA damage observed in plants after exposure to stress is a consequence of the onset of PCD rather than actual stress-induced DNA damage, cold stress has been shown to increase oxidative DNA damage in roots of Cardamine pratensis [START_REF] Białkowski | Oxidative damage to plant DNA in relation to growth conditions[END_REF]. Consistently, Hong and colleagues recently reported that DDR activation in the root tip was essential to meristem survival after chilling stress [START_REF] Hong | A Sacrifice-for-Survival Mechanism Protects Root Stem Cell Niche from Chilling Stress[END_REF]. According to their model, cold stress induces DNA damage in the root tip, leading to selective PCD onset in the columella stem cell daughters. This response requires the canonical DDR players ATM, ATR, SOG1 and WEE1 and allows maintenance of the local auxin maximum in the root tip, thereby protecting meristem organization and allowing recovery after stress [START_REF] Hong | A Sacrifice-for-Survival Mechanism Protects Root Stem Cell Niche from Chilling Stress[END_REF].

Whether similar processes are activated in response to other kinds of stresses such as excess light, heat or drought remains to be fully explored, but a an increasing number of studies support this notion. Indeed, thermal stress in Arabidopsis thaliana, results in acceleration of the mutation rate: mutations can arise due to errors in DNA replication or possibly from oxidative stress resulting in DNA damage, which could be harmful for the plants' genome integrity. This study is significant because of the current global increase in temperature that could negatively impact genome stability in plants in addition to the well-known more direct effects on their growth and survival [START_REF] Belfield | Thermal stress accelerates Arabidopsis thaliana mutation rate[END_REF]. Although plants have the capability to effectively adapt to a wide range of temperatures, the molecular mechanisms allowing them to cope with DNA damage induced by heat stress are still unknown. Recently a study reported that in Arabidopsis high expression of osmotically responsive genes 1 (HOS1) genes induce thermos-tolerance and activate DNA repair components during heat stress. This suggests that such thermo-responsive factors could contribute to the maintenance of genome integrity and provides evidence for the molecular link between DNA repair and thermos-tolerance [START_REF] Han | HOS1 activates DNA repair systems to enhance plant thermotolerance[END_REF]. In addition, the ANAC044 and ANAC085 transcription factors were found to promote cell cycle arrest in response to heat stress. Although this response is independent of SOG1, this finding demonstrates that some DDR components can be recruited in response to other types of abiotic stresses to induce cell cycle arrest [START_REF] Takahashi | Fenster CB (2019) Fine-Grained Analysis of Spontaneous Mutation Spectrum and Frequency in Arabidopsis thaliana[END_REF]. Furthermore, ozone induces DNA damage in wheat, particularly under water limiting conditions and heat or high light severely enhance DNA damage accumulation in rice mutants deficient for RNase H2 (Qiu et al., 2019). Activation of DNA repair also likely plays a key role during dehydration and rehydration in resurrection plant [START_REF] Liu | Transcriptome reprogramming during severe dehydration contributes to physiological and metabolic changes in the resurrection plant Haberlea rhodopensis[END_REF]. Consistently, expression of a number of cell cycle inhibitors is induced in response to abiotic stresses, and SMR5 and 7, that are direct SOG1 targets have been shown to promote early exit of the cell cycle in response to chloroplastic stress [START_REF] Hudik | Chloroplast dysfunction causes multiple defects in cell cycle progression in the Arabidopsis crumpled leaf mutant[END_REF]. Interestingly, SMR5 is induced in response to heat, drought or high-light (Yi et al., 2014), and the same study revealed that SOG1 is phosphorylated in response to H 2 O 2 accumulation, suggesting that generally, stressinduced ROS accumulation could trigger DDR activation. In agreement with this hypothesis, loss of the ROS detoxifying enzymes Ascorbate Peroxidase and Catalase 2 results in the activation of a WEE1-dependent cell cycle checkpoint (Vanderauwera et al., 2011) resulting in growth inhibition. Although this study was conducted in mutants in which ROS detoxification is severely compromised, it suggests that a similar response could be activated in wild-type plants exposed to stress.

A recent study reported that exposure to salt stress induces the formation of DSBs, leading to SOG1-dependent induction of endoreduplication [START_REF] Mahapatra | SOG1 transcription factor promotes the onset of endoreduplication under salinity stress in Arabidopsis[END_REF]. Likewise, MYB3Rs transcription factors were found to actively repress cell cycle progression growth in Arabidopsis thaliana under salinity stress, further highlighting the relationships between DDR signalling and salt stress response (Okumura et al., 2021). Consistently, during my PhD, I found that the activity of the non-replicative DNA polymerase Pol , that is required for the repair of replication-associated DNA damage is crucial for proper plant development under salt stress, and high light conditions [START_REF] Pedroza-Garcia | Maize ATR Safeguards Genome Stability During Kernel Development to Prevent Early Endosperm Endocycle Onset and Cell Death[END_REF]. Together, these observations support the notion that many, if not all abiotic stresses, can activate the DDR, which could contribute to the plant growth reduction that is a common for all stress responses (Claeys et al., 2013). In this context, a better understanding of the plant DDR would open possible opportunities to counter environmentally induced yield-loss.

Finally, the plant DDR is clearly instrumental for seed viability and seedling vigor (Ventura et al., 2012;[START_REF] Waterworth | The importance of safeguarding genome integrity in germination and seed longevity[END_REF]. Indeed, both seed dehydration and germination, which are accompanied by a burst of ROS production, are highly damaging for DNA, and up-regulation of DNA repair genes during germination is well documented in Arabidopsis (Waterworth et al., 2010), Medicago truncatula [START_REF] Balestrazzi | Seed imbibition in Medicago truncatula Gaertn.: Expression profiles of DNA repair genes in relation to PEG-mediated stress[END_REF] and Phaseolus vulgaris [START_REF] Parreira | Maintaining Genome Integrity during Seed Development in Phaseolus vulgaris L.: Evidence from a Transcriptomic Profiling Study[END_REF]. Consistently, atm mutants fail to delay germination in aged seeds, and show extensive chromosomal abnormalities [START_REF] Waterworth | DNAdamage checkpoint kinase ATM regulates germination and maintains genome stability in seeds[END_REF], and HR-deficient or DDR mutants are hypersensitive to ABA during germination and at the seedling stage [START_REF] Roy | Homologous Recombination Defective Arabidopsis Mutants Exhibit Enhanced Sensitivity to Abscisic Acid[END_REF]. Thus, the probable contribution of the plant DDR to abiotic stress tolerance is supported by its essential role during germination, a particularly stressful step of the plant life cycle. In line with this hypothesis, the Arabidopsis transcription factor NAC103 promotes seed germination and growth under ABA treatment. This transcription factor not only plays role in ABA stress but also endoplasmic reticulum (ER) stress and DNA damage response [START_REF] Ryu | SOG1-dependent NAC103 modulates the DNA damage response as a transcriptional regulator in Arabidopsis[END_REF], suggesting that this transcription factor has a variety of biological functions in various stress responses (Sun et al., 2020).

Maintenance of genome integrity is well known to be essential for meristem function, as illustrated by numerous examples of mutants affected in DNA Damage repair in which meristem organization is perturbed or its function is lost (e.g. [START_REF] Wenig | Identification of MAIN, a factor involved in genome stability in the meristems of Arabidopsis thaliana[END_REF]Li et al., 2017a;[START_REF] Han | General control non-repressible 20 (GCN20) functions in root growth by modulating DNA damage repair in Arabidopsis[END_REF]), and it would thus not be surprising to find that DDR activation is a key factor for plant survival under abiotic stress conditions. In line with this hypothesis, DDR has been shown to shape directly or indirectly plant development in response to stress. In the root meristem, replacement of damaged stem cells relies on the reactivation of the ERF115 transcription factor to promote cell division [START_REF] Heyman | ERF115 controls root quiescent center cell division and stem cell replenishment[END_REF], and its transcriptional upregulation occurs in cells that are in direct contact with damaged cells [START_REF] Heyman | The heterodimeric transcription factor complex ERF115-PAT1 grants regeneration competence[END_REF].

In the context of DNA-damage induced PCD, ERF115 induction was shown to depend partially on SOG1 activity [START_REF] Johnson | SUPPRESSOR OF GAMMA RESPONSE1 Links DNA Damage Response to Organ Regeneration[END_REF]. DDR was also shown to impact lateral root formation by modulating cytokinin signaling [START_REF] Davis | DNA damage inhibits lateral root formation by up-regulating cytokinin biosynthesis genes in Arabidopsis thaliana[END_REF], and to account for the reduction of hypocotyl growth triggered by UV [START_REF] Biever | UV-B inhibition of hypocotyl growth in etiolated Arabidopsis thaliana seedlings is a consequence of cell cycle arrest initiated by photodimer accumulation[END_REF], suggesting that its activation could contribute to the well-known plasticity of plant development according to external conditions.

ROLE OF THE PLANT DDR IN BIOTIC STRESS RESPONSE

A similar connection can be drawn between the plant DDR and response to biotic stresses. It has long been known that pathogen infection or treatment with the defense hormone Salicylic Acid (SA) stimulates homologous recombination, suggesting that the DDR is activated by biotic stress [START_REF] Lucht | Pathogen stress increases somatic recombination frequency in Arabidopsis[END_REF][START_REF] Kovalchuk | Pathogen-induced systemic plant signal triggers DNA rearrangements[END_REF]. Consistently, Song and colleagues reported that a variety of pathogenic, and even non-pathogenic micro-organism induce DNA damage in plant cells [START_REF] Song | Microbial pathogens trigger host DNA double-strand breaks whose abundance is reduced by plant defense responses[END_REF]. However, this accumulation of DNA damage does not depend on pathogen-induced ROS production, and the underlying mechanisms thus remain unknown. SA treatment has been shown to induce DNA damage [START_REF] Yan | Salicylic acid activates DNA damage responses to potentiate plant immunity[END_REF] but this effect is debated, since in another study pre-treatment with SA was found to reduce DNA damage accumulation in response to infection, and SA alone failed to induce DNA damage [START_REF] Song | Microbial pathogens trigger host DNA double-strand breaks whose abundance is reduced by plant defense responses[END_REF].

Thus, the mechanisms leading to DNA damage accumulation during infection remain unclear, although some of these DNA lesions could simply reflect the induction of PCD as a defense mechanism. Nevertheless, there is accumulating evidence that DDR activation is relevant to plant immunity. First a number of DNA repair mutants have been reported to show enhanced susceptibility to Pseudomonas syringae. This is the case for plants lacking PARP2 (Poly ADP-ribose polymerase) that plays an important role for DNA repair [START_REF] Song | PARP2 Is the Predominant Poly(ADP-Ribose) Polymerase in Arabidopsis DNA Damage and Immune Responses[END_REF], and mutants affected in DSB repair by homologous recombination such as rad51 or brca2 (Durrant et al., 2007;[START_REF] Liu | Mutation in the catalytic subunit of DNA polymerase alpha influences transcriptional gene silencing and homologous recombination in Arabidopsis[END_REF][START_REF] Song | DNA Repair Proteins Are Directly Involved in Regulation of Gene Expression during Plant Immune Response[END_REF]. Second, DDR signaling mutants such as atm, atr or rad17 have also been reported to be more susceptible to P. syringae [START_REF] Yan | Salicylic acid activates DNA damage responses to potentiate plant immunity[END_REF][START_REF] Song | Microbial pathogens trigger host DNA double-strand breaks whose abundance is reduced by plant defense responses[END_REF]. One possible explanation for these observations would be that an efficient DDR activation and DNA repair is required for plant cell survival in response to biotic stress, possibly to avoid cell death due to the accumulation of DNA lesions; or on the contrary to contribute to PCD induction to limit pathogen growth. However, there is evidence that the DDR could enhance plant defense activation. Indeed, the above-mentioned SNI1 gene was initially isolated as a negative regulator of systemic acquired resistance in a suppressor screen of the npr1 (Non-expressor of PR genes) mutant [START_REF] Li | Identification and cloning of a negative regulator of systemic acquired resistance, SNI1, through a screen for suppressors of npr1-1[END_REF]. As previously stated, SNI1 was found to encode a sub-unit of the SMC5/6 complex [START_REF] Yan | Salicylic acid activates DNA damage responses to potentiate plant immunity[END_REF] that plays a crucial role in DNA repair, notably in the removal of post-replicative damage [START_REF] Diaz | Scaffolding for Repair: Understanding Molecular Functions of the SMC5/6 Complex[END_REF]. Sni1 mutants constitutively accumulate DNA damage, and show enhanced tolerance to pathogens, suggesting that DDR activation could stimulate biotic stress responses [START_REF] Yan | Salicylic acid activates DNA damage responses to potentiate plant immunity[END_REF]. Further evidence for a role of DDR factors in biotic stress response comes from the recent report that during nematode infection in Arabidopsis, WEE1 is likely required to delay or arrest the G1/S transition in response to replication defects (Cabral et al., 2020). In addition, Agrobacterium infection was shown to activate several DDR marker genes with different patterns of transcriptional response, possibly due to T-DNA integration into DNA breaks in the host genome [START_REF] Hu | Modulation of plant DNA damage response gene expression during Agrobacterium infection[END_REF]. Consistently, the recent genome-wide identification of SOG1 target genes revealed that a number of defense-related genes are SOG1 targets, providing a direct link between biotic stress and DDR (Bourbousse et al., 2018;[START_REF] Ogita | Identifying the target genes of SUPPRESSOR OF GAMMA RESPONSE 1, a master transcription factor controlling DNAdamage response in Arabidopsis[END_REF]. Overexpression of SOG1 in plants enhanced resistance to specific fungi species, further confirming that SOG1 plays a key role in the cross-talk between DNA damage response and plant defence responses [START_REF] Yoshiyama | SUPPRESSOR OF GAMMA RESPONSE 1 acts as a regulator coordinating crosstalk between DNA damage response and immune response in Arabidopsis thaliana[END_REF].

In addition, DNA repair proteins have been proposed to play a direct role in the control of immune responses: activation of defence-related genes by SA in the npr1 sni1 double mutant was largely dependent on BRCA2 [START_REF] Liu | Mutation in the catalytic subunit of DNA polymerase alpha influences transcriptional gene silencing and homologous recombination in Arabidopsis[END_REF]. Furthermore, RAD51 and BRCA2 appear to directly bind the promoter of the PR1 and PR2 defence genes [START_REF] Liu | Mutation in the catalytic subunit of DNA polymerase alpha influences transcriptional gene silencing and homologous recombination in Arabidopsis[END_REF].

These results thus led to a model according to which BRCA2 and RAD51 would directly control the transcription of immunity-related genes. However, the primary defect of the sni1 mutant likely is in DNA repair since sni1 is a sub-unit of the SMC5/6 complex [START_REF] Yan | Salicylic acid activates DNA damage responses to potentiate plant immunity[END_REF]. The accumulation of DNA damage in the sni1 mutant is largely alleviated in the atr background [START_REF] Yan | Salicylic acid activates DNA damage responses to potentiate plant immunity[END_REF], suggesting that the DNA lesions accumulate because ATR signalling triggers repair mechanisms that cannot be fully completed, possibly due to the absence of SMC5/6. In the absence of ATR activation, alternative pathways must be activated leading to a reduction of DNA damage accumulation. Under such a scenario, the activation of defence genes in sni1 could be an indirect effect of DDR activation, possibly through the activation of SOG1. In that case, one could hypothesize that BRCA2 and other DNA repair proteins could contribute to the accumulation of repair intermediates that trigger the DDR.

Loss of these proteins, including ATR, could reduce DNA damage accumulation by allowing alternative repair mechanisms to function, and thus DDR signalling through SOG1. In line with this hypothesis, 163 out of the 265 BRCA2-dependent defence genes identified by Wang et al [START_REF] Liu | Mutation in the catalytic subunit of DNA polymerase alpha influences transcriptional gene silencing and homologous recombination in Arabidopsis[END_REF] are differentially expressed in response to y-irradiation according to Bourbousse et al 2018 (Bourbousse et al., 2018). Thus, to fully ascertain the direct role of BRCA2/RAD51 complexes in immunity, the effect of the brca2 or rad51 mutations on defence gene expression should be analyzed in a wild-type background and a genome-wide analysis of BRCA2/RAD51 target genes during biotic stress response should be performed.

Whether DNA repair proteins directly control the expression of several defence genes or not, there is converging evidence for a role of the plant DDR during immunity, which could, as we proposed in the case of abiotic stress, contribute to the growth inhibition induced by pathogens.

CONCLUDING REMARKS

The plant DDR is emerging as a key process shaping plant growth and development in response to environmental cues. Now that the main actors of this signalling pathway have been characterized, future work should elucidate the molecular connections between DDR and plant response to stress, thereby opening new prospects for crop improvement. Another promising line of research will be to decipher the connections between the DDR and chromatin dynamics. Indeed, replicative stress has been shown to affect the maintenance of gene silencing through DNA replication in yeast [START_REF] Sarkies | Epigenetic Instability due to Defective Replication of Structured DNA[END_REF], a mechanism that most likely applies to plants, as evidenced by the large number of DNA replication proteins isolated in genetic screens for suppressors of silencing [START_REF] Kapoor | Mutations in a Conserved Replication Protein Suppress Transcriptional Gene Silencing in a DNA-Methylation-Independent Manner in Arabidopsis[END_REF][START_REF] Yin | Epigenetic regulation, somatic homologous recombination, and abscisic acid signaling are influenced by DNA polymerase epsilon mutation in Arabidopsis[END_REF][START_REF] Liu | Mutation in the catalytic subunit of DNA polymerase alpha influences transcriptional gene silencing and homologous recombination in Arabidopsis[END_REF][START_REF] Hyun | The catalytic subunit of Arabidopsis DNA polymerase a ensures stable maintenance of histone modification[END_REF]. Furthermore, DNA repair processes require extensive chromatin remodelling to allow access of the repair machinery to DNA (Nair et al., 2017). Thus DNA damage represents a challenge for chromatin maintenance. Reciprocally, defects in chromatin dynamics can lead to genome instability and DNA damage accumulation [START_REF] Ma | Histone chaperones play crucial roles in maintenance of stem cell niche during plant root development[END_REF].

Mechanisms allowing chromatin reconstruction after DNA repair or connecting chromatin dynamics with genome stability have been little explored, particularly in plants, and will likely receive increasing attention in the future. The ORC complex is bound to replication origins throughout the cell cycle. In late G1, recruitment of CDT1, CDC6 and MCMs allows the formation of the pre-replication complex (pre-RC). After pre-RC phosphorylation by CDKs and DDK, additional factors such as CDC45 and the GINS are recruited to for the pre-initiation complex (pre-IC). Finally, DNA polymerases are recruited to form the replication complex (RPC) or replisome, and allow replication initiation.

I-2-DNA replicative stress I-2-1 OVERVIEW

As highlighted in the previous chapter, a number of studies suggest that some of the players involved in replicative stress response remain to be identified in plants. During my PhD, I studied replicative stress response and putative mechanisms involved in post-replicative DNA repair. In the following section I will therefore describe into more detail what replicative stress is, and our current knowledge of the cellular mechanisms involved in replicative stress response.

I-2-2 WHAT IS REPLICATIVE STRESS?

Replication stress is a wide term which refers to conditions that lead to the disturbance of DNA replication forks progression, causing them to slow down or even stop during DNA synthesis [START_REF] Dobbelstein | Exploiting replicative stress to treat cancer[END_REF]. During the cell cycle, the S-phase is a highly regulated process, because faithful duplication of the genetic material is crucial to ensure genome integrity. For rapid, efficient duplication of the genome is performed by the replisome, a multi-protein complex whose activity is strictly regulated in a cell cycle dependent manner: it is recruited and activated at multiple regions of the genome called "replication origins", from which 2 replication forks start, traveling in opposite directions [START_REF] Benkovic | Replisome-mediated DNA replication[END_REF][START_REF] Mchenry | Chromosomal replicases as asymmetric dimers: Studies of subunit arrangement and functional consequences[END_REF][START_REF] Johnson | Cellular DNA replicases: components and dynamics at the replication fork[END_REF][START_REF] Langston | Whither the replisome: Emerging perspectives on the dynamic nature of the DNA replication machinery[END_REF].

Initiation of DNA replication is dependent on 2 main processes: origin licensing and firing (Figure 1). Licensing is a process in which a DNA replication origin acquires replication competence but remains inactive whereas firing is a process in which licensed origins are activated but not re-licensed [START_REF] Bell | DNA replication in eukaryotic cells[END_REF]Arias and Walter, 2007;[START_REF] Masai | Eukaryotic chromosome DNA replication: where, when, and how?[END_REF]. Replication origins are licensed in late mitosis and the G1 phase before being activated at the G1/S phase transition and fired during the S phase, following a spatially and temporally regulated program. Origin licencing consists in the assembly of the pre-replication complex: replication origins are labelled by the Origin Recognition Complex (ORC). This multiprotein scaffold recruits the CDT1 and CDC6 proteins, that in turn allow loading of the MCM helicases, that will open the replication fork [START_REF] Diffley | Quality control in the initiation of eukaryotic DNA replication[END_REF]. Next, CDC45 and the GINS (Go, Ichi, Ni, San) bind to the pre-RC to form the pre-initiation complex and allow loading of the replicative polymerases. CDC45 and the GINS allow the association between DNA polymerases and the helicases in the replisome, which avoids uncoupling of the unwinding and synthesis activities, and thus precludes accumulation of ssDNA. Last, the replisome is [START_REF] Leman | The replication fork: understanding the eukaryotic replication machinery and the challenges to genome duplication[END_REF], The replication fork: Understanding the eukaryotic replication machinery and the challenges to genome duplication. Genes (Basel). 4, 1-32. doi:10.3390/genes4010001. activated through a series of phosphorylation events that allows unloading and degradation of factors such as CDC6 and CDT1, which avoids re-licensing, as well as initiation of DNA replication [START_REF] Diffley | Quality control in the initiation of eukaryotic DNA replication[END_REF]. The density of licensed origins and their spatial organization are pivotal for providing the cell with enough flexibility to fulfil the replication program (Fragkos et al., 2015): the number of licensed origin by far outnumbers the number of fired origins, but the so-called dormant origins play a crucial role during replicative stress response (Ekundayo and Bleichert, 2019).

As mentioned above, the replisome (Figure 2) brings together all enzymatic activities required for DNA replication (helicases, DNA primase, DNA polymerase) and creates a replication fork to duplicate both the leading and lagging strand (Recolin et al., 2014;[START_REF] Yao | The canonical E2Fs are required for germline development in Arabidopsis[END_REF]. Replicative DNA polymerases are considered the guardians of genome and epigenome integrity. These polymerases belong to the B-family and have high fidelity and tight conformation of their active sites; they also possess an exonuclease domain allowing them to correct for replication errors [START_REF] Garg | DNA polymerases that propagate the eukaryotic DNA replication fork[END_REF]. Besides the involvement of replicative polymerases in DNA synthesis, they also play a pivotal role in the surveillance of stalled fork. It has been reported in yeast that Polymerase epsilon (Pol ) and Polymerase alpha (Pol ) are involved in the activation of S-phase checkpoint in the cell cycle (Navas et al., 1995;[START_REF] Marini | A role for DNA primase in coupling DNA replication to DNA damage response[END_REF], and genetic evidence obtained in Arabidopsis suggest that this role of Pol  is conserved in plants [START_REF] Pedroza-Garcia | Function of the plant DNA Polymerase epsilon in replicative stress sensing, a genetic analysis[END_REF]. Another key component of the replisome is the Proliferating Cell Nuclear Antigen (PCNA): this heteromeric protein complex forms a ring around the DNA double strand, and functions as sliding clamp and processivity factor by binding the replicative DNA polymerases to the template DNA (Moldovan et al., 2007). Post translational modifications of proliferating cell nuclear antigen (PCNA) play an essential role in managing DNA replication and DNA damage tolerance processes (Moldovan et al., 2007;Andersen et al., 2008).

Once the replisome is assembled, its progression is constantly threatened. Indeed, nearly 30,000 lesions are generated spontaneously in a mammalian cell per day, corresponding to between 10 17 -10 19 DNA damaging events occurring in a human body every day [START_REF] Lindahl | Repair of endogenous DNA damage[END_REF]. Because lesions are so frequent, replicative stress is impossible to avoid [START_REF] Mazouzi | DNA replication stress: Causes, resolution and disease[END_REF][START_REF] Zeman | Causes and consequences of replication stress[END_REF]. Fork progression can also be blocked because of other reasons such as transcription-replication conflicts (TRCs), when transcription and operate on the same time section of a DNA template (Mirkin and Mirkin, 2007; Kim and In addition to stabilizing the replication fork, ATR is thought to promote restart of stalled forks. There are several pathways to restart a stalled fork, including repriming ahead of the lesion by primase and DNA directed polymerase (PrimPol), lesion bypass through trans-lesion synthesis (TLS), lesion bypass through template switching, and fork reversal and lesion repair. If a stalled fork collapses into a double-strand DNA break (DSB), homologous recombination-dependent pathways can restart the fork. It is unknown whether ATR regulates PrimPol activity to restart replication forks, but ATR does phosphorylate two TLS polymerases, REV 1 and DNA polymerase eta (Pol h), and may promote lesion bypass. ATR also phosphorylates several proteins that promote RAD51-dependent replication restart pathways, including template switching, fork reversal and repair, and homologous recombination. Proteins involved in these pathways include X-ray repair cross complementing 3 (XRCC3), partner and localizer of BRCA2 (PALB2), replication protein A (RPA), Werner syndrome RecQ like helicase (WRN) and Bloom syndrome RecQ like helicase (BLM). [START_REF] Saldivar | The essential kinase ATR: ensuring faithful duplication of a challenging genome[END_REF] The essential kinase ATR: Ensuring faithful duplication of a challenging genome. Nat. Rev. Mol. Cell Biol. 18, 622-636. doi:10.1038/nrm.2017.67 Jinks-Robertson, 2012) or the formation of DNA structures such as G-quadruplexes (G4) DNA. G4 DNA is a four stranded guanine rich DNA helical structure that can form during transcription and replication processes and block replication progression [START_REF] Koole | A polymerase theta-dependent repair pathway suppresses extensive genomic instability at endogenous G4 DNA sites[END_REF][START_REF] Lemmens | Mutagenic consequences of a single Gquadruplex demonstrate mitotic inheritance of DNA replication fork barriers[END_REF].

Thus, replicative forks encounter many obstacles that result in the activation of cell cycle checkpoints (Muñoz and Méndez, 2017). Indeed, since DNA stress is one of the main drivers of genome instability, eukaryotes have evolved different strategies to sustain genome fidelity through generation. Depending on the type of organisms, specific mechanisms are established to cope with replicative stress [START_REF] Spampinato | Protecting DNA from errors and damage: an overview of DNA repair mechanisms in plants compared to mammals[END_REF]. In humans, replicative stress is considered as a hallmark of cancer because DNA replication requires the coordinated action of multiple proteins and regulatory factors, whose de-regulation causes can lead to uncontrolled cell proliferation [START_REF] Macheret | DNA replication stress as a hallmark of cancer[END_REF]Muñoz and Méndez, 2017). The basic question is how mammals are dealing with the replicative stress in the cells?

As described in the previous chapter, the central player in RS response is the ATR kinase, which belongs to the phosphoinositide 3-kinase (PI3K) family of kinases, and is recruited at RPA-bound ssDNA by the Rad9-Rad1-Hus1 (9-1-1) complex. It is worth noting that in mammals, ATR is required for normal replication, meaning that RS systematically occurs in proliferating cells. However, there are actually several layers of protection against RS, not all of which require ATR activation collectively called DDT (DNA Damage Tolerance). These pathways include lesion bypass through Trans-lesion synthesis polymerases (TLS), repriming ahead of the lesion by primase, template switching, fork reversal and also homologous recombination (HR) allowing fork restart (Figure 2).

I-2-3 TRANS LESION SYNTHESIS (TLS)

One of the mechanisms allowing to limit RS is Trans Lesion Synthesis (TLS); TLS polymerases have more spacious active sites than replicative polymerases, which allows them to accommodate DNA lesions, and thus to perform DNA replication across a replicationblocking lesion such as a damaged base. Mammalian cells encode a range of TLS polymerases, the main TLS polymerases (Pol k, Pol , Rev1, Pol  and Pol ) belong to the Yfamily, but some TLS polymerases are also found in the X (Pol λ) , B (Pol ȗ) and A (Pol ) families [START_REF] Sale | Y-family DNA polymerases and their role in tolerance of cellular DNA damage[END_REF]. When DNA replicative polymerases encounter lesions which block their progression, accumulation of RPA-coated ssDNA results in the activation of E2 ubiquitin-conjugating enzyme Rad6 and the E3 ubiquitin-protein ligase Rad18 and signals for TLS by mono-ubiquitinating PCNA (Friedberg et al., 2005;Vaisman et al., 2012). PCNA signalling by ubiquitin and ubiquitin-like modifiers (UBLs) keeps tight check on TLS polymerases which are recruited to the damaged DNA [START_REF] Bienko | Regulation of Translesion Synthesis DNA Polymerase η by Monoubiquitination[END_REF]Durando et al., 2013). Specialized TLS polymerases allow progression through the blocking lesions, but because of their flexible active sites, they are error prone compared to DNA replicative polymerases (Friedberg, 2005). Due to this, they must be replaced with a replicative DNA polymerase following damage bypass in a second polymerase exchange that is also subjected to elaborate regulatory control. In spite of TLS low fidelity, different types of TLS polymerases have the capacity to bypass specific lesions with high fidelity: for example, Rev1 has the ability to bypass abasic sites by incorporating deoxycytidine bases [START_REF] Lin | The human REV1 gene codes for a DNA template-dependent dCMP transferase[END_REF] and Pol  has the ability to bypass UV-induced cyclobutane pyrimidine dimers [START_REF] Masutani | Mechanisms of accurate translesion synthesis by human DNA polymerase eta[END_REF]. Furthermore, Rev1/Polȗ-dependent TLS is responsible for the bypass of DNA adducts formed by genotoxic or carcinogens, increasing survival of cancer cells following first-line chemotherapy [START_REF] Siddik | Cisplatin: Mode of cytotoxic action and molecular basis of resistance[END_REF]Wang and Lippard, 2005). Hence, bypass of DNA lesions during replication by damage-tolerant polymerases provides cells with the flexibility needed to avoid the possibly more severe consequences of collapsed replication forks [START_REF] Lange | DNA polymerases and cancer[END_REF]. Most TLS polymerases described in Mammals are conserved in plants, and several have been implicated in DNA damage tolerance (reviewed in (Pedroza- [START_REF] Pedroza-Garcia | Plant DNA polymerases[END_REF]).

I-2-4 REPRIMING SYNTHESIS

The blocking of DNA replicative polymerases can also be resolved by repriming synthesis, a canonical mechanism requires de novo primer synthesis downstream of the lesion and helps to restart replication during leading strand duplication. The first evidence of this mechanism came from the study conducted in E. coli by Heller and Marians, showing that if the fork is blocked or stalled, DNA replication could resume through de novo synthesis downstream of the blocked end without repairing the DNA lesion. During this process, replicative primases such as DnaG and helicase DnaB are involved, and perform the primer synthesis on the leading strand to resume replication after the blockage of the replication fork [START_REF] Heller | Replisome assembly and the direct restart of stalled replication forks[END_REF]. In humans, PrimPol proved to be the essential player in resuming DNA replication by repriming when the fork progression is challenged by UV irradiation and after nucleotide depletion (Mourón et al., 2013). Although it has not yet been functionally characterized, PrimPol is conserved in plants, suggesting this DDT mechanism can also occur in plant cells [START_REF] Pedroza-Garcia | Plant DNA polymerases[END_REF].

It is not clear whether ATR controls TLS or repriming, because these two pathways could in principle avoid ssDNA accumulation and thus ATR activation. However, ATR does phosphorylate some TLS polymerases and PrimPol, suggesting these two DDT mechanisms may be regulated by ATR [START_REF] Saldivar | The essential kinase ATR: ensuring faithful duplication of a challenging genome[END_REF]. By contrast, other RS stress responses described below have been shown to be ATR-dependent.

I-2-5 ATR DEPENDENT RESPONSES

Fork reversal

One key mechanism involved in repairing damaged fork is called fork reversal (Figure 2). The main mechanistic steps leading to replication fork reversal are the unwinding of newly synthesized strands and annealing of the parental/template strands. As a result, the three-way junction at the replication fork is converted into a four-way junction and is backtracked along the replicating DNA molecule. Next, this leads to the formation of a regressed fork which is also called a "chicken foot" structure [START_REF] Lopes | The DNA replication checkpoint response stabilizes stalled replication forks[END_REF]Neelsen and Lopes, 2015). After fork regression, DNA replication can resume either through the reactivation of the fork if the lesion can be removed, or through Homologous Recombination (HR) -mediated restart.

During this mechanism many factors play their role in-order to protect reversed fork including RAD51, RPA and BRCA1/2: BRCA2 facilitates the replacement of RPA by RAD51 that will in turn promote the strand-invasion step required both for fork reversal and for HR-mediated restart (Neelsen and Lopes 2015). Several other factors known for their role in double strand break repair such as PALB2, XRCC3 or the helicases WRN and BLM are ATM substrates and likely play a role in HR-related mechanisms involved in fork restart [START_REF] Saldivar | The essential kinase ATR: ensuring faithful duplication of a challenging genome[END_REF].

ATR is also important to stabilize the fork, likely by inhibiting nuclease-dependent fork collapse [START_REF] Sogo | Fork reversal and ssDNA accumulation at stalled replication forks owing to checkpoint defects[END_REF][START_REF] Cotta-Ramusino | Exo1 processes stalled replication forks and counteracts fork reversal in checkpointdefective cells[END_REF][START_REF] Saldivar | The essential kinase ATR: ensuring faithful duplication of a challenging genome[END_REF].

Template switching (TS):

TS allows fork progression through recombination-related mechanisms, which is error free recombination mode. TS involves PCNA polyubiquitination and Polymerase -dependent DNA synthesis. During DNA damage tolerance (DDT) compared to Trans lesion synthesis (TLS), template switching (TS) is considered more accurate [START_REF] Lehmann | Prevention of unwanted recombination at damaged replication forks[END_REF]. During TS the newly synthesized strand of the sister chromatid forms sister chromatin junction (SCJ) with the damaged strand, and is used as a template to bypass the DNA lesion instead of the damaged parental strand (Figure 2). This mechanism compared to TLS is intricate and depends on the timely recruitment of several proteins such as the RAD51 recombinase before replication can resume (Neelsen and Lopes, 2015).

I-2-6 OTHER PROCESSES REGULATED BY ATR

Alongside its role at blocked forks to avoid their collapse and allow their reactivation, ATR triggers several processes in response to replicative stress. Notably, ATR function is essential to coordinate global DNA replication in response to replicative stress by promoting dormant origin firing locally, but inhibiting origin firing in regions of the genome that are further away from the lesion. Indeed, additional licensed origins can be fired to complete replication within the intervening regions of the stalled fork: such replication origins are known as "dormant origin" and the mechanism is known as dormant origin firing [START_REF] Mcintosh | Dormant origins, the licensing checkpoint, and the response to replicative stresses[END_REF]. In cancer cells, where the abnormal expression of oncogenes reduces cellular nucleotides level, which in turn triggers replicative stress, there is an increased need for dormant origin firing to overcome the replication stress [START_REF] Bester | Nucleotide deficiency promotes genomic instability in early stages of cancer development[END_REF]. How ATR can promote origin firing near blocked forks remains unclear, but may involve local inactivation of its target CHK1. How ATR delays the firing of late replication origins to avoid further accumulation of replicative stress is better understood: ATR inhibits CDC45 recruitment and subsequent origin firing by down-regulating CDK and DDK, and by inducing local chromatin modifications that are unfavourable to CDC45's recruitment [START_REF] Saldivar | The essential kinase ATR: ensuring faithful duplication of a challenging genome[END_REF]. These studies demonstrate that exquisite regulation of dormant origin firing is a key mechanism to cope with RS in order to maintain genome stability.

In parallel, ATR triggers cell cycle arrest as described in the previous chapter [START_REF] Nisa | The plant DNAdamage response: signaling pathways leading to growth inhibition and putative role in response to stress conditions[END_REF]. Overall, molecular mechanisms allowing cells to deal with replication-blocking lesions or structures are extremely intricate, and most of our knowledge regarding these processes in eukaryotes comes from studies performed in yeast and/or mammalian cells. Whether or not they are fully conserved in plants remains largely unknown. However, most of the involved factors such as TLS polymerases, PrimPol of proteins involved in HR are conserved, indicating that this is likely the case [START_REF] Leman | The replication fork: understanding the eukaryotic replication machinery and the challenges to genome duplication[END_REF]. Relative expression

3-Thesis objectives:

As highlighted in the introduction, the last 10-15 years have allowed tremendous progress in our understanding of the mechanisms involved in the maintenance of plant genomes' integrity. However, several open questions remain, notably regarding the mechanisms involved in plants' RS response. Indeed, RS is well explored and better understood in humans, mainly because of the intimate links between cancer and RS reviewed in (Primo and Teixeira, 2020), but in the case of plants detailed information is still lacking.

As mentioned earlier, there is accumulating evidence that some of the RS response occurs independently of the central DDR integrator SOG1. First evidence for a SOG1-independent DDR pathway came from the study conducted by [START_REF] Hu | Deficiency of the Arabidopsis helicase RTEL1 triggers a SOG1-dependent replication checkpoint in response to DNA cross-links[END_REF], genetic analysis showed that the double mutant wee1 sog1 is more sensitive to RS compared to sog1 mutant, indicating that although WEE1 is a SOG1 target (Bourbousse et al., 2018;[START_REF] Ogita | Identifying the target genes of SUPPRESSOR OF GAMMA RESPONSE 1, a master transcription factor controlling DNAdamage response in Arabidopsis[END_REF] it can also be activated independently of SOG1 [START_REF] Hu | Deficiency of the Arabidopsis helicase RTEL1 triggers a SOG1-dependent replication checkpoint in response to DNA cross-links[END_REF]. Therefore, this study suggested that in plants, a novel DDR pathway could function independently of SOG1. This idea was later corroborated by results obtained in the host laboratory. They found that Arabidopsis, pol2a mutants that are deficient for the catalytic subunit of DNA Pol ε (Replicative DNA polymerase epsilon), show constitutive activation of the DNA Damage Response (DDR) (Pedroza- [START_REF] Pedroza-Garcia | Role of the Polymerase ε sub-unit DPB2 in DNA replication, cell cycle regulation and DNA damage response in Arabidopsis[END_REF]. Using genetic approaches, they were able to show that during DNA replication, when fork progression is blocked, Pol ε activates the ATR kinase and in turn the transcription factor SOG1 is activated, leading to the expression of DNA repair genes and factor involved in cell cycle arrest [START_REF] Pedroza-Garcia | Role of the Polymerase ε sub-unit DPB2 in DNA replication, cell cycle regulation and DNA damage response in Arabidopsis[END_REF]. The pol2a atr double mutant is not viable, which means that the replicative stress sensor kinase ATR is required for the viability of pol  mutants. Intriguingly the pol2a sog1 double mutant is viable (although it shows more severe growth defects that the pol2a single mutant), indicating that Pol  deficiency triggers an ATR dependent but SOG1 independent DNA damage response (Figure 1A) [START_REF] Pedroza-Garcia | Function of the plant DNA Polymerase epsilon in replicative stress sensing, a genetic analysis[END_REF]. The host lab observed that some DDR genes were upregulated in a SOG1-independent manner: their expression was increased in pol2a mutants compared to the wild-type, and remained high in the pol2a sog1 double mutants whereas other DDR genes were fully SOG1-dependent (Figure 1B). Thus, their results indicate that SOG1 is not the only factor involved in DDR activation in response to replicative stress, but that there are new pathways that mediate replicative stress signalling independently of SOG1 (Figure 1C). This observation is the basis of one part of my PhD research to explore new pathways and molecular components of the plants' DNA damage response (DDR) activated by replicative stress.

During my PhD, I undertook several complementary approaches to decipher RS response in

Arabidopsis. Through this study we therefore endeavoured to find new pathways and molecular components of the plant DNA damage response (DDR) system, involved in RS tolerance.

Therefore the main biological objectives of my studies are as follows:

1.

Identification of novel players and components in plants' RS signalling pathways. For this, I used both forward and reverse genetic approaches to identify new components of RS signalling.

2.

Exploring cellular pathways allowing plant cells to deal with replicative stress and repair replication-associated DNA damage. In this part, I studied the role of the alternative DNA polymerase Pol θ in the repair of replication-associated damage 3.

Revealing the role of the interaction between CDT1 and polymerase epsilon (Pol ). This part was initially one of the main objectives of my thesis, but we chose to refocus on the two previous points (see below for details).

CYCB1;1-GUS 

pol2a CYCB1;1-GUS soa225 CYCB1;1-GUS

II-Results

II-1-Exploring new players that contribute to plants' replicative stress response II-1-1 IDENTIFICATION OF LUMINIDEPENDENS AS A NEW PLAYER IN THE PLANT REPLICATIVE STRESS RESPONSE.

Strategy: Forward genetic approach

A forward genetic screen had been initiated by the host lab in order to isolate suppressors of pol2a mutants' to identify new players in DNA damage signalling pathways. Pol2a mutants expressing the CYCB1;1-GUS reporter as a marker for DDR activation were mutagenized with EMS, and the M2 generation was screened for suppressors that show restored growth and reduced expression of the CYCB1;1 reporter gene (Figure 2). The host lab has already generated 2000 M2 families, identified 15 suppressors, 3 of which were back-crossed to the parental lines. These suppressors were called soa for suppressor of abo4, abo4-1 being the original name of the pol2a-4 mutant that was used for the mutagenesis [START_REF] Yin | Epigenetic regulation, somatic homologous recombination, and abscisic acid signaling are influenced by DNA polymerase epsilon mutation in Arabidopsis[END_REF].

Plants from the BC2 generation were separated into 2 groups: one with the parental (pol2a) phenotype, and one with the suppressor phenotype. The genomic DNA of 12 plants of each group was pooled and used for whole genome sequencing. At the beginning of my PhD, the sequencing data was available for three suppressors: soa225, soa46 and soa33. For all suppressors, mutation mapping was performed using the CLC Sequence Viewer https://clcsequence-viewer.software.informer.com/6.8/ software. The first step was to detect SNPs (single nucleotide polymorphisms) in each pool compared to the reference genome available from TAIR. In this software, for variation detection, the default parameter frequency was >25% (i.e. the SNP should be detected in at least 25% of the reads to be considered). Then, to eliminate SNPs that could have been originally present in the mutagenized line, or that are not linked to the suppressor phenotype, we analysed their frequency in each pool, and kept only SNPs that were present in the 1 st pool (parental phenotype) with a frequency <35% and in the 2 nd pool (suppressor phenotype) with a frequency >80%. Finally, we eliminated mutations outside genes, inside introns as well as synonymous mutations, keeping only the mutations that induced amino-acid changes. This analysis resulted in a list of candidate genes (Table 1). Following this initial mapping, we performed dCAPS genotyping (see Material and Methods for details) on individual plants (Neff et al., 2002). This approach uses the introduction of a specific restriction site by PCR to discriminate between two alleles differing by a SNP. By genotyping individual plants from the BC2 generation, I could further narrow down the causal mutation to a single candidate gene AT4G02560 called LUMINIDEPENDENS(LD)

,https://www.arabidopsis.org/servlets/TairObject?id=26564&type=locus), by identifying individuals that were hemizygous for the other candidate mutations but still had a suppressor phenotype. This gene encodes a homeobox transcription factor with an intrinsically disordered region in its C-terminal domain. Protein domains identified in the LD protein with the Interpro online tool (https://www.ebi.ac.uk/interpro/) are shown on Figure 3A. In the mutant allele, the G at position 1233 from the ATG is replaced by an A, inducing a premature stop codon between the homeodomain and the TFIIS/LEDGF domain (Figure 3A). According to the Interpro website, this domain is found in the N-terminal part of the transcription elongation factor TFIIS (a protein that increases RNA Pol II activity), but is not required for transcriptional activity, and can be found in proteins that are not involved in transcription.

Thus if the soa225 accumulates a fragment of the LD protein, it retains only its homeobox DNA-binding domain.

To confirm that the ld mutation was indeed responsible for the suppressor phenotype of the soa225 mutant, we ordered a T-DNA insertion line from the SAIL collection (Figure 3B), and crossed it to the pol2a mutant. The phenotype of ld pol2a double mutant is identical to that of soa225 which confirmed the causal mutation is responsible for suppressor phenotype (Figure 4). In addition, 100% of the plants from the F1 generation of a cross between the soa225 and the ld pol2a mutant showed a suppressor phenotype. We therefore conclude that ld is a suppressor of the growth defects of the pol2a mutant.

The LD protein is mainly known for its role in the control flowering time in Arabidopsis [START_REF] Lee | Isolation of LUMINIDEPENDENS: a gene involved in the control of flowering time in Arabidopsis[END_REF]Aukerman et al., 1999). The phenotype of ld mutant shows late flowering in both long days and short days and increased number of rosette leaves [START_REF] Kim | SUPPRESSOR of FRIGIDA4, encoding a C2H2-type zinc finger protein, represses flowering by transcriptional activation of Arabidopsis FLOWERING LOCUS C[END_REF]. However, LD is expressed in all proliferative tissues including the shoot and root apical meristems (Aukerman et al., 1999), suggesting that it could have a function linked to active cell proliferation. Yet, the suppression of the pol2a mutant defects might also result simply from the delay in flowering induced by the ld mutation, since pol2a mutants are early flowering and mutations affecting flowering time partially restore rosette size in these mutants (Del Olmo et al., 2010). We therefore tried to confirm whether LD could play a role in plants' replicative stress response. To this end, we treated ld mutant with the chemical called Hydroxyurea HU, this drug is an inhibitor of RNR (ribonucleotide reductase) enzyme and this drug depletes the cellular pool of dNTPs, resulting in replicative stress (Singh and Xu, 2016).

We found that ld mutant is more tolerant to HU (1mM) compared to the wild type Col-0. This result suggests that LUMINIDEPENDENCE, LD has a role in plants' DNA stress response (Figure 5).

Perspectives:

Our results indicate that LD is a new player in the plant's DDR response, but the underlying mechanisms remain to be established. Because LD is a transcription factor, one likely mode of action could be that LD directly targets DDR response genes. To test this hypothesis, the ld and ld pol2a mutants with a GFP-tagged version of the LD protein, and we will perform Chromatin Immuno-Precipitation followed by Sequencing (ChIP-seq) experiments to identify LD's target genes under control conditions and in response to constitutive replicative stress (in the pol2a background). By combining ChIP-seq with RNA-seq experiments in Col-0, ld, pol2a and ld pol2a mutants, we will determine the whole set of LD-controlled genes, and whether these include DDR-related genes.

However, LD could play a more indirect role in the plants' replicative stress response, and rather contribute to chromatin maintenance defects that are caused by replicative stress.

Indeed, the LD protein was recently shown to interact with the histone demethylase Flowering FLD is involved in chromatin based mechanisms to deal with overlapping bidirectional transcription: it decreases the levels of the H3K4me1 histone marks regions with convergent overlapping transcription [START_REF] Inagaki | Chromatin-based mechanisms to coordinate convergent overlapping transcription[END_REF], thereby reducing transcription speed and tensions due to DNA unwinding. Because FLC is characterized by active sense and anti-sense transcription, it is one of FLD's target genes. The role of LD in this process remains to be established, but its function is likely important for FLD activity, because H3K4me1 profiles are similarly altered in fld and ld mutants. Interestingly, this function of the LD/FLD complex could also lead to errors in the reproduction of chromatin marks during DNA replication (Figure 6). Importantly, Pol ε, interacts with chromatin modifiers [START_REF] Pedroza-Garcia | Role of the Polymerase ε sub-unit DPB2 in DNA replication, cell cycle regulation and DNA damage response in Arabidopsis[END_REF], and constitutive replicative stress caused by Pol ε or other replication protein deficiency triggers changes in the distribution of chromatin modifications such as DNA methylation (Bourguet et al., 2020a). Thus, some of the phenotypic defects of pol2a mutants may be indirect consequences of chromatin modifications triggered by defects in fork progression during 
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DNA replication, and some of these defects may relate to a role of LD/FLD complexes at sites where transcription and replication converge.

Indeed in mammals RNA 3' processing is linked to DNA replication (Teloni et al., 2019) because these two essential physiological processes can threaten genome integrity when they compete for the same DNA substrate. During transcription, RNA-DNA hybrid structures called R-loops are formed and displace the non-template DNA strand (Rinaldi et al., 2021). Rloops can disturb replication fork progression and thereby have an impact on chromatin marks inheritance (Šviković et al., 2019). Consistently, in Arabidopsis, a recent work showed that in wild type cells, a R-loop formed at the FLC locus slows down fork progression, which can trigger the recruitment of Flowering Locus D (FLD) to remove H3K4me1 and thus to slow down transcription [START_REF] Baxter | The intersection of DNA replication with antisense 3' RNA processing in Arabidopsis FLC chromatin silencing[END_REF]. Thus, the recruitment of the FLD/LD complex at sites of fork stalling could modify the reproduction of chromatin marks. It is therefore possible that this complex contributes to some of the developmental defects triggered by Pol ε deficiency by modifying chromatin states at loci where fork stalling is more frequent, and that the ld mutation could partially suppress the phenotype by preventing these changes in H3K4me1 levels. Once LD target genes are identified in the wild-type and in the pol2a background, we will be able to determine whether these loci show altered H3K4me1 levels in the ld mutants based from already published data, and if so, to study changes in H3K4me1 levels in the context of replicative stress. A complementary approach could be to test whether the fld mutation also partially rescues the pol2a mutant, and whether this mutant shows improved tolerance to HU, as is the case for ld.

II-1-2 DISTINCTIVE AND EMERGING ROLES OF E2FS TRANSCRIPTION FACTORS DURING PLANT REPLICATIVE STRESS RESPONSE

OVERVIEW

In the previous chapter, putative components of the replicative stress response in plants were identified through forward genetics which was a time consuming approach. In parallel, I conducted a reverse genetic approach to directly test the contribution of E2F transcription factors in the RS response. Indeed, as mentioned in the introduction, E2FA was recently found to play an important role in plants' DSB repair, for this reason we tested the role of E2Fs in replicative stress response. This work is presented in the form of a research article, for which I will be the first author and that we hope to submit in the next couple of months. It is however not fully complete, as some ChIP-seq analyses are still underway. 

ABSTRACT

INTRODUCTION

In all living organisms faithful transmission of genetic information from one generation to the next strongly depends on accurate DNA replication. Several factors can disrupt or slow down DNA replication such as pyrimidine dimers, unrepaired DNA lesions, RNA-DNA hybrids, DNA secondary structure etc. These factors can result in fork stalling, leading to replicative stress that may result in cancers and defects with the loss of genomic integrity [START_REF] Mazouzi | DNA replication stress: Causes, resolution and disease[END_REF]. Because replicative stress is both a cause and a consequence of genome integrity in tumors, many research efforts aim at connecting replicative stress with cancer treatment [START_REF] Saldivar | The essential kinase ATR: ensuring faithful duplication of a challenging genome[END_REF]. In plants, meristematic cells allow continuous production of new organs and tissues. They are very sensitive to DNA damaging agents and more prone to programmed cell death (PCD) than differentiated cells [START_REF] Fulcher | Hypersensitivity to DNAdamage in plant stem cell niches[END_REF]. Interestingly, there is accumulating evidence that exposure to abiotic or biotic stresses can trigger the DNA damage response (DDR) in plants [START_REF] Nisa | The plant DNAdamage response: signaling pathways leading to growth inhibition and putative role in response to stress conditions[END_REF] and recently, we have found that abiotic stresses may increase the prevalence of replicative stress in plants.

Together, these findings suggest that the ability of plant cells to deal with replicative stress contributes to their capacity to adjust to unfavourable environmental conditions [START_REF] Pedroza-Garcia | Maize ATR Safeguards Genome Stability During Kernel Development to Prevent Early Endosperm Endocycle Onset and Cell Death[END_REF].

DNA lesions activate checkpoints that allow cell cycle arrest until DNA is repaired. In higher eukaryotes, the DDR signalling cascade is largely conserved. Activation of the DDR is the consequence of double DNA strand breaks or replicative stress, and relies on two protein kinases, which are Ataxia Telangiectasia Mutated (ATM) and ATM and Rad3-related (ATR)

respectively. ATM and ATR kinases sense DNA damage and trigger DNA damage response DDR which in turn result in cell cycle arrest to have enough time for DNA repair (Maréchal and Zou, 2013). Replicative stress slows down or even stops the main function of DNA replicative polymerases, resulting in the accumulation of single stranded DNA, and RAD17

along with RPA (Replication Protein A) and the 9-1-1 complex are recruited [START_REF] Heitzeberg | The Rad17 homologue of Arabidopsis is involved in the regulation of DNA damage repair and homologous recombination[END_REF]. This RPA-coated ssDNA recruits ATR interacting Protein (ATRIP), which contributes to ATR activation [START_REF] Saldivar | The essential kinase ATR: ensuring faithful duplication of a challenging genome[END_REF]. In animals, the direct downstream target of ATR in animals is Checkpoint kinase 1 (CHK1), CHK1 also activates WEE1 which negatively regulates CDKs by phosphorylation [START_REF] Sancar | Molecular mechanisms of mammalian DNA repair and the DNA damage checkpoints[END_REF]). Plants encode both ATR and WEEI but not CHK1 [START_REF] Brown | ATR disruption leads to chromosomal fragmentation and early embryonic lethality[END_REF], and genetic evidence indicates that ATR activation in response to replicative stress follows the same route as in animal cells [START_REF] Nisa | The plant DNAdamage response: signaling pathways leading to growth inhibition and putative role in response to stress conditions[END_REF]. Still more information is required to better understand replicative stress Rosette size (cm)

response in plants. In plants' DDR, downstream signalling initiated by ATM and ATR kinases, goes through the central regulator SOG1 (Suppressor Of Gamma-response 1) (Yoshiyama et al., 2009). During DNA stress, ATR activates SOG1 which in turns activates the expression of WEE1 (Preuss and Britt, 2003;[START_REF] Schutter | Arabidopsis WEE1 kinase controls cell cycle arrest in response to activation of the DNA integrity checkpoint[END_REF]Bourbousse et al., 2018) (Mariconti et al., 2002b;[START_REF] Lammens | Atypical E2Fs: new players in the E2F transcription factor family[END_REF]. Canonical E2Fa and E2Fb are considered as activators because they contain a trans-activation domain and stimulate S-phase entry whereas E2fc is generally considered as a transcription repressor, because of the absence of a transactivation domain (Mariconti et al., 2002b;Del Pozo et al., 2002;[START_REF] Veylder | Control of proliferation, endoreduplication and differentiation by the Arabidopsis E2Fa-DPa transcription factor[END_REF][START_REF] Sozzani | Interplay between Arabidopsis activating factors E2Fb and E2Fa in cell cycle progression and development[END_REF][START_REF] Lammens | Atypical E2Fs: new players in the E2F transcription factor family[END_REF]. The canonical E2Fa and E2Fb are thought to partially redundantly control S-phase entry, because single mutant of E2Fa and E2Fb develop almost normally [START_REF] Yao | The canonical E2Fs are required for germline development in Arabidopsis[END_REF]Őszi et al., 2020) and null double mutants of e2fab are not viable (Li et al., 2017b). However, some differences exist between E2Fa and E2Fb. Notably, E2Fb along with E2Fc and RBR but not E2Fa was found to be a part of DREAM (DP, Rb-like, E2F, and MuvB) complexes, control timely succession of transcriptional waves during cell cycle gene progression, as well as repression of cell proliferation-associated genes during differentiation (Magyar et al., 2016).

Several lines of evidence point to a putative role of E2Fs in replicative stress response. First, WEE1 and many DDR-related genes are E2F targets (Vandepoele et al., 2005;[START_REF] Bouyer | Genome-wide identification of RETINOBLASTOMA RELATED 1 binding sites in Arabidopsis reveals novel DNA damage regulators[END_REF]. For example, Roa et al., reported that E2Fa controls the expression of RNR (RiboNucleotide Reductase), an enzyme involved in deoxyribonucleotide biosynthesis that is strongly activated by DNA damage [START_REF] Roa | Ribonucleotide reductase regulation in response to genotoxic stress in Arabidopsis[END_REF]). In addition, EF2a has been recently

shown to contribute to the cellular response to double strand breaks. E2Fa, along with RBR forms foci upon DNA double strand breaks and helps in recruitment of DNA repair proteins such as, RAD51 and BRCA1 [START_REF] Lang | Plant yH2AX foci are required for proper DNA DSB repair responses and colocalize with E2F factors[END_REF]Biedermann et al., 2017;[START_REF] Horvath | Arabidopsis RETINOBLASTOMA RELATED directly regulates DNA damage responses through functions beyond cell cycle control[END_REF]. Based on these evidences, E2Fa is a key player in plants' DDR, especially in double strand DNA breaks. E2Fs could thus also play a role in replicative stress response, although their function has not yet been tested.

In this study, we mainly focused on canonical E2Fs (a/b) in the context of plants' replicative stress response. To explore their role, we used reverse genetic approaches, showing that E2Fb, but not E2Fa, contributes to the cellular response to replicative stress in Arabidopsis.

RESULTS

Loss of E2Fb

, but not E2Fa, strongly aggravates growth defects triggered by replicative stress.

To determine whether E2Fa and E2Fb play a role in replicative stress response, we took advantage of the hypomorphic mutant for DNA polymerase epsilon (Pol), pol2a. This mutant is partially deficient for the catalytic subunit of the replicative DNA pol  and shows constitutive replicative stress (Pedroza-Garcia et al 2017). Because we have shown previously that replicative-stress induced DDR is partially dependent on SOG1, we generated double and triple mutant combinations between pol2A, sog1 and e2fa or e2fb mutants (Figure 1A). Two independent T-DNA insertion lines have been described for both E2Fa and E2Fb (Berckmans et al., 2011b;Berckmans et al., 2011a). In the case of E2Fa, the e2fa-1 allele appears to be a null mutant lacking E2Fa protein accumulation whereas e2fa-2 accumulates significant levels of a truncated protein (Leviczky et al., 2019) . In the case of E2Fb, the protein cannot be detected in protein extracts of either e2fb-1 or e2fb-2 mutants, but a truncated version of the protein was observed to in DPa pull-own assays performed in the e2fb-1 mutant. Furthermore, the T-DNA insertion in the e2fb-2 allele is slightly upstream of the one found in the e2fb-1 mutant, and would therefore disrupt not only the RBR binding domain but also the dimerization domain with DP and thus DNA binding (Leviczky et al., 2019). In terms of protein function, viable e2fa e2fb double mutants have been obtained using the e2fa-2 but not the e2fa-1 allele (Heyman et al., 2011), suggesting that the truncated protein accumulated in e2fa-2 mutants is at least partially functional. For our genetic analysis, we therefore used only the e2fa-1 mutant, in which E2Fa loss of function is likely full, and both e2fb alleles.

Throughout the manuscript, we show results obtained for the e2fb-1 allele, but the e2fb-2 systematically gave the same results. Phenotypically, sog1, e2fa and e2fb mutants did not show any major developmental defects compared to the wild-type (Col-0), whereas pol2a mutants show reduced growth (Figure 1A,B). Growth reduction was even more severe in the pol2a sog1 double mutant (Figure 1A,B), consistent with the hypersensitivity of the sog1 mutant to replicative stress (Pedroza- [START_REF] Pedroza-Garcia | Function of the plant DNA Polymerase epsilon in replicative stress sensing, a genetic analysis[END_REF]. The pol2a e2fa and pol2a e2fb mutants were identical to the pol2a parent. Strikingly, the triple mutant pol2a e2fb sog1 showed more severe growth defects than the pol2a sog1 double mutant, a phenomenon not observed with the e2fa mutation (Figure 1 A,B). We also analysed the root length of the various mutants. Again, we observed that the e2fa mutation had no effect on the growth defects observed in pol2a or pol2a sog1 double mutants. By contrast, root growth was more severely affected in pol2a e2fb and pol2a e2fb sog1 than in pol2a and pol2a sog1 mutants respectively (Figure 2). This suggests that E2Fb could contribute to the plant's response to replicative stress and allow maintaining growth in spite of the replication defects.

To confirm the contrasting roles of E2Fa and E2Fb in replicative stress response, we tested the response of e2fa, e2fb, e2fa sog1 and e2fb sog1 mutants to hydroxy-urea (HU), a drug that depletes the cellular pool of dNTPs, resulting in replication inhibition and replicative stress Col-0 pol2a sog1 pol2a e2fb pol2a e2fb pol2a sog1 e2fb sog1 e2fb sog1 (Singh and Xu, 2016). We germinated plantlets of all combination mutant lines (Col-0, sog1, e2fb, e2f sog1, e2fa, e2fa sog1) on MS medium as a control and MS supplemented with 1mM of HU. Roots lengths were evaluated after 10 days. As previously described [START_REF] Hu | Deficiency of the Arabidopsis helicase RTEL1 triggers a SOG1-dependent replication checkpoint in response to DNA cross-links[END_REF], the sog1 mutant was hypersensitive to HU. Interestingly, we found that e2fb sog1 was hypersensitive to HU compared to sog1, whereas the e2fa sog1 double mutant behaved like the sog1 mutant (Figure 3). We also observed that e2fb and e2fa single mutants were more tolerant to HU induced replicative stress than the wild type Col-0.

E2Fb but not E2Fa positively regulates meristem size in response to replicative stress

The severe growth reduction observed in pol2a e2fb sog1 triple mutants, and to a lesser extends in pol2a e2fb double mutants likely results from cell proliferation defects. To test this hypothesis, we first measured root meristem size in all genotypes. As shown on Figure 4, replicative stress triggered by DNA Pol ε deficiency resulted in reduced meristem size, and this defects was aggravated in the absence of SOG1. In agreement with what we observed at the whole plant level, root meristem length was further reduced in pol2a ef2b and pol2a sog1 e2fb mutants compared to pol2a and pol2a sog1 mutants respectively. This effect was not observed in pol2a e2fa and pol2a e2fa sog1 mutants (Figure S1). This result confirmed that E2Fb, but not E2Fa plays a crucial role in proliferating cells to protect cell from cell proliferation arrest triggered by replicative stress.

E2Fb positively regulates G2 progression in replicative-stress exposed cells

To further dissect how E2Fb affects cell proliferation in response to replicative stress, we analysed into more detail cell cycle progression in all mutant combinations. We first analysed the distribution of cells between cell cycle phases in flower buds. The proportion of nuclei in each cell cycle phase was the same in wild-type, sog1, single e2f mutants as well as double sog1 e2f mutants. Furthermore, we observed that the proportion of S-phase cells was increased in all mutant combinations containing the pol2a mutation, consistent with our previous findings (Pedroza [START_REF] Pedroza-Garcia | Function of the plant DNA Polymerase epsilon in replicative stress sensing, a genetic analysis[END_REF]. In addition, we observed that the proportion of G2 nuclei was increased in pol2a e2fb-1 and pol2a e2fb-1 sog1 mutants compared to pol2a and pol2a sog1 mutants (Figure 5). This phenomenon was not observed in e2fa mutant combinations (Figure S2). This would suggest that E2Fb positively regulates cell cycle progression through G2 and onset of the G2/M transition in replicative-stress exposed cells.

To confirm this result next performed cumulative EdU labelling on 4 days old seedlings. EdU was incorporated extremely slowly in pol2a e2fb sog1 triple mutants (Figure S3), which made it difficult to robustly estimate cell cycle or S-phase length as described before (Pedroza- [START_REF] Pedroza-Garcia | Role of the Polymerase ε sub-unit DPB2 in DNA replication, cell cycle regulation and DNA damage response in Arabidopsis[END_REF]. As an alternative, we counted the proportion of EdU labelled mitosis 5h after EdU application, to monitor how S and G2 progression was affected in the various mutant combinations. As expected, the proportion of labelled mitosis was reduced in pol2a mutants compared to the wild-type although the difference was not statistically significant, whereas it was unchanged in sog1, e2fb-1 or sog1 e2fb-1 mutants. Furthermore, double mutant pol2a e2fb-1 and also triple mutants pol2a e2fa sog1 showed a lower percentage of labelled mitosis compared to pol2a and pol2a sog1 mutants respectively (Figure 6). Together all these results confirmed that upon replicative stress, E2Fb positively regulates cell cycle progression through G2, and that this function is particularly important in the absence of SOG1, suggesting that SOG1 and E2Fb act in parallel to maintain the proliferative capacity in replicative stress-exposed cells.

E2Fbpositively regulates core cell-cycle genes in response to replicative stress:

We next asked how E2Fb participates in replicative stress response by investigating its contribution to the transcriptional response to this stress. To this end, we performed a transcriptome analysis of selected mutant combination lines. Because the defects triggered by E2Fb loss of function are much more conspicuous in the sog1 background, we decided to focus our analysis on pol2a e2fb1 sog1 triple mutants and to compare them to pol2a sog1 mutants. Shoot apices were dissected from 8-days-old plantlets and used for RNA extraction.

For transcriptomics studies 3 independent biological replicates were produced. However, analysis of the data revealed potential artifacts in this experiment. Through Peasron correlation analysis, we observed that one replicate of Col0 and one replicate of pol2a differed very significantly from the other 2 replicates, indicative of poor reproducibility between supposedly identical samples (Figure S4). Furthermore, the other 2 replicates of the wild type (Col-0) clustered with the double pol2a sog1 and triple pol2a e2fb1 sog1 mutants, which is in sharp contrast with what we observed in terms of phenotypes. Analysis of differentially expressed genes between Col-O and e2fb, in which we expected to observe few mis-regulated genes since the e2fb mutant appears phenotypically identical to the wild-type led to the identification of 1852 down-regulated genes and only 296 up-regulated genes in e2fb. This result is likely artefactual because (i) as mentioned above, e2fb mutants are indistinguishable from the wild-type, and mis-regulation of almost 2000 genes is extremely unlikely, (ii) such a bias between the numbers of up and down-regulated genes is never observed in RNAseq analyses, even in very severely affected mutants. Detailed observation of This clustering analysis is performed on all genes, whether they are differentially regulated or not. Clusters highlighted in red correspond to the very large gene set showing no expression in e2fb and pol2a mutants, but significant expression in Col0, pol2a sog and pol2a e2fb sog mutants. Cluster N highlighted in green corresponds to genes that are significantly up-regulated in pol2a mutants, that retain a high expression in pol2a sog mutants, but return to lower expression levels in the triple mutant.

the data allowed us to notice that a very large number of genes have extremely high foldchanges because the raw read count number is almost null in e2fb mutants, whereas it can reach 100 or more in the wild-type. When comparing all our datasets, we saw that at least 1000 genes behave in the same way. Most of these are very lowly expressed in the wild-type under standard conditions according to the TAIR or Genevestigator databases, but appear significantly expressed in our Col0, pol2a sog1 and pol2a e2fb sog1 samples. An example is shown on Figure S5. GO analysis of these genes did not allow us to link them to a particular function, and we therefore do not know for now what caused this artefact. Hence, we came to the conclusion that there was experimental error in RNA-seq analysis, therefore we have to redo the whole experiment, and this is currently underway. In spite of this problem, we used the Opossum software to try and determine whether we could extract some meaningful information from our data (Figure 7). This analysis identified a very large number of clusters, including two that correspond to the above-described genes that show much contrasted expression between samples. However, Cluster N, that comprises 814 genes, was highly enriched in core cell-cycle genes (69 out of 198 core cell cycle genes were found in this cluster). Genes in this cluster are induced in pol2a mutants in a SOG1-independent manner, and their expression returns to close to wild-type levels in the triple mutant, indicating that E2Fb contributes to their activation. We performed qPCR analysis to confirm these results (Figure S6), and confirmed that several S-phase related genes such as MCM3 or MCM6) as well as G2/M or DNA repair related genes such as B-type CDKs and Cyclins were indeed highly expressed in pol2a sog1 mutants compared to the wild-type, and returned to basal levels in the triple mutant. This result will of course have to be confirmed in our new analysis.

Further, ChIP-seq experiments are underway, to compare E2Fb binding to its targets in response to replicative stress (in the pol2a background), and in the presence or absence of SOG1. All lines required for these experiments have been obtained, and experiments are currently ongoing.

DISCUSSION

E2Fb, but not E2Fa plays a vital role in plants' replicative stress response

E2Fs are core cell cycle regulators evolutionarily conserved in most multicellular eukaryotes including animals and the green lineage, although whether the E2F-Rb pathway is present in fungi remains unclear. In all organisms in which they have been identified, several E2F paralogs exist that can be grouped in canonical and atypical E2Fs, based on their requirement for their dimerization partner to bind DNA (Cao et al., 2010). Further, E2Fs can be separated into activating and repressing E2Fs. In plants such as Arabidopsis, canonical E2Fs are E2Fa, b, and c, the two former ones being considered as activators (Berckmans and De Veylder, 2009). Such a diversification, suggests that different E2Fs may play distinct cellular roles.

Functional diversification of E2Fs has indeed been described in detail in animals (Attwooll et al., 2004), but our understanding of plant E2Fs' specific functions remains limited. Here, we show that in Arabidopsis, loss of E2Fb, but not E2Fa, aggravates growth defects triggered by cell exposure to replicative stress. Indeed, loss of E2Fb severely aggravated the developmental defects of the pol2a-4 mutant that suffer from constitutive replicative stress (Pedroza- [START_REF] Pedroza-Garcia | Function of the plant DNA Polymerase epsilon in replicative stress sensing, a genetic analysis[END_REF]. This requirement for E2Fb for replicative stress tolerance was even more obvious in the sog1 background, suggesting that E2Fb and SOG1 act in parallel to allow cells to face replicative stress.

E2Fb promotes the G2/M transition in cells exposed to replicative stress

Meristem size was dramatically reduced in pol2a e2fb and pol2a e2fb sog1 mutants compared to pol2a and pol2a sog1 mutants respectively, suggesting that loss of function compromises cell cycle progression in response to replicative stress. Previous studies showed that S-phase is prolonged in pol2a compared to the wild type Col-0 (Pedroza- [START_REF] Pedroza-Garcia | Function of the plant DNA Polymerase epsilon in replicative stress sensing, a genetic analysis[END_REF]: this defect resulted in an increased proportion of S-phase cells as observed by flow-cytometry analysis performed on proliferating organs. In pol2a e2fb and pol2a e2fb sog1 mutants, we observed the same increase in the proportion of S-phase nuclei as in the pol2a mutant. Strikingly, we also observed that the percentage of cells in the G2 phase was higher in these lines, suggesting that the length of the G2 phase was increased by E2Fb loss of function. This result was confirmed by estimating the proportion of EdU-labelled mitoses over time after transfer of plantlets to EdU-containing medium. Together, our results therefore suggest that E2Fb could allow the progression of cells through G2 and M in spite of replicative stress. In line with this hypothesis, E2Fb was shown to promote cell proliferation when over-expressed in cell cultures and tobacco leaves, notably by activating the expression of G2/M genes such as CDKB1;1 [START_REF] Jiménez-Góngora | Transient overexpression of E2Fb triggers cell divisions in pavement cells of Nicotiana benthamiana leaves[END_REF]. This role of E2FB as a positive regulator of cell proliferation was further confirmed in the context of leaf development, where the balance between free active E2Fb, and RBR-bound inactive E2Fb controls cell number (Őszi et al., 2020).

Importantly, this role in allowing sustained cell proliferation in response to replicative stress seems specific to E2Fb, since loss of E2Fa did neither alter the sensitivity of sog1 mutants to HU, nor affect plant growth, meristem size or the proportion of G2 cells in the pol2a or pol2a sog1 mutants. These non-overlapping roles could relate to the fact that E2Fb but not E2Fa is a part of the so-called DREAM (DP, Rb-like, E2F, and MuvB) complexes (Magyar et al., 2016). The function of these complexes is to bring together transcription factors that control G1/S genes (E2Fs) with the transcription factors controlling G2/M genes (MYB3Rs), which is essential for the timely succession of transcriptional waves during the cell cycle and entry for into quiescence during differentiation (Magyar et al., 2016). DREAM complexes could thus be required to maintain the proliferative capacity of cells in the context of replicative stress.

E2FB allows plant cells to cope with replicative stress by regulating core cell cycle genes

Our results suggest that in Arabidopsis, E2FB is required to stimulate the expression of several S-phase related genes in response to replicative stress. Indeed, our transcriptome analysis suggests that the transcriptional response to replicative stress is under the dual control of SOG1 and E2Fb: a large set of genes including core DNA replication elements such as MCMs, the TOPBP1 protein that is involved in the rescue of stalled replication forks (Wardlaw et al., 2014), and the G2/M and DNA repair specific CDKs CDKB1;1 and CDKB1;2, were constitutively up-regulated in the pol2a-4 mutant, and our transcriptome analysis revealed that this induction depended on E2Fb rather than on the core DDR regulator SOG1.

This observation is reminiscent of the function of E2Fs during replicative stress response in mammalian cells, where E2F-dependent regulation of gene expression is essential to limit DNA damage accumulation in response to replicative stress. Indeed, in the absence of replicative stress, a negative feedback loop between the repressor E2F6 that accumulates in late S and activating E2Fs, plays a key role to control the expression of E2F targets involved in DNA synthesis such as PCNA [START_REF] Pennycook | E2F-dependent transcription determines replication capacity and S phase length[END_REF]. This regulatory loop controls the cell replicative capacity, and the speed of fork progression. In response to replicative stress, the checkpoint kinase CHK1 phosphorylates and inhibits E2F6 [START_REF] Bertoli | Chk1 inhibits E2F6 repressor function in response to replication stress to maintain cell-cycle transcription[END_REF], which allows activating E2Fs to promote the expression of major replication, repair and checkpoint effectors [START_REF] Bertoli | Chk1 inhibits E2F6 repressor function in response to replication stress to maintain cell-cycle transcription[END_REF]. This mechanism likely avoids excessive delay in S-phase progression and accumulation of DNA damage due to fork collapse. Although our observations point to a critical role of E2Fb in the control of the G2/M transition after replicative stress, we cannot rule out that it could also be required for allow S-phase to proceed in spite of replicative stress. Such a hypothesis would match the observation that the increase in the proportion of EdU-labelled cells during cumulative EdU experiments was extremely slow in pol2a e2fb sog1 triple mutants. Thus, besides its likely role in the control of the G2/M transition, E2FB could also function as a positive regulator of fork progression, and its loss of function might aggravate the replication defects of pol2a mutants.

Emerging roles of E2Fs in the plant DNA Damage Response

Together, our results point to a unique role of E2Fb in the plant cells' response to replicative stress. Interestingly, there is accumulating evidence that plant E2Fs are involved in the maintenance of genome integrity and play essential roles in several aspects of the DDR and even DNA repair, consistent with the well-known functions of their animal counterparts (Hu et al., 2016). Indeed as mentioned in the introduction, both E2Fa [START_REF] Lang | Plant yH2AX foci are required for proper DNA DSB repair responses and colocalize with E2F factors[END_REF] and RBR1 form foci at DSBs and functions independently to SOG1 to promote their repair, likely through their ability to interact with DNA repair proteins (Biedermann et al., 2017;[START_REF] Horvath | Arabidopsis RETINOBLASTOMA RELATED directly regulates DNA damage responses through functions beyond cell cycle control[END_REF]. In addition, genome-wide identification of RBR1 target genes revealed that it controls a large set of DDR genes [START_REF] Bouyer | Genome-wide identification of RETINOBLASTOMA RELATED 1 binding sites in Arabidopsis reveals novel DNA damage regulators[END_REF], suggesting that E2F-RBR complexes may both control the expression of DDR genes, and directly contribute to DNA repair. Up until now, the role of E2Fa in the cellular response to DSBs is clearly established, but it remains unclear whether E2Fb and E2Fc can also contribute to this process. Conversely, our results suggest that E2FB is specifically involved in the cellular response to replicative stress in parallel of SOG1, and that E2Fa plays only a minor role, if any. Recently, E2Fc was shown to contribute to the inhibition of plant growth exposed to DNA damaging amounts of UV-B [START_REF] Gómez | Arabidopsis E2Fc is required for the DNA damage response under UV-B radiation epistatically over the microRNA396 and independently of E2Fe[END_REF], but the putative roles of E2Fa and b were not examined. It is therefore likely that plants E2Fs are involved in many aspects of the DDR to promote genome integrity, and avoid complete cell cycle arrest triggered by DNA stress. To date, available data suggest that various E2Fs play non-overlapping roles, but further studies will be required to dissect their respective roles in this process. 

INTRODUCTION

Organism's survival depends on the faithful transmission of genetic information. Due to their sessile lifestyle, plants cannot escape stress conditions with the potential to compromise their genome integrity. Indeed, because sunlight is the energy source of plants, they are constantly exposed to UV-radiations, that can cause DNA damage such as pyrimidine dimers.

In addition, cellular metabolic activities such as photosynthesis lead to the production of Reactive Oxygen Species (Noctor and Foyer, 2016), that can induce DNA lesions, and whose production can be exacerbated by various biotic and abiotic stress conditions. In plants like in all eukaryotes, DNA lesions are recognized and trigger a signaling cascade called the DNA damage response (DDR) that leads to the activation of cell cycle checkpoints in proliferating cells, and specific DNA repair mechanisms (Ciccia and Elledge, 2010; Yoshiyama et al., 2013a;Hu et al., 2016;[START_REF] Nisa | The plant DNAdamage response: signaling pathways leading to growth inhibition and putative role in response to stress conditions[END_REF]. Outcomes of DDR activation may be different depending on the severity of DNA damage and on the efficiency of the repair process:

successful repair allows cell survival and resumption of the cell cycle, but if the damage is too severe, it may induce permanent cell proliferation arrest through endoreduplication [START_REF] Adachi | Programmed induction of endoreduplication by DNAdouble-strand breaks in Arabidopsis[END_REF] or even cell death [START_REF] Fulcher | Hypersensitivity to DNAdamage in plant stem cell niches[END_REF]. The cellular response also depends on the cell type, meristematic cells being more sensitive to DNA damage and more prone to undergo cell death than differentiated cells [START_REF] Fulcher | Hypersensitivity to DNAdamage in plant stem cell niches[END_REF].

Because maintenance of genome integrity relies on its faithful duplication in proliferating cells, and its efficient repair in all cell types, DNA polymerases (Pol) play a pivotal role in this process [START_REF] Burgers | Eukaryotic DNA polymerases in DNA replication and DNA repair. checkpoint kinase WEE1 protects against premature vascular differentiation during replication stress[END_REF]. In eukaryotes, DNA polymerases are distributed between replicative and non-replicative polymerases [START_REF] Burgers | Eukaryotic DNA polymerases in DNA replication and DNA repair. checkpoint kinase WEE1 protects against premature vascular differentiation during replication stress[END_REF], and classified into 4 families (A, B, X and Y), based on the primary structure of their catalytic subunit [START_REF] Makarova | Archaeology of eukaryotic DNA replication[END_REF]. The three replicative polymerases (DNA Pol a, δ and ϵ) belong to the B-family [START_REF] Jain | Eukaryotic DNA polymerases[END_REF] whereas non-replicative polymerases can be found in all families, and are involved in different DNA repair pathways. One distinctive feature of replicative polymerases is their tight catalytic sites that confers them a very low error rate [START_REF] Kunkel | DNA replication fidelity[END_REF]. Consequently, their progression during DNA replication can be blocked by lesions that are too large to be accommodated in their catalytic site, such as bulky adducts or pyrimidine dimers. When replisome progression is prevented by a DNA lesion on the template strand, non-replicative polymerases that have a looser active site can substitute for canonical replicative ones to perform Trans-Lesion Synthestis (TLS), a process by which they allow the replisome to progress beyond the DNA lesions [START_REF] Kunkel | DNA replication fidelity[END_REF][START_REF] Yang | Translesion and Repair DNA Polymerases: Diverse Structure and Mechanism[END_REF]. TLS polymerases are thought to associate into a huge complex with stalled replication forks, allowing the choice of the most appropriate one to bypass the lesion, depending on its nature [START_REF] Powers | Eukaryotic translesion synthesis: Choosing the right tool for the job[END_REF]. The high diversity of TLS polymerases likely stems from the fact that they have different so-called cognate lesions, opposite to which they are able to perform errorfree DNA synthesis: each TLS polymerase can thus be recruited for efficient error-free bypass of specific lesions [START_REF] Powers | Eukaryotic translesion synthesis: Choosing the right tool for the job[END_REF] show severe developmental defects [START_REF] Inagaki | Arabidopsis TEBICHI, with helicase and DNA polymerase domains, is required for regulated cell division and differentiation in meristems[END_REF][START_REF] Inagaki | A link among DNA replication, recombination, and gene expression revealed by genetic and genomic analysis of TEBICHI gene of Arabidopsis thaliana[END_REF], suggesting that the cellular function of Pol θ is essential for proper development. There is thus accumulating evidence that Pol θ is key for repairing DSBs associated with fork collapse due to replication stress, via Alt-NHEJ (Wang et al., 2019;Kelso et al., 2019). unclear to what extend it is indeed required for normal development. As mentioned above, several teb alleles (teb1, teb2 and teb5) have been described in Arabidopsis and were all reported to display the same phenotypic alterations including reduced growth, deformed leaves and disorganized root meristems [START_REF] Inagaki | Arabidopsis TEBICHI, with helicase and DNA polymerase domains, is required for regulated cell division and differentiation in meristems[END_REF][START_REF] Inagaki | A link among DNA replication, recombination, and gene expression revealed by genetic and genomic analysis of TEBICHI gene of Arabidopsis thaliana[END_REF]. However, in Physcomitrium patens, polq mutants were deficient for DSB repair, but did not show any developmental defects [START_REF] Mara | POLQ plays a key role in the repair of CRISPR/Cas9-induced double-stranded breaks in the moss Physcomitrella patens[END_REF], and authors questioned the requirement of Pol θ for normal development in Arabidopsis, as other groups did not seem to observe severe developmental defects [START_REF] Van Kregten | T-DNA integration in plants results from polymerase-θ-mediated DNA repair[END_REF]. More recently, polq mutants were generated in rice, and reported to develop normally under standard growth conditions, although regeneration from calli was severely impaired (Nishizawa-Yokoi et al., 2020).

Analysis of plant

To tackle these questions, we carefully re-examined the phenotype of teb mutants, finding that it is highly variable. Furthermore, our results indicate that one key cellular function of Pol θ is to avoid DNA damage accumulation during DNA replication, and that developmental defects observed in teb mutants are likely consequences of replicative stress. Finally, we show that the phenotype of teb mutants can be aggravated by exposure to abiotic stresses, suggesting that environmental conditions impact the basal level of replicative stress, and providing evidence for a link between plant tolerance to stress, and mechanisms involved in the maintenance of genome integrity.

RESULTS

Tebichi null mutants display variable developmental defects

Previous work reported the phenotype of teb mutants, with stunted growth and deformed leaves [START_REF] Inagaki | Arabidopsis TEBICHI, with helicase and DNA polymerase domains, is required for regulated cell division and differentiation in meristems[END_REF]. Five alleles of the mutant were initially described, three of which: teb1, teb2 and teb5 gave rise to the same phenotype and appeared to be full loss of function mutants [START_REF] Inagaki | Arabidopsis TEBICHI, with helicase and DNA polymerase domains, is required for regulated cell division and differentiation in meristems[END_REF]) (Figure 1A). However, rice mutants did not show developmental defects (Nishizawa-Yokoi et al., 2020), and other groups reported much milder phenotypical defects for teb2 and teb5 mutants (van [START_REF] Van Kregten | T-DNA integration in plants results from polymerase-θ-mediated DNA repair[END_REF]. To clarify this, we carefully re-examined the phenotype of these mutants. In our growth conditions, most of the teb2 and teb5 mutants appeared indistinguishable from the wild-type after 1 month of growth (Figure 1B). We classified teb mutants' phenotypes in two categories: wild type like (WTL) plants appeared identical to the wild-type (Col-0) and plants with severe (S) developmental defects showed the previously described tebichi phenotype (Figure 1B). We first checked that both WTL and S plants were homozygous for the teb mutation, using primers flanking the T-DNA insertions in teb2 and teb5 mutants (Figure 1A,C). We also checked by qPCR that both teb alleles we used did not allow the expression of the full length POLQ mRNA. To this end we used three primer pairs: one (#1) at the 5' end of the TEB gene, upstream both insertions, one flanking the T-DNA insertion site of the teb5 mutant (#2), and one (#3) in the 3' moiety of the gene (Figure 1A). The first primer pair allowed detection of wild-type levels of mRNA in both mutants, indicating that the 5' extremity of the gene is normally expressed (Figure 1D). However, the teb2 mutant accumulated no detectable transcripts produced downstream Proportion of nuclei with foci of the insertion. Expression of the 3' moiety of the gene was drastically reduced in teb5 and no mRNA spanning the insertion site could be detected (Figure 1D). Thus, neither teb2 nor teb5 accumulate full length TEB mRNA, and are likely knock-out mutants, consistent with previous reports [START_REF] Inagaki | Arabidopsis TEBICHI, with helicase and DNA polymerase domains, is required for regulated cell division and differentiation in meristems[END_REF]. We next quantified the distribution of teb mutants between the two phenotypic categories. In our growth conditions ~ 85-90% of teb mutants were in the WTL category and only 10% to 15% in the S category corresponding to the previously described phenotype (Figure 1E). Importantly, the S phenotype was never observed amongst wild-type plants, and is therefore characteristic of teb mutants.

Since teb mutants were shown to display a constitutive upregulation of DNA damage responsive genes [START_REF] Inagaki | A link among DNA replication, recombination, and gene expression revealed by genetic and genomic analysis of TEBICHI gene of Arabidopsis thaliana[END_REF], we asked whether the severity of the phenotype may correlate with the levels of expression for DDR genes. We thus determined the expression level of BRCA1 that is involved in the DNA repair [START_REF] Lafarge | Characterization of Arabidopsis thaliana ortholog of the human breast cancer susceptibility gene 1: AtBRCA1, strongly induced by gamma rays[END_REF] and SMR7 (Yi et al., 2014) which is an inhibitor of cell cycle progression, in rosette leaves of teb plants.

Plants from the two phenotypic classes displayed upregulation both genes as previously reported [START_REF] Inagaki | A link among DNA replication, recombination, and gene expression revealed by genetic and genomic analysis of TEBICHI gene of Arabidopsis thaliana[END_REF], but no significant differences were observed between teb plants with different phenotype (Figure S1).

We next asked whether the observed variability in the teb mutant phenotype could also be observed earlier during development. Indeed, we observed that 15-day-old teb mutants displayed a higher proportion of plants with arrested root growth than the wild-type (Figure S2). Likewise, at 7 days after germination, plantlets displayed more variable sizes than the wild-type, with a higher proportion of small plantlets with shorter roots and smaller cotyledons (Figure S3A, B). To determine whether this phenotypic variability related to increased DNA damage accumulation, we performed immuno-labelling of phosphorylated -H2AX variant on root tips of wild-type plants and small and big plantlets of teb mutants, that forms foci at the site of DSBs [START_REF] Amiard | Distinct roles of the ATR kinase and the Mre11-Rad50-Nbs1 complex in the maintenance of chromosomal stability in Arabidopsis[END_REF]. As shown on Figure 2, we could observe a significant increase in -H2AX labelling in teb mutants: the percentage of root tip nuclei showing -H2AX foci was around 1% in the wild-type, and around 10 % in both teb mutant alleles. However, the percentage of labelled nuclei was not significantly different between big and small plantlets. Consistently, DDR genes activation did not differ significantly between small and big teb mutants (Figure S3C,D). Furthermore, plants with arrested root growth did not show severe teb mutant plants at later stages: we selected 20 of those plantlets and transferred them to the green house, but none of them developed a severe phenotype after 3 weeks. Collectively, these results indicate that loss of Pol  results in an increase in DNA damage accumulation in proliferating cells, but that the appearance of the teb severe phenotype is stochastic and does not correlate with significantly higher levels of DNA damage or DDR activation.

One possible explanation for the stochastic appearance of the severe phenotype in teb mutants could be the accumulation of mutations as a consequence of defects in DNA repair. Under such a scenario, developmental defects would be expected to be transmitted to the next generation, or to aggravate in the next generation. To test this, the progeny of WTL and S plants was sown, and we evaluated the distribution of plants between the two classes in the next generation. However, the distribution of plants between the two classes was the same in the subsequent generation (Figure S4), suggesting that developmental defects are not due to heritable mutations.

Pol  is involved in replicative stress tolerance

Pol θ has been proposed to play a key role in replicating cells [START_REF] Inagaki | A link among DNA replication, recombination, and gene expression revealed by genetic and genomic analysis of TEBICHI gene of Arabidopsis thaliana[END_REF], we therefore asked whether replicative stress could increase the proportion of plants showing developmental defects in teb mutants. Wild-type and teb mutants were germinated on MS supplemented with Hydroxyurea (HU, 0.75 mM). At 10 days after germination, the survival rate of teb mutants was lower than that of wild-type plants (Figure S5), indicating that teb mutants are hypersensitive to replicative stress. After 10 days, surviving plants were transferred to soil, and the proportion of plants with a WTL or S phenotype was assessed after 3 weeks. Wild-type (Col-0) plants subjected to this treatment displayed a growth reduction but did not show other developmental defects such as deformed leaves (Figure S6). By contrast, as shown on Figure 1E, the proportion of plants with severe developmental defects was significantly increased in both teb2 and teb5 mutants. The proportion of S plants increased from less than 15% to almost 30%, indicating that replicative stress may be the cause for developmental defects observed in teb mutants.

To further explore the role Pol  in response to replicative stress, we took advantage of the hypomorphic mutant pol2a-4. This mutant (also called abo4-1) is partially deficient for the replicative DNA polymerase Pol  [START_REF] Yin | Epigenetic regulation, somatic homologous recombination, and abscisic acid signaling are influenced by DNA polymerase epsilon mutation in Arabidopsis[END_REF], and we have shown that it displays constitutive replicative stress (Pedroza- [START_REF] Pedroza-Garcia | Function of the plant DNA Polymerase epsilon in replicative stress sensing, a genetic analysis[END_REF]. The teb2 and teb5 mutations were Six weeks old plants of all mutant combinations are shown in Figure 3A. Interestingly, pol2a teb double mutants displayed severe developmental defects that were fully homogeneous between individuals. To further characterize the developmental defects of pol2a teb double mutants, we quantified root length: we observed that teb and pol2a roots were shorter compared to wild type plants, as previously reported [START_REF] Inagaki | Arabidopsis TEBICHI, with helicase and DNA polymerase domains, is required for regulated cell division and differentiation in meristems[END_REF][START_REF] Pedroza-Garcia | Function of the plant DNA Polymerase epsilon in replicative stress sensing, a genetic analysis[END_REF]. In addition, root length of pol2a teb double mutants was significantly reduced compared to single mutants (Figure 3B and3C). Because teb mutants display disorganized meristem and spontaneous cell death in root tips [START_REF] Inagaki | Arabidopsis TEBICHI, with helicase and DNA polymerase domains, is required for regulated cell division and differentiation in meristems[END_REF], we evaluated whether these defects were exacerbated in pol2a teb double mutants. Root tips of eight-day-old plants from mutant combinations were observed by confocal microscopy after propidium iodide staining. We observed disorganized meristem and cell death in the teb mutants, confirming the result of the previous study [START_REF] Inagaki | Arabidopsis TEBICHI, with helicase and DNA polymerase domains, is required for regulated cell division and differentiation in meristems[END_REF]. Furthermore, meristems were severely compromised in pol2a teb double mutants (Figure 4A-F) with disorganized patterning, extensive cell death and differentiation of root hair close to the tip of the root. Finally, meristem length was measured in these mutants, showing that pol2a and teb mutants have smaller root meristem size compared to the wild type Col-0, and more drastic reduction of meristem size was observed in the pol2a teb double mutants (Figure 4G). Futhermore, pol2a teb double mutants accumulated significantly higher levels of -H2AX foci than teb single mutants, whereas pol2a mutants did not accumulate more DSBs than the wild-type, as previously reported ((Pedroza- [START_REF] Pedroza-Garcia | Function of the plant DNA Polymerase epsilon in replicative stress sensing, a genetic analysis[END_REF], Figure 2D). Together, these results indicate that cell proliferation is more severely compromised in pol2a teb double mutants than in parental lines, likely due to increased accumulation of DNA breaks, consistent with the notion that Pol  plays a key role in the repair of replication-associated DNA damage.

Our results indicate that loss of Pol  impairs the repair of replication-associated DNA damage, which could lead to the activation of the DDR response. To test this hypothesis, we next checked the expression of DNA damage responsive genes in all mutant combinations by qRT-PCR (Figure 5). We selected genes representative of different responses triggered by DDR activation such as DNA repair genes (RAD51 and BRCA1) and cell cycle regulation (SMR5/7, WEE1 and CYCB1; 1). Expression of all tested genes was induced in the teb single mutants and in pol2a compared to wild-type Col-0, consistent with previous reports (Inagaki Furthermore, these genes displayed an even higher up-regulation in pol2a teb than in the single mutants (Figure 5), indicating that replicative stress induced by Pol  deficiency is enhanced by the lack of Pol .

Abiotic stresses aggravate the severity of teb mutants' phenotype.

Taken together, our results indicate that a key cellular function of Pol  is to allow repair of replication-associated DNA damage. This led us to postulate that the discrepancies between our observations and previous reports regarding the severity of teb mutants' phenotype could stem from different intensities of basal replicative stress between laboratories, due to different growth conditions. Under such a scenario, abiotic stresses would be expected to impact the severity of teb mutants' phenotypes. To test this hypothesis, we subjected teb2 and teb5 mutants to various abiotic stress conditions: high light intensity (HL, 350 µmol x m -2 x s -1 ), salt treatment (50 or 100 mM of NaCl) and heat (growth at 32°C). Except for the HL treatment, plants were grown under a low light intensity (LL, 160µmol x m -2 x s -1 ). After 3 weeks, we counted the plants in each phenotype category (n>50). These treatments obviously modified the phenotype of wild-type plants but did not induce the appearance of the conspicuous teb-like phenotype in Col-0 plants (Figure S7). It is worth noting that the HL condition could not be considered as a stress condition for wild-type plants as they grew faster and reached a larger size than under LL conditions (Figure S7). The proportion of S plants increased under HL and high salt stress (100 mM) for both teb2 and teb5 mutants (Figure 6A, B). By contrast, a lower concentration of salt (50 mM) had no impact on the distribution of teb mutants between the different phenotypic classes. Likewise, growth at 32°C did not significantly affect the proportion of teb mutants with a severe phenotype. We tried increasing the temperature to 37°C, but the proportion of plantlets that did not survive in these growth conditions was over 50% in both wild-type and mutants, which prevented further analysis. To determine whether abiotic stress conditions affected the level of DDR activation in teb mutants, we monitored the expression of DDR marker genes. Results obtained on mature plants were too variable to draw robust conclusions, so experiments were performed on in vitro grown plantlets (Figure S8). The two DNA-repair genes (XRI-1 and BRCA2) and the cell cycle inhibitor SMR7 were induced by salt treatment but not by high-light in wild-type plants:

the expression level of these three genes was induced about 1.7-fold by salt treatment in the wild-type. By contrast expression of SMR5 did not change between growth conditions. All A: Distribution of teb mutants between the different classes in plants grown in low light (LL, 160µmol x m -2 x s -1 ) or high light (HL, 350 µmol x m -2 x s -1 ). B: Distribution of teb mutants between the different classes in plants grown at standard temperature (20°C) or under heat stress (32°C). Plants were germinated in vitro and transferred to soil after 10 days. After 3 days of growth under control conditions at 160µmol x m -2 x s -1 plants were kept under the same conditions or transferred to 32°C under the same light intensity. C: Distribution of teb mutants between the different classes in plants watered with or without salt to the indicated concentration. Plants were germinated in vitro and transferred to soil after 10 days. After 3 days of growth under control conditions (160 µmol x m -2 x s -1 , 20°C, salt-treated plants were watered with a solution containing NaCl (50 mM), for the 100 mM treatment, salt concentration was increased to 100 mM after 2days. For all panels, n.s. indicates non-significant differences and asterisks denote statistically relevant differences between distributions ( 2 -test, p< 0.01). Blind scoring was performed on wild-type and teb mutants in all growth conditions, the proportion of severe phenotypes observed in wild-type plants was below 2%.

% of plants in each class

% of plants in each class % of plants in each class these genes were induced in teb2 and teb5 mutants and reached the same levels under control and high-light conditions. Interestingly, all tested DDR marker genes were significantly induced in teb mutants grown in the presence of salt compared to control conditions, although the relative expression compared to wild-type plants remained in the same range. These results suggest that salt treatment can lead to DDR activation, and that this phenomenon is amplified in teb mutants, consistent with the observation that this treatment leads to an increase in the proportion of plants with a S phenotype. We were not able to defect any effect of high-light on DDR gene expression, but it is worth noting that in vitro growth conditions may not be fully comparable to growth on soil that we used for plant phenotyping.

Together, our results suggest that Pol  is required in proliferating cells for the repair of replication-induced DNA lesions, and that basal levels of replicative stress vary depending on growth conditions, which likely accounts for the variability of teb mutants' phenotype.

DISCUSSION

Plant Pol  plays a key role in the repair of replication-associated DNA damage

In mammalian cells, Pol  mediates both error-prone TLS during DNA replication [START_REF] Yousefzadeh | DNA polymerase POLQ and cellular defense against DNA damage[END_REF][START_REF] Yoon | Error-Prone Replication through UV Lesions by DNA Polymerase θ Protects against Skin Cancers[END_REF] and DSB repair through Alt-NHEJ/MMEJ [START_REF] Beagan | Linking DNA polymerase theta structure and function in health and disease[END_REF]. This dual role appears to be conserved in plants. Indeed, previous studies have shown that plant Pol  is required for plant tolerance to various sources of DNA damage: Arabidopsis teb mutants are hypersensitive to damaging agents such as UV, cisplatin, MMC among others [START_REF] Inagaki | Arabidopsis TEBICHI, with helicase and DNA polymerase domains, is required for regulated cell division and differentiation in meristems[END_REF] Pol  activity would be required throughout plant development as proposed by [START_REF] Inagaki | Arabidopsis TEBICHI, with helicase and DNA polymerase domains, is required for regulated cell division and differentiation in meristems[END_REF], but compensatory mechanisms such as alternative repair pathways would efficiently avoid the appearance of developmental defects in most individuals.

One very intriguing observation is that the appearance of the severe teb mutant phenotypic is stochastic, but the final phenotype is remarkably similar between individuals. Although further work will be required to elucidate this question, it is possible to speculate over several putative explanations. One possibility is that contrasting requirements for Pol  activity may exist between cell types in plants. Indeed, Pol  appears to be strictly required for T-DNA integration when plants are transformed by floral-dip, but not when transformation is done on somatic cells (Nishizawa-Yokoi et al., 2020). The stochastic appearance of severe developmental phenotypes in teb mutants, and the fact that they are not heritable through sexual reproduction may be due to the appearance of mutations in somatic cells. Such a hypothesis would imply that meristematic cells that will give rise to the germline rely on other DNA repair pathways than Alt-NHEJ, or are more readily eliminated by programmed cell death than the neighboring initials, since the teb S phenotype is not heritable. A similar situation may exist in animals since in mice, POLQ deficiency affects genomic stability mainly in erythrocytes [START_REF] Shima | The mouse genomic instability mutation chaos1 is an allele of Polq that exhibits genetic interaction with Atm[END_REF].

However, Arabidopsis mutants that accumulate mutations, for example due to transposable elements mobilization, show varied developmental defects between individuals, which is not the case of teb mutants. One explanation could be that the requirement for Pol -dependent DNA repair may differ not only between cell types, but also between genomic regions, in which case somatic mutations, if they appear, would not be randomly distributed over the genome. In Drosophila follicle cells, replication associated damage is repaired preferentially by HR or Pol -dependent Alt-NHEJ depending on the loci (Alexander et al., 2016), suggesting that Pol -mediated DNA repair is the prevalent DNA repair mechanism after fork collapse only at a subset of genomic regions. Likewise, in Arabidopsis, the teb mutations specifically affects the expression of genes with a nearby Helitron as well as that of tandem and dispersed duplicated genes [START_REF] Inagaki | A link among DNA replication, recombination, and gene expression revealed by genetic and genomic analysis of TEBICHI gene of Arabidopsis thaliana[END_REF]. Authors postulated that the teb mutation affects the chromatin state at these loci due to failed HR. One more likely hypothesis would be that Pol  is preferentially involved in DNA repair at genomic regions that could otherwise engage in illegitimate HR with duplicated loci to avoid loss of genetic information. In the absence of Pol , DNA repair at these genomic regions would be compromised or delayed, which could indeed impair the proper re-establishment of chromatin states after DNA replication. This hypothesis could account for the fact that developmental defects triggered by Pol  vary in severity and are not transmitted to the next generation through sexual reproduction, because they could result from changes in chromatin features rather than from modifications of the DNA sequence. Indeed, as stated above, if developmental defects associated with Pol  deficiency were due to mutations caused by altered DNA repair, they would be expected to be stochastic in terms of plants' aspect because mutations could occur anywhere in the genome, and heritable. On the contrary, the teb mutation gives rise to remarkably similar phenotypical defects that are not heritable, and appear with a variable frequency. Defects in cell cycle progression very likely contribute to these developmental defects, and could well be an indirect cause for the characteristic teb phenotype. However, it is tempting to speculate that they could also partly be due to changes in gene expression triggered by defects in the restoration of chromatin states after DNA replication. If Pol  is preferentially involved in DNA repair at specific genomic contexts, this model would also explain why plants with severe developmental defects all look identical.

Abiotic stresses likely increase replicative stress in plant cells

Finally, our results not only provide evidence for the role of Pol  during DNA replication, but also reveal that abiotic stresses can enhance the requirement for Pol , indicating that levels of replicative stress in dividing cells may differ depending on growth conditions. How abiotic stresses affect genome integrity in plants remains to be fully elucidated [START_REF] Nisa | The plant DNAdamage response: signaling pathways leading to growth inhibition and putative role in response to stress conditions[END_REF]. The effect of UV light or heavy metals on DNA is well documented (Chen et al., 2019), but the consequences of other stresses such as temperature changes, drought, salinity or light intensity have been less explored, although there is accumulating evidence that DDR signaling may be a relevant element in plants' response to these stimuli. Indeed, the ANAC044 and ANAC085 transcription factors, that are activated by DNA damage also contribute to the induction of a G2-arrest in response to heat stress [START_REF] Takahashi | Fenster CB (2019) Fine-Grained Analysis of Spontaneous Mutation Spectrum and Frequency in Arabidopsis thaliana[END_REF].

Whether their role reflects the accumulation of DNA damage in response to heat, or the recruitment of this DDR branch to respond to heat stress remains to be clarified, but these results suggest that DDR signaling may play a more prominent role than previously anticipated in plants' response to environmental stresses. In line with this hypothesis, root meristem maintenance under chilling conditions requires DDR signaling components [START_REF] Hong | A Sacrifice-for-Survival Mechanism Protects Root Stem Cell Niche from Chilling Stress[END_REF]. Our results indicate that at least high light and salt may induce replicative stress in plants, as evidenced by the aggravation of teb mutants' phenotypes. By contrast, we could not detect any effect of heat stress. This may be due to the fact that we exposed plants to a slightly less severe heat stress than Takahashi and colleagues [START_REF] Takahashi | Fenster CB (2019) Fine-Grained Analysis of Spontaneous Mutation Spectrum and Frequency in Arabidopsis thaliana[END_REF] because prolonged growth at 37°C resulted in a high mortality rate in both wild-type and mutant plants. However, this could also mean that all types of abiotic stresses do not affect DNA replication in the same way. Future work should help elucidate how much mechanisms involved in the maintenance of genome integrity contribute to plants developmental plasticity in response to stress, and whether different stress conditions affect genome integrity in different ways.

METHODS

Plant material and growth conditions

All Arabidopsis thaliana mutants used in this study are in the wild type Columbia-0 (Col-0) background. teb2 (SALK_035610) and teb5 (SALK_018851) mutants were a kind gift from M. van Kregten (Leiden University).

Seeds were surface sterilized and treated with bayrochlore TM for 20 min, then washed with sterile water and kept at 4•C for 2 days. They were next sown on commercially available 0.5×

Murashige and Skoog (MS, Duchefa) medium solidified with 0.8% agar (Phyto-Agar HP696, Kalys). Plates were then transferred to a long day (16 h light, 8 h night, 21•C) in vitro growth chamber. After 2 weeks plants were transferred to soil under short day conditions (8 h light 20•C, 16 h night at 18•C) for one week and after that transferred to a long day growth chamber (16 h light, 8 h night, 21•C) for phenotypic analysis.

Genotyping of the teb2 and teb5 mutants was performed using the Lba1/RP primer combination for the mutant allele and the LP/RP primer combination for the wild-type allele.

Sequence of primers used can be found in Table S1.

Genotoxic test

Wild type Col-0 and teb mutants teb2 and teb5) were germinated on MS medium (Control condition) and some were germinated on MS supplemented hydroxyurea (HU) concentration was 0.75 mM. After 2 weeks, these mutant plants were transferred to soil. Then after 10 days, the survival rate of these plants was measured.

RNA extraction and quantitative RT-PCR

Total RNA was extracted from flower buds using NucleoSpin® RNA protocol (MACHEREY-NAGEL). First strand cDNA was synthesized from 2µg of total RNAs by using ImProm-II ™ Reverse Transcription System (Promega) according to the manufacturer's instructions. 1/50 th of the synthesized cDNA was mixed with 100nM of each primer and LightCycler 480 Sybr Green I mastermix (Roche Applied Science) for quantitative PCR analysis. Products were amplified and fluorescent signals acquired with a LightCycler 480 detection system. The specificity of amplification products was determined by melting curves.

Data were from triplicates and are representative of at least two biological replicates. The sequence of primers used in this study is provided in Supplementary Table 1. DDR-related genes expressions were normalized by using housekeeping gene ACTIN. Similar results were observed in 3 independent experiments.

Immuno-fluorescence

Immuno-labelling of -H2AX foci was performed as described previously [START_REF] Amiard | Distinct roles of the ATR kinase and the Mre11-Rad50-Nbs1 complex in the maintenance of chromosomal stability in Arabidopsis[END_REF]. Slides were imaged with an epifluorescence microscope (AxioImager Z.2; Carl Zeiss) Maherun Nisa is supported by a grant from the Fondation pour la Recherche Médicale (ECO201806006824). We thank Marleen van Kregten for providing the seeds of the teb 
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II-3-2 INTRODUCTION

In eukaryotes, tight regulation of DNA replication onset is a critical process for the maintenance of genome integrity: DNA replication has to be initiated from numerous replication origins to allow full genome duplication, and it must be started only once at a given origin to avoid re-replication of portions of the genome. One key factor required for replication origin licensing is the CDT1 protein, a component of pre-replication complexes (Truong and Wu, 2011). The assembly of pre-replication complex (pre-RC), which permits the recruitment of DNA helicases to replication origins: briefly, the Origin Recognition Complex form by ORC1-6 proteins recruit CDC6 and CDT1 that in turn allow the binding of the MCM 1-6 hexamer that unwinds DNA. Origin firing and onset of DNA synthesis requires several phosphorylation events, and release of CDC6 and CDT1 from the chromatin prior to DNA polymerases recruitment [START_REF] Yeeles | Regulated eukaryotic DNA replication origin firing with purified proteins[END_REF]. Once they have been licensed (i.e. they are ready for DNA replication onset) only a portion (about 1/10 th ) of these origin is actually fired (meaning DNA replication is initiated from these origins), other origins remain dormant, and can be fired later to rescue blocked origin during S-phase (Moiseeva and Bakkenist, 2019).

The Arabidopsis genome contains to CDT1 genes: CDT1a and CDT1b that have been characterized in the host lab. The CDT1a is essential: all female gametophyte harbouring the cdt1a mutation plants arrest their development after 1 or 2 mitotic divisions. By contrast, the CDT1b gene seems dispensable since cdt1b mutants are indistinguishable from wild-type plants. However, the cdt1b mutation aggravates pollen development defects of cdt1a/+ hemizygous plants, indicating that the two genes are at least partially redundant [START_REF] Domenichini | Evidence for a role of Arabidopsis CDT1 proteins in gametophyte development and maintenance of genome integrity. Plant thaliana[END_REF]. Intriguingly, the host lab has identified an interaction between CDT1 proteins and the DPB2 accessory sub-unit of the replicative polymerase DNA polymerase epsilon (Pol ) for the 1st time in plants (Arabidopsis) [START_REF] Domenichini | Evidence for a role of Arabidopsis CDT1 proteins in gametophyte development and maintenance of genome integrity. Plant thaliana[END_REF]. This interaction was unexpected since according to the generally accepted models, CDT1 is released from chromatin before DNA Pol  recruitment [START_REF] Yeeles | Regulated eukaryotic DNA replication origin firing with purified proteins[END_REF]. In animals cells, CDT1 was shown to be recruited at DNA damage sites in Mammals [START_REF] Ishii | Proliferating cell nuclear antigen-dependent rapid recruitment of Cdt1 and CRL4Cdt2 at DNAdamaged sites after UV irradiation in HeLa cells[END_REF]Roukos et al., 2011;Tanaka et al., 2017) Hence the discovery of this interaction raised some basic questions, i.e. whether the interaction between CDT1 and Pol  could be essential for replication initiation, fork progression or possibly fork stabilization in the context of replicative stress.

The host lab has found that a truncated form of the CDT1 protein lacking its first 95 aminoacids no longer interacts with DPB2. To probe the importance of this interaction, they complemented the cdt1a mutant with either the full-length CDT1a protein, or with the truncated form that has lost its ability to bind DPB2 (Figure 1A): complementation with the full length protein restored a wild-type phenotype whereas expression of the CDT1ash version allowed obtaining viable plants but with very severely reduced growth and anthocyanin accumulation. They also display premature cell differentiation in the root meristem (Figure 1B). Furthermore, these plants show hallmarks of DDR activation such as high expression of DDR genes (Figure 1C).

II-3-2 STRATEGIES

Initially, one objective of my PhD was to study the role of the CDT1/DPB2 interaction in Arabidopsis, to test whether this interaction is conserved in human, and if so, to study its function. However, at the beginning of my PhD, an article was published in bioRxiv, showing that the N-terminus of CDT1a contains a degradation motif targeted by the F-box protein FBL17, and that loss of this region profoundly modifies its accumulation pattern during the cell cycle [START_REF] Desvoyes | FBL17 targets CDT1a for degradation in early S-phase to prevent Arabidopsis genome instability[END_REF]. For this reason, it is difficult to ascertain whether the defects observed in cdt1sh plants are caused by the loss of CDT1/DPB2 interaction, abnormal CDT1 accumulation or both.

In addition, we also had difficulties confirming that the CDT1/DPB2 interaction is conserved in human cells. I first performed yeast two-hybrid experiment and found that Arabidopsis DPB2 interacts with human CDT1 and this interaction is also observed between human DPB2

and CDT1, although it appears weaker (Figure 2). Therefore, this interaction needed to be Yeast growth on solid media. For serial dilution analysis, yeast cells were collected and adjusted to OD600 = 1.0, and diluted to 1, 10 -1 and 10 -2 . Yeast to hybrid Y2H performed, the red bar is identifying the interaction proteins between Hs-CDT1 + At-DPB2, At-CDT1 + At-DPB2, weaker interaction between Hs-CDT1 + Hs-DBP2 observed at +3AT 1mM.

interact, but we observed an aspecific interaction between the prey protein (CDT1-HA) and the antibody or beads used for IP (anti-flag), which did not allow us to conclude that the two proteins interact (Figure 3A). Next, we used antibodies (anti-HA-coupled beads) to IP the CDT1-HA protein and try to detect the Co-IPed DPB2-Flag protein. But still result wasn't clear may be because we used whole cell extract and Immunoprecipitation (IP) did not work well. After that, we extracted nuclear material to enrich the extract in nuclear proteins by using two different protocols and performed Co-IP. With the first protocol we were unable to see anything on the gel because of the strong background and also for the 2 nd protocol (extraction of nuclear protein) IP for DPB2-Flag and CDT1-HA. The gel that DPB2-Flag and CDT1-HA showed no clear interaction therefore we were not able to detect interaction between these two proteins invivo, may be because of the low abundance of proteins or because Co-IP conditions were not well optimized (Figure 3B).

II-3-3 PERSPECTIVES:

The interaction between CDT1 and DNA replicative polymerase accessory sub-unit DPB2 could be very important in term of DNA damage responses in plants. In mammals it has been reported, that Cdt1 is quickly degraded when the genome is exposed to DNA damaging agents such as UV radiation (Tanaka et al., 2017). In mammals, Schlefen-11 (SLFN11), which is a vital factor to protect cells from replicative DNA damage and acts as a tumor suppressor is involved in the degradation of CDT1 during DNA stress [START_REF] Jo | SLFN11 promotes CDT1 degradation by CUL4 in response to replicative DNA damage, while its absence leads to synthetic lethality with ATR/CHK1 inhibitors[END_REF]. During plants'

replicative stress there is no clear evidence about the recruitment and degradation of CDT1, this point thus needs to be further examined. The Pol  sub-unit DPB2 plays a key role during replicative DNA damage response, there could thus be a possibility that during DNA stress in plants CDT1 could also be recruited at the damage site and assist DPB2 to delay S-phase progression to have enough time for DNA repair and then degraded. This interaction may thus be transient, and occur only in response to DNA damage, which needs to be further investigated. To test this, Co-IP could be tried under DNA damage conditions that may provide the possibility of interaction between these proteins. Another technique could be used to find/validate interaction in human cells such as proximity ligation assay. Long term perspective, in case the interaction is found to be conserved would be to map the interacting regions of these proteins in order to better understand the role of their interaction.

II-3-3 Concluding remarks and future prospects

Maintenance of the genome is utmost important for living organisms to reach their full life span. During cell proliferation the genome is prone to replication errors and DNA damage, One key question that remains to be addressed is how much DDR signaling contributes to plants' adaptation to adverse environmental conditions. Indeed DDR activates an intricate gene regulatory network allowing DNA repair, growth inhibition through an arrest of the cell cycle, induction of cell death and the replacement of stem cells [START_REF] Heyman | ERF115 controls root quiescent center cell division and stem cell replenishment[END_REF]Hu et al., 2016;[START_REF] Nisa | The plant DNAdamage response: signaling pathways leading to growth inhibition and putative role in response to stress conditions[END_REF]. Accumulating evidence linking DDR signaling and biotic or Such an approach requires a more refined understanding of the underlying regulatory networks.

Another intriguing question is how essential DDR components are for normal growth and development, including under standard conditions. Because for over 10 years, DDR research was conducted almost exclusively on Arabidopsis, most identified DDR components were thought to be non-essential. The most striking example was perhaps the atr mutant that is embryo lethal in mammals, whereas it grows and develops normally in the case of Arabidopsis. Recent studies in crops such as barley or maize have revealed that atr mutants display severe developmental defects, even in the absence of exogenously applied stresses (Szurman-Zubrzycka et al., 2019;[START_REF] Pedroza-Garcia | Maize ATR Safeguards Genome Stability During Kernel Development to Prevent Early Endosperm Endocycle Onset and Cell Death[END_REF]. This suggests that ATR plays an essential role in plant species with larger genome size compared to Arabidopsis. Thus requirement for DDR components and specific DNA repair pathways could vary according to the properties of plant genomes, and also depending on which DNA repair mechanisms are preferentially used in each species. Thus, future research in the field of DDR will likely have to take into account plants diversity.

Finally, one future research prospect that remains to date very little explored will be the connection between DDR (and more specifically replicative stress) and chromatin dynamics.

Indeed, DNA replication requires the displacement of histones for the replisome to progress, which means that chromatin states have to be restored behind the replication fork (Almouzni and Cedar, 2016). Defects in replisome progression can thus impinge on the maintenance of the epigenetic information. Consistently in plants, many mutants deficient for DNA replication components such as Pol  mutant abo4-1 revealed have an flowering phenotype due to the changes in the expression of the main flowering genes, which are the consequences of defects in the deposition of the repressive histone mark H3K27me3 [START_REF] Yin | Epigenetic regulation, somatic homologous recombination, and abscisic acid signaling are influenced by DNA polymerase epsilon mutation in Arabidopsis[END_REF]Del Olmo et al., 2010). Defects in DNA replication also affect gene silencing, although the underlying mechanisms are still unclear (Bourguet et al., 2020b). If stress conditions increase RS frequency, they could thus also impact chromatin states and thus modify gene expression patterns in the long term. We have reported in the study [START_REF] Pedroza-Garcia | Maize ATR Safeguards Genome Stability During Kernel Development to Prevent Early Endosperm Endocycle Onset and Cell Death[END_REF], that Pol  (TEBICHI In Arabidopsis) shows developmental defects which are not transmitted to the next generation and may be due to modifications in the DNA sequences so our hypothesis that this could result from errors in the reproduction of chromatin states during DNA replication.

Although this hypothesis still needs to be confirmed, there is clear evidence that the link between the maintenance of genome and epigenome integrity deserves to be better understood in plants, not only in the context of DNA replication, but also more generally after DNA repair that also requires the transient disassembly of chromatin. This field is very active in case of animal, and will likely expand also in plants in the future.

III-Material and methods:

III-1 Plant growth and genotyping

PLANT MATERIAL AND GROWTH CONDITIONS

All Arabidopsis thaliana mutants lines used in this study are in the background of wild type Columbia-0 (Col-0) these mutants are pol2a, sog1, pol2a sog1, e2fa, e2fa pol2a, e2fa sog1, e2fa pol2a sog1, e2fb, e2fb pol2a, e2fb sog1, e2fb pol2a sog1, soa225 and ld .

Seeds were surface-sterilized by treatment with bayrochlore for 20 min, washed and imbibed in sterile water for 2 days at 4 °C to obtain homogeneous germination. Seeds were sown on commercially available 0.5x Murashige and Skoog (MS) medium (Basalt Salt Mixure M0221, Duchefa) with the appropriate antibiotic if needed and solidified with 0.8% agar (Phyto-Agar HP696, Kalys), and grown in a long days (16h light, 8h night, 21°C) growth chamber. After 2 weeks, the plants were transferred to soil in a glasshouse under short-day conditions (8 h light 20°C, 16h night at 18°C) for 2 weeks before being transferred to long-day conditions.

CTAB DNA EXTRACTION

CTAB DNA extraction buffer: 2 % CTAB, 100 mM Tris (pH 8.0), 20 mM EDTA, 1.4 M NaCl, 1-2 % PVP polyvinylpyrrolidone 40. CTAB buffer was pre-warmed at 65 °C. Leaves were grinded with the help of tissue lysis machine. Then 400 µl of pre-warmed CTAB buffer were added to the samples, and they were incubated at 65°C for half an hour. After adding 400 µl of chloroform, samples were vortexed and centrifuged at 13k rpm for 10 min. The aqueous phase was collected and 350 µl of isopropanol were added, after incubation at -20 °C for 30 min, samples were centrifuged at 13k rpm for 10 min. The supernatant was removed and pellet was washed with 70% ethanol (700µl), and then dried under vacuum for 10 min and re-suspended in 100 µl of sterile water.

DCAPS GENOTYPING

Regions of interest were amplified by PCR using primers listed in Table 2. 10 µL of the PCR reaction were next mixed with FD Green Digestion buffer and the appropriate restriction enzyme (NEB), and incubated at 37°C for 30 minutes. After migration on a 4% Agarose Gel (TAE 0.5X), wild-type, mutant and heterozygous plants could be identified based on the presence of digested or undigested PCR fragments.

Table 2: List of dCAPS genotyping primer sequence of soa225 candidates genes. The principle of this method is to amplify a small fragment of the gene of interest with primers containing mismatches that introduce in the PCR product a restriction site that will be specific to the wild-type or the mutant allele. After digestion of the PCR product, helps to identify Wild type, homozygous mutant and hemizygous plants.

ROOT GROWTH ASSAY

Seeds were germinated on ½ MS medium and then after 4 days seedlings were transferred to fresh plates of ½ MS medium or ½ MS supplemented with hydroxy-urea HU (1mM). Plates were kept in a vertical position for about 2 weeks under long day conditions. The position of primary roots was mark after every 4 days. After 2 weeks, plates were scanned and images were used to measured root length by Fiji software (https://imagej.net/Fiji.). Data presented are mean ± SD (n > 20). Significant differences from the wildtype are determined by one way Anova with post-hoc Tukey HSD *, p<0.05.

III-2 Protein-protein interactions YEAST TO HYBRID

Yeast strain and Vectors: Prey and bait cDNAs were cloned in the Y2H vectors pGADT7 and pGBKT7 (ClonTech)

respectively. The Saccharomyces cerevisiae strain PJ69-4 was transformed with the prey plasmid pGADT7 and bait vector pGBKT7.

SD medium:

Stock solution of SD (Synthetic Defined) was prepared according to the manufacturer's instructions (MP Bio-medicals, LLC, CAT NO. 4830065).

Yeast transformation:

For each transformation, freshly streaked yeast was inoculated in 2mL of YPDA (Yeast Extract-Peptone-Dextrose) liquid medium at 30°C one day before the experiment. Next day yeast cells were centrifuged at 2500g for 5 min, and washed with the same volume of sterile water twice. After the final wash, yeast cells were re-suspended in half the volume of sterile water and pelleted in Eppendorf tubes, so that 1mL of washed cells was used for each transformation. Then for each transformation, 20 µL of sterile water, 1 µg of each plasmid, 5µg of denatured salmon sperm DNA were added to the cells and mixed well. After cell resuspension, 200 µl of PEG were added (PEG4000, TE, LiAc). After vortexing, cells were incubated for 15 min at 30 °C with shaking. Next, 20µL of DMSO were added to each tube and incubated for 15 min at 42 °C. Cells were washed a first time by adding 1 mL of sterile water and centrifuged them. The supernatant was removed and cells were washed again with 1mL of sterile water, vortexed and centrifuged. The supernatant was discarded but about 100 µL were left in the tube to re-suspend the cells and plate them on SD -Trp -Leu.

After 2 days, several colonies were re-suspended in sterile water. The OD was adjusted to 1 for all transformations, and drops of serial dilutions were deposited on SD-Leu -Trp -His plates containing increasing concentrations of 3-amino-triazole to increase the stringency of the selection. The ability of transformed yeast cells to grow on selective medium was followed between 2 and 5 days after plating.

PEG solution:

PEG 4000 was dissolved in ultrapure water (50% w/v).

PEG4000, TE, LiAc Solution:

80 mL of PEG 50% were mixed with 10 mL of sterile Lithium Acetate (1M) and 10 mL of TE (100mM Tris pH8, 10mM EDTA)

CO-IMMUNOPRECIPITATION (CO-IP)

Cell lines and transfection:

The cell lines used for this study were HEK 293 FT. These are human embryonic kidney fibroblast-like cells. These cell lines are easy to grow and maintain, with high reproducibility.

These are very efficient at protein production and accessible for transfection. Plating of HEK-293 FT, 2.7x10 6 cells/dish, Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum 100 µg/mL of streptomycin,100 units/mL penicillin, and 250 ng/mL amphotericin B (store at 4 °C and warm in 37 °C water bath before use). Transfection with jetPEI (reagent) dish/condition, 10.5 µg, DPB2-Flag + 1.5 µg HA and 1.5 µg CDT1-HA applied. For transfection of cell lines HEK 293, Poly plus transfection jetPEI tm protocol (Ref:

CPT 101, Version G) http://www.polyplus-transfection.com/. We have two cellular fractionation and IP HA or/and un-cleared fraction.

Immunoprecipitation (IP) and western blot:

For immunoprecipitation used two fractionation protocols. First elimination of soluble protein with CSK-100 and second isolate nuclei from the cellular fractionation. Followed by trypsinization and then centrifuged at 300g for 5 min RT. Washed by PBS twice and then centrifuged again at 300 g for 5 min. For extraction I, done on ice in 500 µl CSK-100 buffer for 15 min, centrifuged at 7000 rpm, 4 °C for 5 min and isolated nuclei (II) lysed in 500 µl of cytoplasmic buffer for 30 min and then centrifuged for 2400g 4 °C for 5 min. These 2 extracts were lysed in 500 µl of NETN buffer for 30 minutes on ice. Then sonicated twice for 10 seconds at 29% on ice. Centrifuged at 13k rpm, 4 °C for 10 min. Supernatant of 500 µl and 20 µL of beads coupled to anti-HA (HA11 Affinity Matrix; Covance) or anti-Flag (Flag immunoprecipitation kit; Sigma-Aldrich) antibodies were incubated for 3 h at 4°C. Beads were washed 3X with the lysis buffer (NETN buffer). Proteins eluted in 60 µl of loading buffer 2X for 10 min at 90 °C, analyzed by western blot. Proteins were separated on SDS-PAGE gels (Mini-PROTEANTGX, BioRad), transferred to PVDF membranes, blocked in 5% milk, and probed with the desired antibodies. 

III-3 Imaging and flow cytometry GUS STAINING

After 15-min fixation in 100% cold acetone, βglucuronidase (GUS) activity was revealed as described previously (Ni et al. 2009). After 1 h at 37•C, samples were washed in 70% ethanol, fixed with PFA during 20 min under vacuum, and then cleared using chloral hydrate solution overnight at room temperature (8 g of chloral hydrate (Sigma), 2 ml of 50% glycerol and 1 ml of water). Images were captured on a macroscope (AZ100, NIKON) with a video camera Nikon RI1.

FLOW CYTOMETRY

Flow cytometry was done on flower buds of e2fs combination mutants. Flowers buds were chopped with the help of razor blade. Then 1 mL of Gif-nuclei-isolation buffer [45 mM MgCl2, 30 mM sodium citrate, 60 mM MOPS, 1% (w/v) polyvinylpyrrolidone 10,000, pH 7.2] containing 0.1% (w/v) Triton X-100, supplemented with 5 mM sodium metabisulphite and RNAse (5 U/mL) added to the sample. The solution was filtered and propidium iodide was added to the solution to a final concentration of 50 µg/mL. DNA content of 5000 to 10,000 stained nuclei were determined using a Cyflow SL3 flow cytometer (Partec-Sysmex) with a 532-nm solid-state laser (30 mW) excitation and an emission collected after a 590-nm long-pass filter. For cell cycle analysis, we used the algorithm available in the FloMax software (flomax.software.informer.com).

EDU LABELLING

Seeds were germinated on ½ MS medium and then five days old seedlings were transferred to EdU supplemented ½ MS medium (10µM). Plantlets were fixed at different time points 3hr, 5hr, 6hr, 9hr and 11hr with 4%w/v paraformaldehyde (PFA) dissolved in PME buffer (0.5M PIPES pH 6.9, 50mM MgSO4, 10mM EGTA) for 15min under vacuum. After that, plantlets were washed twice with 1X PME to remove the traces of PFA. Squares were drawn on polysine slides using a by hydrophobic marker, root tips were cut in a drop of PME under a stereomicroscope. The PME solution was then replaced by an enzyme solution [1% (w/v) cellulase, 0.5% (w/v) cytohelicase, 1% (w/v) pectolyase in PME 1X], and samples were incubated for 1 hour in a humid chamber at 37 °C. Root tips were then washed three times with 1X PME. After removing most of the liquid, root tips were squashed under a coverslip.

Slides were immersed in liquid nitrogen for about 15 sec and then the coverslip was carefully removed. Slides were dried overnight. The next day, slides were washed with 1X PBS and then with 3% BSA (w/v) prepared in 1X PBS (Phosphate Buffer Saline, Sigma). Samples were permeabilized in 0.5% Triton dissolved in 1X PBS for 30 min. Slides were washed twice with 3% BSA+1X PBS, further samples were incubated with Click-iT Plus EdU Alexa Fluor 488 Imaging Kit (Thermo Fisher Scientific) according to the manufacturer's instructions, for 30 min in the dark at RT. Once washed with PBS 1X pH 7,4 + BSA 3% and then nuclei were stained with Hoechst (Thermo Scientific Hoechst 33342 solution 20mM) (1µg/mL). Slides were mouted in Vectashield and observed using an epifluorescence microscope.

Furthermore, AxioImager Z.2; Carl Zeiss microscope was used to observed slides of squashed roots of all combination mutant lines, using apotome functionality the signals were observed imaging DAPI and Alexa 488 dyes (filters) with the resolution of a 10X objective was used with the tile option and then 40X for taking the snaps of the nuclei using Zen Blue software (Carl Zeiss). Later roots' nuclei were then measured with the ImageJ software.

CONFOCAL MICROSCOPY IMAGING

For measuring the apical root meristem 7-days-old root tips were used. These root tips were stained with propidium iodide (PI, 10µM), for about 5 min, then were observed on a Zeiss LSM 880 laser scanning confocal microscope using a 561nm laser for excitation.

Fluorescence was acquired between 470 nm and 700 nm. Representative images were collected from 10 to 15 roots with three biological replicates.

RNA EXTRACTION AND QUANTITATIVE RT-PCR

Total RNAs were extracted from roots, shoots and whole seedlings using the NucleoSpin® RNA kit (MACHEREY449 NAGEL), following the manufacturer's instructions. Then

ImProm-II ™ 450 Reverse Transcription System (Promega®) was used to prepared first strand of cDNA from 2µg of the total RNA. cDNA was diluted 50 folds and mixed with 100nM of each primer and LightCycler 480 Sybr Green I mastermix (Roche Applied Science)

for quantitative PCR analysis. We used LightCycler 480 system for product amplification and fluorescent signals. The specificity of amplification products was determined by melting curves. Data were from triplicates and are representative of at least two biological replicates.

The sequence of primers used in this study is provided in Supplementary Table . DDR-related genes expressions were normalized by using housekeeping gene ACTIN. Similar results were observed in 3 independent experiments.

STATISTICAL ANALYSIS

All statistical analysis was performed using the R software (https://www.r-project.org/).

RNA-SEQ ANALYSIS

Library preparation and sequencing

Single-end sequencing of RNA-seq samples were trimmed using Trimmomatic-0. Response: Signaling Pathways Leading to Growth Inhibition and Putative Role in INTRODUCTION Due to their sessile lifestyle, plants can be exposed to severe adverse environmental stresses, resulting in aberrant DNA replication and loss of genome integrity, both potentially affecting growth and plant survival (Hu et al., 2016;[START_REF] Nisa | The plant DNAdamage response: signaling pathways leading to growth inhibition and putative role in response to stress conditions[END_REF]. To cope with such aberrations, eukaryotic cells activate highly coordinated cellular networks, collectively termed the DNA damage response (DDR), which are crucial for maintaining genome stability [START_REF] Nisa | The plant DNAdamage response: signaling pathways leading to growth inhibition and putative role in response to stress conditions[END_REF]. DDR activation relies on two phosphatidylinositol 3 kinase (PI3K)-like protein kinases, called Ataxiatelangiectasia mutated (ATM) and ATM and Rad3-related (ATR) (Hu et al., 2016). In general, DNA double-strand breaks (DSBs) activate the ATM kinase, whereas ATR is predominantly activated by single-stranded DNA (ssDNA) and defects in replication fork progression (Maréchal and Zou, 2013). ATM is activated by the MRN complex (MRE11, RAD50, and NBS1) that recognizes DSBs [START_REF] Nisa | The plant DNAdamage response: signaling pathways leading to growth inhibition and putative role in response to stress conditions[END_REF]; ATR responds to the accumulation of the replication protein A (RPA) at ssDNA sites that is generated in response to any lesion that perturbs replication [START_REF] Iyer | The intra-S checkpoint responses to DNAdamage[END_REF].

Remarkably, whereas the upstream kinases ATM and ATR and the proteins that participate directly in the DNA repair mechanisms appear to be largely conserved across eukaryotes, the factors that transduce the DNA damage signal appear to have diverged (Hu et al., 2016;[START_REF] Nikitaki | Integrating plant and animal biology for the search of novel DNAdamage biomarkers[END_REF]. For instance, plants lack orthologous genes for the canonical signal transducer kinases CHK1/2 and the transcription factor p53 that act downstream of ATM and ATR in mammals [START_REF] Nikitaki | Integrating plant and animal biology for the search of novel DNAdamage biomarkers[END_REF]. Instead, Arabidopsis possesses a set of plant-specific proteins, including the SOG1 transcription factor (Yoshiyama et al., 2009;Yoshiyama et al., 2013a) and the SIAMESE/SIAMESE-RELATED (SIM/SMR) family of cyclin-dependent kinase inhibitors (Yi et al., 2014). SOG1 is phosphorylated by ATM in response to DSBs (Yoshiyama et al., 2013b) and can be phosphorylated in vitro by ATR (Sjogren et al., 2015). This phosphorylation is crucial for SOG1 activation in response to DSBs [START_REF] Yoshiyama | Increased phosphorylation of Ser-Gln sites on SUPPRESSOR OF GAMMA RESPONSE1 strengthens the DNAdamage response in Arabidopsis thaliana[END_REF], representing a direct and immediate connection between DNA damage and the transcriptional activation of DDR genes (Yoshiyama et al., 2009;Bourbousse et al., 2018;[START_REF] Ogita | Identifying the target genes of SUPPRESSOR OF GAMMA RESPONSE 1, a master transcription factor controlling DNAdamage response in Arabidopsis[END_REF].

In contrast to mammals, where disruption of ATR induces embryonic lethality [START_REF] Brown | ATR disruption leads to chromosomal fragmentation and early embryonic lethality[END_REF]Maréchal and Zou, 2013;[START_REF] Menolfi | ATM, ATR and DNA-PKcs kinases -the lessons from the mouse models: inhibition S deletion[END_REF] and ATM mutations lead to developmental defects [START_REF] Menolfi | ATM, ATR and DNA-PKcs kinases -the lessons from the mouse models: inhibition S deletion[END_REF], Arabidopsis atr and atm knockout mutants do not show any vegetative developmental defect under non-stressed conditions (Garcia et al., 2003;Culligan et al., 2004), although atm mutant plants display partial sterility (Garcia et al., 2003). Even the atr atm double mutant is viable, but fully infertile due to severe defects during meiosis [START_REF] Culligan | Both ATM and ATR promote the efficient and accurate processing of programmed meiotic doublestrand breaks[END_REF]. In spite of these discrepancies at the organismal scale, the respective roles of ATM and ATR in DNA damage signalling appear to be conserved between plants and other eukaryotes. Indeed, in Arabidopsis, loss of ATM results in hypersensitivity to genotoxic agents that induce DSBs either directly (e.g. exposure to y-irradiation) or indirectly during the replication process (e.g. crosslinking agents), as observed in all eukaryotes (Garcia et al., 2003;Culligan et al., 2006;[START_REF] Menolfi | ATM, ATR and DNA-PKcs kinases -the lessons from the mouse models: inhibition S deletion[END_REF]. Likewise, the Arabidopsis atr mutants are hypersensitive to replicationblocking agents (Culligan et al., 2004) , as other eukaryotes [START_REF] Friedel | ATR/Mec1: coordinating fork stability and repair[END_REF][START_REF] Segurado | The S-phase checkpoint: targeting the replication fork[END_REF][START_REF] Jossen | The DNAdamage checkpoint response to replication stress: AGame of Forks[END_REF]. However, ATR deficiency leads to high sensitivity to DSBs in yeast and mammals [START_REF] Segurado | The S-phase checkpoint: targeting the replication fork[END_REF][START_REF] Jossen | The DNAdamage checkpoint response to replication stress: AGame of Forks[END_REF], whereas Arabidopsis atr mutant plants show only a slight sensitivity to ionizing irradiation, suggesting only a minor role of this kinase in the response to DSBs in plants (Culligan et al., 2004;Culligan et al., 2006).

The described roles for ATR and ATM in Arabidopsis have been assumed to be conserved in other plants such as crops, but molecular evidence is scarce (Manova and Gruszka, 2015;Szurman-Zubrzycka et al., 2019;[START_REF] Zhang | OsATM safeguards accurate repair of meiotic double-strand breaks in rice[END_REF], and some differences may exist between plant species. Indeed, recently, the characterization of both kinases in Physcomitrella patens revealed differences with their Arabidopsis orthologs, with PpATR playing a predominant role in the transcriptional response to DSBs, rather than PpATM [START_REF] Martens | The importance of ATM and ATR in Physcomitrella patens DNAdamage Google Scholar: Author Only Title Only Author and Title[END_REF] and triggering the formation of stem cells from differentiated tissue in response to DSBs [START_REF] Gu | DNA damage triggers reprogramming of differentiated cells into stem cells in Physcomitrella[END_REF].

So far, the roles of ATR and ATM have not been studied during the development of crop seeds. The maize seed consists of three main compartments: the seed coat or pericarp, of maternal origin, and the embryo and endosperm, the two products of double fertilization [START_REF] Doll | Signaling in early maize kernel development[END_REF]. Endosperm development begins with a triploid (3C) cell formed from the two polar nuclei of the ovule and one sperm cell [START_REF] Domínguez | Programmed cell death (PCD): an essential process of cereal seed development and germination[END_REF]. After fertilization, mitotic cell proliferation begins, and at approximately ten to twelve days after pollination (DAP), the endosperm cells transition from a mitotic cell cycle to endoreduplication, resulting in a dramatic increase in nuclear volume and DNA content that peaks at 16 to 20 DAP. Grain filling begins simultaneously through the accumulation of storage compounds, such as starch and proteins, necessary to support seedling growth following germination. During the final stages of seed development, the starchy endosperm undergoes PCD, but these cells and their contents remain intact in the mature grain. The cell death of the starchy endosperm is critical to facilitate the rapid mobilization of the storage reserves for the growth of the germinated embryo. Premature induction of PCD would limit reserve deposition and thus jeopardize germination [START_REF] Young | Ethylene-mediated programmed cell death during maize endosperm development of wild-type and shrunken2 genotypes[END_REF][START_REF] Young | Regulation of programmed cell death in maize endosperm by abscisic acid[END_REF][START_REF] Domínguez | Programmed cell death (PCD): an essential process of cereal seed development and germination[END_REF]. Here, we demonstrate that the functional roles of the ATR and ATM kinases are only partially conserved between Arabidopsis and maize, as exemplified by the accumulation of replication defects in maize ATR-deficient plants and differences in fertility defects between the two species. Moreover, our data reveal a crucial role for the ATR kinase in proper kernel development, playing a pivotal role in repressing premature endocycle onset and cell death of the endosperm. RESULTS Generation of CRISPR/Cas9 Mutants for the Maize ATR and ATM Genes Maize orthologs of the Arabidopsis ATR and ATM genes were initially identified using the PLAZA platform [START_REF] Van Bel | PLAZA 4.0: an integrative resource for functional, evolutionary and comparative plant genomics[END_REF]. For the AtATR gene (AT5G40820), this resulted in a one-on-one relationship with the Zm00001d014813 gene, encoding a protein with 67.2% sequence similarity. The ATM gene (AT3G48190) showed a one-on-one orthology with the maize Zm00001d040166 gene, although the encoded protein shares only a 47.7% sequence similarity. While the AtATM gene contains 63 exons and is spread over 23 kb, the ZmATM gene has 78 exons and is spread over more than 123 kb.

With both orthologous genes identified, we designed two single guide RNAs (sgRNAs) to induce mutations in the coding sequence of the maize ATR and ATM genes using CRISPR/Cas9. We introduced these constructs into immature maize embryos via Agrobacterium-mediated transformation to generate knockouts of the maize ATR and ATM genes. For each construct, T 0 mutant regenerated plants were crossed with B104 wild-type plants. Within the offspring, plants were selected for heterozygosity for the mutation and absence of the Cas9 transgenes. These plants were subsequently self-pollinated to obtain isogenic wild-type and homozygous mutant plants. We selected two independent CRISPR/Cas-induced mutant lines for both genes, named ATR-A and ATR-B, representing Zmatr mutants, and ATM-A and ATM-B, representing Zmatm mutants. While the ATR-B and ATM-A mutant alleles were caused by an indel that generates a frameshift, ATR-A and ATM-B were deletion mutants of hundreds of base pairs (Supplemental Figure 1).

Conserved Role of ZmATR in the Response to Replicative Stress

In all eukaryotes studied so far, ATR is required for responses to replicative stress such as fork stalling, which is associated with hypersensitivity to replication-blocking agents [START_REF] Friedel | ATR/Mec1: coordinating fork stability and repair[END_REF][START_REF] Segurado | The S-phase checkpoint: targeting the replication fork[END_REF][START_REF] Jossen | The DNAdamage checkpoint response to replication stress: AGame of Forks[END_REF]. The main characteristic of Arabidopsis atr mutants is a rapid loss of meristem activity due to inability to slow down the replication process in the presence of stalled replication forks (Culligan et al., 2004). To confirm that maize ATR shares this conserved role, we challenged the two Zmatr independent lines and their corresponding wild-type plants with hydroxyurea (HU), which is an inhibitor of ribonucleotide reductase. HU treatment depletes cellular deoxyribonucleotide (dNTP) pools, and thereby induces stalling of replication forks. The sensitivity to DNA stress was determined by measuring root and shoot length after three days of growth within medium supplemented with HU. Although both the wild-type and Zmatr mutant roots grew at very similar rates in medium without genotoxin (Figures 1A and1B), the shoot growth in Zmatr mutant lines was clearly 40 to 50% smaller in comparison with their wild-type plants (Figures 1A and1C). When treated with HU, the wild-type root growth was not affected, whereas the Zmatr mutant roots were reduced by ~60% in comparison with untreated plants (Figures 1A and1B). A similar effect was observed for Zmatr mutant shoot length with a decrease of ~40% compared with ~15-20% in wild-type plants (Figures 1A and1C). As expected, ZmATM is not involved in the stabilization of stalled forks, as the Zmatm mutant lines did not display inhibition of growth under treatment nor under control conditions (Figures 1A, 1D, and1E).

To determine whether the ZmATR and ZmATM kinases are involved in controlling the transcriptional activation induced by replicative stress, we monitored the expression level changes of several DDR-related genes, including the putative maize orthologous genes for RAD51A, RAD51B, BRCA1, XRI, RAD54 involved in homologous recombination (HR), RAD7A that participates in nucleotide excision repair, and the RNR1 and TSO2 ribonucleotide reductase subunits that function in the synthesis of nucleotides [START_REF] Roa | Ribonucleotide reductase regulation in response to genotoxic stress in Arabidopsis[END_REF][START_REF] Sánchez-Pons | Transcriptomic and proteomic profiling of maize embryos exposed to camptothecin[END_REF][START_REF] Lahari | RAD7 homologues contribute to Arabidopsis UV tolerance[END_REF]. To map the rapid transcriptional changes, Zmatr and Zmatm mutant plants were treated with 5 mM HU for 90 min. For all genes tested, the early replication stress response was ZmATRdependent (Supplemental Figure 2). These results show that ZmATR has a conserved role in the replicative stress response.

ZmATR Has a Predominant Role in the Response to DSBs, Whereas ZmATM Plays a Minor Role

To explore the roles of ZmATR and ZmATM in response to DSBs, we evaluated the sensitivity of the corresponding mutants to zeocin, which is a radiomimetic agent that generates mainly DSBs. Unexpectedly, Zmatr mutants displayed a pronounced root growth sensitivity to 75 µM zeocin, showing a reduction of root length of ~60% compared with the untreated plants, whereas wild-type plants did not show a significant reduction of root growth (Figures 2A and2B). Intriguingly, with 75 µM of zeocin, no increased sensitivity was observed for the Zmatm mutants compared with wildtype plants, which did show a ~10% reduction in root length (Figure 2D). Nevertheless, at zeocin treatment with 150 µM, a clear difference of reduction in root growth was observed in Zmatm mutants compared with wild-type roots. Moreover, under all conditions, we observed a slight inhibition of shoot growth, which was similar between all genotypes examined (Figures 2C and2E).

To confirm these results on DSB sensitivity, we also exposed the seedlings to y-irradiation, which is known to also induce DSBs. Two-day-old seedlings were treated with a dose of 75 Gy. Root and shoot lengths were measured after four days of recovery. Under these treatment conditions, the Zmatr mutant lines clearly were more sensitive to the treatment compared with wildtype plants (Figures 3A, 3C and3D), but no differences were observed for the Zmatm mutant (Figures 3B, 3E and3F). To examine whether ZmATM is required to respond to higher levels of DNA damage as observed with zeocin treatment, we irradiated with doses of 250 and 500 Gy. Only at 500 Gy, shoot growth in Zmatm was severely affected (Figures 3B, 3E and3F) and most of the shoots showed accumulation of anthocyanins, revealed by purple coloring (Figure 3B, lowest panel). In summary, our results show that ZmATR plays a crucial role in the DDR triggered by DSBs in maize, as described for yeast and mammals [START_REF] Cimprich | ATR: an essential regulator of genome integrity[END_REF][START_REF] Blackford | ATM, ATR, and DNA-PK: the trinity at the heart of the DNAdamage response[END_REF], whereas ZmATM contributes to the response under severe DNA-damaging conditions only.

Previous studies in Arabidopsis suggested that in comparison with ATM, ATR plays only a minor role in the response to DSBs, because Arabidopsis atm mutant plants display an enhanced sensitivity to y-irradiation, whereas atr mutants only show slight sensitivity in comparison with the wild type (Culligan et al., 2004;Culligan et al., 2006). To confirm these observations, we challenged Arabidopsis atr and atm mutant plants to zeocin and the related drug bleomycin that both generate mainly DSBs. Interestingly, we found that both mutants displayed an increased sensitivity to both DSB-inducing agents in comparison with the wild type (Supplemental Figures 3A and3B). These results suggest that next to ATM, ATR is also crucial for resistance to DSBs in Arabidopsis.

In Arabidopsis, it is known that the ATR and ATM kinases transduce the DNA stress signal to the SOG1 transcription factor, which controls the transcriptional induction of DNA repair genes (Yoshiyama et al., 2013a;Hu et al., 2016;[START_REF] Yoshiyama | Increased phosphorylation of Ser-Gln sites on SUPPRESSOR OF GAMMA RESPONSE1 strengthens the DNAdamage response in Arabidopsis thaliana[END_REF]. We examined in maize whether the transcriptional response to DSBs is affected in atr and atm mutants. Because y-irradiation can generate ROS and other types of stresses that lead to the generation of ssDNA [START_REF] Kim | Ionizing radiation manifesting DNAdamage response in plants: an overview of DNAdamage signaling and repair mechanisms in plants[END_REF], we only used zeocin to avoid such secondary effects. The same group of genes mentioned above for the response to HU was employed to evaluate the early transcriptional response to zeocin, by harvesting root tips for RT-qPCR analysis after 3-h and 6-h treatment. Wild-type maize plants presented a rapid and strong transcriptional induction to this DNA-damaging agent (Supplemental Figure 2), as previously reported for Arabidopsis cells [START_REF] Adachi | Programmed induction of endoreduplication by DNAdouble-strand breaks in Arabidopsis[END_REF]. The loss of either ATR or ATM impeded the early transcriptional response to DSBs for all the genes evaluated (Supplemental Figure 2). These observations appear contrasting with previous observations published for Arabidopsis, where ATR was reported to play only a minor role in the transcriptional response to DSBs (Culligan et al., 2006;[START_REF] Ricaud | ATM-mediated transcriptional and developmental responses to Y-rays in Arabidopsis[END_REF]. A possible explanation is the source of material, being whole Arabidopsis seedlings compared with maize root tips. Therefore, to check whether the role of ATR in response to DSBs differs between maize and Arabidopsis, we decided to evaluate the transcriptional response in the Arabidopsis root tips. Three cyclin-dependent kinase inhibitors (SMR4, SMR5, and SMR7) that are transcriptionally activated by DNA damage (Yi et al., 2014) and DNA repair genes (RAD51A, RAD51B, BRCA1, XRI-1, RAD7A, CYCB1;1 and PARP2) were included in the analysis. Our results displayed that in Atatr root tips the early transcriptional response was attenuated dramatically by zeocin treatment for most of the genes tested, whereas Atatm displayed a full loss of transcriptional induction (Supplemental Figure 4). These results show that ATR helps to achieve a proper transcriptional induction in response to DSBs in proliferating tissues in both plant species. Lack of ATR and ATM in Maize Leads to Impaired DNA Repair and Activation of Checkpoints in Response to DNA Stress One essential mechanism to maintain genome integrity is the accumulation of yH2AX at DNA lesions in an ATM-and ATR-dependent manner [START_REF] Friesner | Ionizing radiation-dependent Y-H2AX focus formation requires ataxia telangiectasia mutated and ataxia telangiectasia mutated and Rad3-related[END_REF][START_REF] Amiard | Distinct roles of the ATR kinase and the Mre11-Rad50-Nbs1 complex in the maintenance of chromosomal stability in Arabidopsis[END_REF]Maréchal and Zou, 2013;[START_REF] Waterworth | Phosphoproteomic analysis reveals plant DNAdamage signalling pathways with a functional role for histone H2 AX phosphorylation in plant growth under genotoxic stress[END_REF]. Upon DNA damage, both kinases phosphorylate the histone variant H2AX to generate y-H2AX foci that recruit repair factors to the break sites [START_REF] Turinetto | Multiple facets of histone variant H2AX: a DNAdouble-strand-break marker with several biological functions[END_REF][START_REF] Waterworth | Phosphoproteomic analysis reveals plant DNAdamage signalling pathways with a functional role for histone H2 AX phosphorylation in plant growth under genotoxic stress[END_REF]. To determine whether the observed sensitivity to DNA-damaging agents of the Zmatr and Zmatm mutants was associated with the loss of repair capacity and accumulation of DNA damage, we performed immunodetection of yH2AX foci on root tip nuclei of untreated and treated plants. The number of foci per nucleus varied widely. To visualize the results, we grouped the nuclei population in five categories, depending on the number of foci present per nucleus. Strikingly, all nuclei observed of untreated wild-type plants showed yH2AX foci (Figure 4), indicating the natural occurrence of replication fork collapse during maize genome replication. The Zmatr-b and Zmatm-a root tips showed a higher number of foci per nucleus compared with its respective wild-type line (Figures 4A and4B).

In response to replication stress induced by 24 h exposure to HU, the yH2AX foci number per nucleus increased in the wild-type ATR and ATM lines, with around 80% of the nuclei showing ≥ 51 yH2AX foci. Zmatr-b mutant nuclei showed a hyperaccumulation of DNA damage foci, with around 49% nuclei presenting ≥ 200 foci, where in the isogenic wild-type line this category represented only 29% (Figure 4B). Zmatm-a displayed a less dramatic accumulation of foci number per nucleus, with only 42% nuclei showed ≥ 101 yH2AX foci, while in its wild-type line around 57% nuclei were in this category (Figure 4B). We also treated the roots for 24 h with zeocin. Strikingly, we observed a hyperaccumulation of yH2AX foci in Zmatr-b mutant nuclei, while the Zmatm-a mutant displayed only a slight increase of yH2AX foci (Figure 4A). Indeed, while the wild-type ATR-B and ATM-A nuclei showed around 62% nuclei with ≥ 101 yH2AX foci, the population of Zmatm-a mutant nuclei in this category was 40%. In the case of Zmatr-b mutant, almost 80% of nuclei displayed this degree of accumulation of DNA damage foci (Figure 4B). These results are consistent with above-mentioned hypersensitivity of Zmatr mutants to y-irradiation and zeocin, which generate mainly DSBs.

To know whether Zmatr and Zmatm mutants are impaired in the activation of cell cycle checkpoints, we examined the cell cycle progression by performing flow cytometry on root tips after 24 h of treatment with HU or zeocin. In untreated root tips, no differences in the proportion of G1, S, and G2 nuclei were observed between the ATR-A wild-type and Zmatr-a mutant (Supplemental Figure 5A). After 24 h treatment with HU, in wild-type root tips, the population of nuclei in S-phase was enriched as was expected because HU triggers the activation of the intra Sphase checkpoint [START_REF] Cools | The Arabidopsis thaliana checkpoint kinase WEE1 protects against premature vascular differentiation during replication stress[END_REF]. However, in the Zmatr-a mutant, the nuclei population that arrested in the S-phase was less than in the wild type, and there was an increase in the fraction of nuclei in G1/S. In contrast, the Zmatm-a mutant did not display differences with the wild type in response to HU (Supplemental Figure 5A).

The profiles of flow cytometry in response to zeocin were less clear and the differences non-significant (Supplemental Figure 5A). Therefore, because in other eukaryotes ATM is required for adequate activation of a G2 checkpoint in response to DSBs [START_REF] Blackford | ATM, ATR, and DNA-PK: the trinity at the heart of the DNAdamage response[END_REF], we determined the number of mitotic events per root tip in wild-type ATM-A and mutant Zmatm-a. No differences were observed between both lines in untreated root tips (Supplemental Figure 5B). However, in response to zeocin after 24 h, the wild-type roots showed a drastic decrease in the mitotic figures of 175 in average per untreated root to 44 mitoses per treated root tip, whereas Zmatm-a mutant roots displayed an average of 94 per treated root tip (Supplemental Figure 5B). These results indicate that ZmATM is required for proper activation of a G2 checkpoint in response to DSBs generated by zeocin. The Maize atr Mutant Displays Defective Kernel Development Similar to Atatr and Atatm mutants, their counterparts in maize are visually indistinguishable from wild-type plants at adult stage when they are grown under optimal greenhouse conditions, despite the fact that Zmatr seedlings were smaller in the first days post-germination in vitro. In contrast to Atatr plants that are fully fertile (Culligan et al., 2004), both Zmatr mutants displayed smaller cobs (Figure 5A; Supplemental Figure 6A), with a reduced kernel number per cob (Figure 5E), compared with wild-type plants. Intriguingly, although the Zmatr cobs appeared to be fully fertilized at early stages post-fertilization (16 and 28 DAP), a small population of kernels displayed an abnormal phenotype, showing a brown and wrinkled appearance (Figure 5B). These kernels died before maturity, resulting in gaps in the mature cobs (Figures 5A; Supplemental Figure 6A). The Zmatr kernels that did reach maturity were smaller in size and weight compared with wild-type kernels (Figures 5C and5D). The Zmatm mutant plants did not display defects on fertility (Figure 5F), contrary to what has been reported for Atatm mutants, which are semi-sterile (Garcia et al., 2003). The Zmatm mutant lines are indistinguishable from wild-type plants in the cob and kernel phenotypes (Figures 5F and5G; Supplemental Figure 6B), number of kernels per cob (Figure 5I), and mature kernel weight (Figure 5H).

To gain a better insight into the reasons for the apparent lethality shown for some Zmatr mutant kernels, we counted the percentage of abnormal kernels per cob. The abnormal kernel phenotype was observed between 5 to 16% (Supplemental Table 1), which is not consistent with the expected 25% Mendelian ratio for an embryo lethal mutation, thus rather suggesting a stochastic frequency. Since Arabidopsis ATM is crucial for pollen viability (Garcia et al., 2003), we examined whether the abnormal kernel phenotype may be associated with a defective pollen phenotype through viability staining on pollen from wild-type and Zmatr mutant plants. Nearly all the pollen from Zmatr mutant plants were viable, similar to pollen of wild-type plants (Supplemental Figure 7A). To investigate the maternal effect, reciprocal backcrosses with B104 wild-type plants were performed. Pollen from wild-type plants were not able to rescue the Zmatr mutant cob phenotype. In contrast, Zmatr mutant plants used as pollen donor for the wild type resulted in normal cob development (Supplemental Figure 7B). These reciprocal crosses hint to a maternal fertility defect in the Zmatr plants.

Lack of ZmATR and ZmATM Results in Endogenous DNA Damage in the Embryo

To determine whether lack of ZmATR or ZmATM may lead to the accumulation of DNA damage in the embryo, which is a developmental stage with a high rate of DNA replication and thus potentially sensitive to endogenous replicative stress, we analyzed yH2AX foci accumulation in embryos at 16 DAP. As observed in root tips, all nuclei of Zmatr-a and Zmatr-b embryos showed a higher number of foci per nucleus compared with their respective wild-type lines (Figures 6A and6B). In the Zmatr embryo, the majority of nuclei had ≥ 51 foci, being 68.9% for Zmatr-a and 80.2% in Zmatr-b, while for wild-type lines the percentage of the nuclei with this foci number were 27.6% and 23.0%, respectively (Figure 6B). The Zmatm mutant embryo nuclei also displayed an increase of foci number, although this was less outspoken compared with the Zmatr mutant embryos (Figure 6A). For instance, Zmatm-a and Zmatm-b nuclei with ≥ 51 yH2AX foci were 49.5% and 65.7% respectively, whereas their corresponding wild-type lines showed a percentage of 24.5% and 38.7%. The higher accumulation of DNA damage sites within the Zmatr embryonic nuclei was reflected by at least 40% of the nuclei analyzed showing ≥ 100 yH2AX foci compared with their wild-type lines, in which only 2.1 to 2.6% of their nuclei displayed this amount of DNA damage foci. In the Zmatm mutant nuclei only between 11.0 to 18.1% of nuclei contained ≥ 100 yH2AX foci (Figure 6B). Thus, these results indicate that lack of ATR leads to a significant accumulation of DNA damage in the embryo. Moreover, although Zmatm mutant plants do not show macroscopic differences, they also show increased endogenous DNA damage at least during the embryo development.

Loss of ZmATR Activity Triggers Premature Endoreduplication in the Endosperm

ATR and ATM are relatively more strongly expressed in embryo and endosperm cells of maize, both in mitotic phase and throughout the endoreplication phase (Supplemental Figure 8), suggesting that both kinases might have a relevant role during endosperm development. To test whether the expression levels of cell cycle-related genes are affected during endosperm development in the Zmatr and Zmatm mutants, we analyzed through RT-qPCR the expression at 10, 12, 14, 16, and 19 DAP. The expression levels for almost all evaluated genes with exception of CDK2 were reduced in Zmatr endosperm at 19 DAP in comparison with corresponding wild-type endosperm, whereas at earlier time points, the significant differences were variable (Supplemental Figure 9A). These results suggest that at 19 DAP, most cells of Zmatr endosperm exited the mitotic cell cycle. In Zmatm endosperm, a slight decrease in the expression of cell cycle-related genes at 14 DAP was observed, but at later time points, expression levels recovered to those of wild-type endosperm.

Following the exit of the mitotic cell cycle, the endosperm cells undergo endoreplication [START_REF] Sabelli | The contribution of cell cycle regulation to endosperm development[END_REF]. To determine the effects of lack of ATR or ATM on the endoreplication process, developing endosperms of at least three independent cobs were analyzed by flow cytometry. Lack of ZmATM did not lead to changes in endoreplication level (Supplemental Figure 10). By contrast, the mean ploidy of Zmatr-a and Zmatr-b endosperm nuclei was significantly increased at 14 DAP relative to wild-type endosperm, and this phenomenon was sustained up to 19 DAP (Figure 7A). This increase was attributed to increased frequencies of 12C, 24C, and 48C endosperm nuclei in comparison with wild-type endosperm (Figure 7B): around 32% of the nuclei in the wild-type endosperm were between 12C and 48C, whereas these classes represented around 40% of nuclei in the Zmatr mutants (Figure 7B). We next investigated whether lack of ZmATR affected the endoreduplication as consequence of changes in the expression levels of genes associated with DNA replication such as MINICHROMOSOME (MCM) 2-7 GENE FAMILY and PROLIFERATING CELL NUCLEAR ANTIGEN (PCNA). The transcript levels were measured by RT-qPCR on RNA extracted from wildtype and Zmatr-b endosperms at 10, 12, 14, 16, and 19 DAP. Strikingly, reduced expression levels were observed for all evaluated genes at 19 DAP compared with wild-type endosperm (Supplemental Figure 9B), contrasting with the increased endoreduplication observed at this developmental time point. This result suggests that the increased occurrence of endoreduplication might be caused by the regulation at post-translational level such as changes of phosphorylation on replisome proteins. Cell Death Is Enhanced in ZmATR Endosperm Upon completion of endoreduplication, starchy endosperm cells undergo PCD, resulting in extensive DNA degradation [START_REF] Young | Regulation of programmed cell death in maize endosperm by abscisic acid[END_REF]. We evaluated whether the pattern and timing of cell death in Zmatr and Zmatm mutant endosperms were affected. First, the viability of endosperm cells during kernel development was examined by staining fresh sections with Evans blue, a dye that is excluded from living cells with intact plasma membranes, thereby staining only the cytoplasm of non-viable cells [START_REF] Young | Ethylene-mediated programmed cell death during maize endosperm development of wild-type and shrunken2 genotypes[END_REF]. Between 16 and 22 DAP, staining within the central endosperm was more prominent and clearly more extended in Zmatr endosperm compared with wild-type endosperm (Figure 8A). To quantify these observations, we determined the cell death area (%) per endosperm of at least seven kernels from three different cobs. At the three time points evaluated (16,19,and 22 DAP), the cell death area (%) was significantly higher in both Zmatr mutants in comparison with their respective wild-type lines (Figure 8B). In contrast, Zmatm mutants did not show differences with their wild-type plants, except for time point 22 DAP in the Zmatm-b mutant, for which a significant increase in the cell death area (%) was observed (Supplemental Figure 11). However, because this result was not reproducible for the other independent line, it might rather be caused by variability than as a consequence of the lack of ATM.

To study further the cell death within Zmatr endosperm, we determined the changes of expression of two lytic proteins that accompany the progression of PCD in the root cap, the S1-P1 nuclease BFN1 and the aspartic protease PASPA3-2, both known to be expressed in the endosperm of Arabidopsis [START_REF] Farage-Barhom | Expression analysis of the BFN1 nuclease gene promoter during senescence, abscission, and programmed cell death-related processes[END_REF][START_REF] Fendrych | Programmed cell death controlled by ANAC033/SOMBRERO determines root cap organ size in Arabidopsis[END_REF][START_REF] Moussu | ZHOUPI and KERBEROS mediate embryo/endosperm separation by promoting the formation of an extracuticular sheath at the embryo surface[END_REF]. At 19 DAP, the expression of PASPA3-2 and BFN1-2 was 1.6-and 2-fold, respectively, higher in Zmatr than in wild-type endosperm (Figure 8C). Together, these results indicate that lack of ATR leads to more prominent and extended cell death in the endosperm likely by an earlier transition to cell death. Although this phenomenon was observed in viable Zmatr kernels, abnormal Zmatr kernels presented massive cell death in the whole endosperm at 16 DAP (Supplemental Figure 12), which was consistent with the loss of viability of these kernels.

To determine whether the increased endoreduplication and early cell death affected starch and storage protein synthesis in the Zmatr kernels, we first evaluated the expression of genes involved in the protein (19KDa zein) and starch synthesis (Opaque1, Opaque10, SS4, SSIIa, and Shrunken 2) (He et al., 2019). The expression levels of genes linked to starch synthesis displayed a significant increase of more than 2.5-fold at 19 DAP in Zmatr-b endosperm compared with wildtype endosperm (Supplemental Figure 13A). Next, we compared starch and protein (non-zein and zein) contents in Zmatr-b and wild-type endosperms. While no differences were observed at 19 DAP, mature endosperm of Zmatr-b kernels showed a significant reduction in the starch and zein protein content (Supplemental Figures 13C and13E), consistent with the smaller size of the Zmatr kernels (Figures 5C). In Zmatm endosperm at 19 DAP, a lower accumulation of starch was found (Supplemental Figure 13B), but no difference was observed in mature endosperm (Supplemental Figure 13C). Likewise, although Zmatm endosperm displayed a significant reduction of starch and protein synthesis-related genes (Supplemental Figure 13A), these changes did not affect the final accumulation of these nutrients in mature kernels. Together, our results indicate that lack of ZmATR, but not of ZmATM, leads to early induction of endoreduplication and cell death in starchy endosperm, affecting starch and protein storage, resulting in the reduction of mature kernel size.

The Presence of Either ZmATR or ZmATM Is Essential for Survival

To determine whether the Zmatr Zmatm double mutant is viable, we crossed the Zmatr-b and Zmatm-b single mutants. No progeny with homozygous mutations in both genes were obtained after genotyping 200 seedlings from the F 2 generation and 100 plants from the F 3 generation. To gain more insight into the basis for the apparent lethality associated with the double mutant, the atr-/-atm+/-and atr+/-atm-/-sesquimutant lines, single mutants and wild-type plants were recovered for further analysis during the development. The sesquimutant plants displayed a slight but significant reduction in the plant height in comparison with the single mutants and wild-type lines of adult plants that grew under optimal conditions in the greenhouse (Figure 9A).

To better understand the basis for the apparent kernel lethality associated with the double mutation, we performed viability staining on pollen from the sesquimutant and single mutant plants. Contrary to single mutants, where no differences in the pollen viability were observed with wildtype plants, part of the pollen of sesquimutant plants was non-viable (Figure 9B). Strikingly, despite the sesquimutants displaying a population of non-viable pollen, full cobs were obtained after self-pollination, although the percentage of abnormal kernels was dramatically increased in comparison with the Zmatr single mutant (Figure 9C). To evaluate whether the phenotype of abnormal kernels is consistent with a Mendelian ratio, we estimated the percentage of abnormal kernels per cob (Figure 9C). Interestingly, the kernels with lethal phenotype were between 35 to 45%, rather than the 25% that would be expected for a lethality associated uniquely to double mutant kernels; the early death of some Zmatr single mutant plus sesquimutant kernels likely contributed to this higher percentage. DISCUSSION ATR and ATM Signalling Functions Are Largely Conserved Among Arabidopsis and Maize Upon Exposure to DNA-Damaging Agents Maize atr mutants show hypersensitivity towards HU, which initially induces stalling of replication forks by depleting cellular deoxyribonucleotide pools, but also results in DSB formation because of fork collapse (Singh and Xu, 2016). We found that the early transcriptional DDR induced by HU was ATR-dependent and that lack of ZmATR fails to arrest cells in the S-phase, accompanied by a strong accumulation of y-H2AX foci that are indicative for DNA break accumulation in response to HU. It suggests that Zmatr mutant plants are not able to stabilize the stalled forks, similarly to what is described for other species. Together, these results show that ZmATR has a conserved role in the response to replicative stress. Likewise, as observed in Arabidopsis, we found that ZmATM plays an important role in the induction of cell cycle arrest after DSB induction, as illustrated by the high frequency of mitotic events observed in Zmatm mutants exposed to zeocin.

On the other hand, we found that the DSB-induced DDR depends on both ATR and ATM. Maize atr mutants show an excessive accumulation of DSBs after treatment with zeocin, to a level similar to what was observed upon exposure to HU, indicating that the loss of ATR-dependent DDR leads to an impairment in DNA damage repair. In contrast, maize atm mutants were far less sensitive to DSB-inducing agents than Zmatr mutants and did not show a strong level of yH2AX accumulation when challenged with zeocin. The number of foci was even significantly reduced compared with wild-type nuclei, suggesting that in maize, like in Arabidopsis, ATM plays a more prominent role than ATR in the phosphorylation of yH2AX [START_REF] Friesner | Ionizing radiation-dependent Y-H2AX focus formation requires ataxia telangiectasia mutated and ataxia telangiectasia mutated and Rad3-related[END_REF][START_REF] Waterworth | Phosphoproteomic analysis reveals plant DNAdamage signalling pathways with a functional role for histone H2 AX phosphorylation in plant growth under genotoxic stress[END_REF]. Because yH2Ax has been shown to facilitate HR in both mammals and Arabidopsis (Maréchal and Zou, 2013;Biedermann et al., 2017), we may hypothesize that the absence of ATR leads to replication stress that activates an ATM-dependent increase of yH2AX foci. Under normal growth conditions, the relatively low levels of DSBs can be repaired by HR, explaining the viability of the Zmatr mutant plants. However, when such plants are challenged by exogenous inducers of DSBs, the break repair machinery fails, leading to massive accumulation of DNA damage. Consistent with this idea, it has been observed that mammalian cells deficient for ATR display elevated chromosomal fragmentation after DSB induction due to defects in repair by HR [START_REF] Wang | ATR affecting cell radiosensitivity is dependent on homologous recombination repair but independent of nonhomologous end joining[END_REF].

ATR and ATM transduce the DNA stress signals to SOG1, whose phosphorylation is crucial for the transcriptional response to DNA damage, including the transcriptional induction of genes needed for the activation of a transient cell cycle arrest and PCD (Yoshiyama et al., 2009;[START_REF] Yoshiyama | Increased phosphorylation of Ser-Gln sites on SUPPRESSOR OF GAMMA RESPONSE1 strengthens the DNAdamage response in Arabidopsis thaliana[END_REF]Bourbousse et al., 2018;[START_REF] Ogita | Identifying the target genes of SUPPRESSOR OF GAMMA RESPONSE 1, a master transcription factor controlling DNAdamage response in Arabidopsis[END_REF]. We found that the early transcriptional response to DSBs in maize was dependent on ZmATM, as occurs in Arabidopsis (Culligan et al., 2006;[START_REF] Ricaud | ATM-mediated transcriptional and developmental responses to Y-rays in Arabidopsis[END_REF]. Furthermore, in both Arabidopsis and maize, ATR participates in the early transcriptional response to DSBs in root tip meristems. This important role of ATR in the DSB response had probably been overlooked in Arabidopsis due to the use of whole plantlets for the analysis of changes in gene expression, rather than focusing on meristems as we did here. This would suggest that the respective roles of ATM and ATR vary according to the cell type, ATR playing a more crucial role in proliferating cells, in which DNA damage can interfere with the replication process, whereas ATM may be more prominent in differentiated cells. In addition, the relative contribution of ATR appears to be species specific. Indeed, in Arabidopsis atr mutants, the transcriptional activation of DDR genes is only dramatically attenuated, whereas in Zmatr it is completely absent. Consistently, the relative importance of ATR and ATM for the regulation of the transcriptional response to DSBs has diverged between eukaryotes. In yeast, Tel1/ATM contributes only marginally to direct DSB repair and is of little importance in checkpoint control [START_REF] Mantiero | Dual role for Saccharomyces cerevisiae Tel1 in the checkpoint response to double-strand breaks[END_REF], playing only a secondary role in signalling pathways [START_REF] Craven | Regulation of genome stability by TEL1 and MEC1, yeast homologs of the mammalian ATM and ATR genes[END_REF][START_REF] Jaehnig | Checkpoint kinases regulate a global network of transcription factors in response to DNAdamage[END_REF], whereas these processes are dominated by Mec1/ATR [START_REF] Gasch | Genomic expression responses to DNAdamaging agents and the regulatory role of the yeast ATR homolog Mec1p[END_REF][START_REF] Watson | Global gene expression responses of fission yeast to ionizing radiation[END_REF]. Likewise, it has been shown for the moss Physcomitrella patens that the early transcriptional response induced by bleomycin (DSBs inducer) was largely dependent on ATR and only marginally on ATM [START_REF] Martens | The importance of ATM and ATR in Physcomitrella patens DNAdamage Google Scholar: Author Only Title Only Author and Title[END_REF].

Although many functions can be compensated between ATR and ATM in diverse eukaryotes [START_REF] Tomimatsu | Distinct roles of ATR and DNA-PKcs in triggering DNAdamage responses in ATMdeficient cells[END_REF]Maréchal and Zou, 2013;[START_REF] Menolfi | ATM, ATR and DNA-PKcs kinases -the lessons from the mouse models: inhibition S deletion[END_REF], including Arabidopsis [START_REF] Friesner | Ionizing radiation-dependent Y-H2AX focus formation requires ataxia telangiectasia mutated and ataxia telangiectasia mutated and Rad3-related[END_REF][START_REF] Amiard | Distinct roles of the ATR kinase and the Mre11-Rad50-Nbs1 complex in the maintenance of chromosomal stability in Arabidopsis[END_REF][START_REF] Roitinger | Quantitative phosphoproteomics of the ataxia telangiectasia-mutated (ATM) and ataxia telangiectasia-mutated and rad3-related (ATR) dependent DNAdamage response in Arabidopsis thaliana[END_REF][START_REF] Waterworth | Phosphoproteomic analysis reveals plant DNAdamage signalling pathways with a functional role for histone H2 AX phosphorylation in plant growth under genotoxic stress[END_REF], other roles are non-redundant or performed predominantly by one of the two kinases, and thus lack of any of them leads to developmental defects as a consequence of genetic instability [START_REF] Murga | A mouse model of ATR-Seckel shows embryonic replicative stress and accelerated aging[END_REF]Maréchal and Zou, 2013;[START_REF] Menolfi | ATM, ATR and DNA-PKcs kinases -the lessons from the mouse models: inhibition S deletion[END_REF]. In maize, this partial functional redundancy between the two kinases appears to be conserved: while at the adult vegetative stage, the Zmatr and Zmatm single mutants are visually indistinguishable from wild-type plants, like their counterparts in Arabidopsis (Garcia et al., 2003;Culligan et al., 2004), the sesquimutant plants display a slight but significant reduction in the stature and the double mutant is lethal, demonstrating that at least one of the kinases is required for an adequate development. This observation contrasts with Arabidopsis, where the atr atm double mutant is viable [START_REF] Culligan | Both ATM and ATR promote the efficient and accurate processing of programmed meiotic doublestrand breaks[END_REF]. Essential Role of Maize ATR in Proliferating Cells Contrary to Arabidopsis, where atr and atm mutant root nuclei do not show spontaneous appearance of yH2AX [START_REF] Friesner | Ionizing radiation-dependent Y-H2AX focus formation requires ataxia telangiectasia mutated and ataxia telangiectasia mutated and Rad3-related[END_REF][START_REF] Amiard | Distinct roles of the ATR kinase and the Mre11-Rad50-Nbs1 complex in the maintenance of chromosomal stability in Arabidopsis[END_REF], we found that maize tissues with a high division rate, such as the developing embryo and root tips of atr mutants, display an increased presence of the DNA damage marker yH2AX in comparison with wild-type plants, suggesting that mutants suffer from replicative stress and/or DNA breakages in proliferative tissues. The maize genome is at least 17-fold bigger than the Arabidopsis genome, and contains much more complex repetitive regions (e.g., microsatellites and quasi-palindromic AT-rich repeats) [START_REF] Haberer | Maize Dek15 encodes the cohesin-loading complex subunit SCC4 and is essential for chromosome segregation and kernel development[END_REF]Schnable et al., 2009). These characteristics probably make its genome more prone to replicative stress, implying that ATR plays a more essential role in species with large versus small genomes. Consistent with this hypothesis, atr mutant plants have been isolated in barley, whose genome size is of a same order of magnitude as maize, and around 60% of root meristem cells displayed endogenous DNA damage, resulting in plants with reduced size (Szurman-Zubrzycka et al., 2019).

Contrasting Requirements for ATM and ATR During Meiosis and Early Stages of Development in Plants

Intriguingly, contrasting requirements in different species have been observed for plant ATM proteins during meiosis: ATM deficiency results in semi-sterility in Arabidopsis and full infertility in rice (Garcia et al., 2003;[START_REF] Zhang | OsATM safeguards accurate repair of meiotic double-strand breaks in rice[END_REF], a phenomenon that we did not observe in maize. In Arabidopsis, although ATM deficiency alone impacts meiotic DSB repair leading to partial sterility, the atr atm double mutant displays full sterility and accumulation of chromosomal fragmentation, indicating partial functional redundancy between the two proteins during meiosis [START_REF] Culligan | Both ATM and ATR promote the efficient and accurate processing of programmed meiotic doublestrand breaks[END_REF]. This suggests that, in maize, ATR may function redundantly with ATM in meiotic cells. Consistent with this idea, the maize sesquimutants showed the appearance of non-viable pollen, whereas single mutants did not display differences compared with wild-type plants. However, how ZmATR and ZmATM participate in meiosis and/or female gametophyte development remains to be revealed. Notably, the production of non-viable pollen in the sesquimutants could either be due to meiotic defects or to defects occurring later, during the development of gametophytes.

Conversely, whereas lack of ATR does not affect the fertility in Arabidopsis and barley (Culligan et al., 2004;Szurman-Zubrzycka et al., 2019), in maize it resulted in a slight reduction of fertility, as reflected by a smaller cob size, decrease in the number of seeds per cob, and early abortion of some kernels. However, this effect likely relates to severe replicative stress during the early stages of embryo and endosperm development rather than to meiotic defects, since pollen viability was unaffected in Zmatr mutants.

ATR Prevents Early Endosperm Endoreplication and Programmed Cell Death

As mentioned above, mutant maize atr cobs show the stochastic appearance of abnormal kernels, which is characterized by an early death before maturity. As we observed that lack of ATR activity results in an increase of replicative stress in embryos of viable kernels, we may hypothesize that the viable Zmatr kernels achieve to cope properly with the endogenous DNA damage, while the abnormal kernels accumulate higher levels of breakages of DNA and genetic instability, eventually triggering early death of the kernel.

In the Arabidopsis root meristem, DSBs trigger cell differentiation, which includes the transition into the endocycle [START_REF] Adachi | Programmed induction of endoreduplication by DNAdouble-strand breaks in Arabidopsis[END_REF]. Furthermore, the excessive accumulation of DNA damage activates PCD in meristematic cells when the DNA damage cannot be repaired [START_REF] Fulcher | Hypersensitivity to DNAdamage in plant stem cell niches[END_REF][START_REF] Furukawa | Ashared DNAdamage-response pathway for induction of stem-cell death by UVB and by gamma irradiation[END_REF]. In Arabidopsis, both endoreduplication and PCD are triggered by the perception of DNA damage through ATR and/or ATM [START_REF] Fulcher | Hypersensitivity to DNAdamage in plant stem cell niches[END_REF][START_REF] Furukawa | Ashared DNAdamage-response pathway for induction of stem-cell death by UVB and by gamma irradiation[END_REF][START_REF] Adachi | Programmed induction of endoreduplication by DNAdouble-strand breaks in Arabidopsis[END_REF]. The single mutants display a delay in the induction of PCD, but they do not lose the capacity to activate this process [START_REF] Furukawa | Ashared DNAdamage-response pathway for induction of stem-cell death by UVB and by gamma irradiation[END_REF], while the endoduplication activation is not affected [START_REF] Furukawa | Ashared DNAdamage-response pathway for induction of stem-cell death by UVB and by gamma irradiation[END_REF][START_REF] Adachi | Programmed induction of endoreduplication by DNAdouble-strand breaks in Arabidopsis[END_REF]. By contrast, induction of endoreduplication and PCD are fully compromised in double mutants [START_REF] Furukawa | Ashared DNAdamage-response pathway for induction of stem-cell death by UVB and by gamma irradiation[END_REF][START_REF] Adachi | Programmed induction of endoreduplication by DNAdouble-strand breaks in Arabidopsis[END_REF].

Considering that endoreduplication and PCD are an intrinsic part of maize endosperm development, and those processes are induced by DSBs in Arabidopsis through an ATM/ATRdependent pathway, we may hypothesize that during the mitotic division of endosperm cells, lack of ZmATR leads to the accumulation of DSBs that act as a signal driving an early transition into the endocycle. During the subsequent events of DNA replication, even more DNA damage may accumulate, which would lead to a premature onset of PCD.

The early onset of endocycle and PCD in Zmatr kernels is reminiscent of the early senescence observed in Atatm mutants, in which the level of DSBs increases but the DNA repair efficiency decreases, because AtATM represses DSB-induced expression of genes associated with senescence [START_REF] Li | ATM suppresses leaf senescence triggered by DNAdouble-strand break through epigenetic control of senescence-associated genes in Arabidopsis[END_REF]. Consistent with this idea, the endosperm of non-viable Zmatr kernels displays an early cell death phenotype. Likewise, the Zmatr Zmatm double mutant kernels abort early, indicating that in maize, the two kinases also have partially redundant functions in these mechanisms: ZmATM could be involved but has a minor role, which in its absence can be fully compensated by ZmATR. Furthermore, the elevated expression of both kinases during endosperm development supports the idea that ATM and ATR have a crucial role during the endosperm development in wild-type kernels. Likely both kinases are involved directly in the signaling of DSBs generated by DNA degradation.

The viable Zmatr kernels display a reduction in the weight and size of mature seeds, accompanied with a decrease in the starch and proteins content as a consequence of an accelerated kernel maturity process in the endosperm triggered by early endoreduplication and PCD. This reduced accumulation of the storage nutrients may jeopardize the germination, which explains the early shoot growth phenotype of the Zmatr seedlings, when they still rely on nutrients supplied by the endosperm. However, this delay of growth may also be related with the importance of DDR during the germination of seeds [START_REF] Waterworth | The importance of safeguarding genome integrity in germination and seed longevity[END_REF][START_REF] Waterworth | DNAdamage checkpoint kinase ATM regulates germination and maintains genome stability in seeds[END_REF].

In summary, we found that the necessity of the ATM and ATR kinases under non-stress conditions appears to be much higher in maize compared with Arabidopsis, with absence of ATR resulting in both vegetative and reproductive phenotypes that are partially offset by ATM. Our data highlight that the mechanisms involved in the maintenance of genome integrity may be more important for plant development than previously anticipated and indirectly suggest that the presence of a non-optimal DDR might severely affect the yield of field-grown crop plants. METHODS Plant Medium and Growth Conditions Maize seedlings were grown to maturity in soil in a 24°C growth chamber with a 16-h light/8-h dark regime, 55% relative humidity and 300 µmol m -2 s -1 photosynthetically active radiation at plant level. For seedling analysis, the maize seeds were germinated using a paper roll system. Seeds were sterilized for 3 min in 100% ethanol, then submerged in 5% NaClO for 30 min, and finally the seeds were rinsed three times with sterilized water. Twelve seeds were spread out over the paper roll, subsequently the roll paper with seeds was transferred to a recipient with liquid 0.5 × Murashige and Skoog (MS) medium (Basalt Salt Mixture M0221; Duchefa, The Netherlands).

Arabidopsis plants were grown in vitro under long-day conditions (16-h light/8-h dark, Lumilux Cool White lm, 50 to 70 µmol m -2 s -1 ) at 21°C on solidified medium (half-strength MS (2.151 g/L), 10 g/L sucrose, and 0.5 g/L 2-(N-morpholino) ethanesulfonic acid (MES), adjusted to pH 5.7 with 1 M KOH and 8 or 10 g/L agar). The T-DNA insertion mutant lines atr-2 and atm-2 were previously described (Garcia et al., 2003;Culligan et al., 2004). Arabidopsis thaliana seeds were sterilized with 5% NaClO for 20 min and subsequent washing with sterile water. To obtain homogeneous germination, the seeds were vernalized for 2 days at 4°C.

Vector Construction

The CRISPR construct was adapted from [START_REF] Xing | ACRISPR/Cas9 toolkit for multiplex genome editing in plants[END_REF]. The pBUN411 plasmid was digested by HindIII, leading to two fragments of 2 kb (hereafter called fragment A) and 11.5 kb. The 11.5-kb fragment was further digested with SpeI, resulting in two fragments of 8.5 kb (called fragment B) and 3 kb. The pP+ plasmid was digested with XbaI and HindIII and was ligated to fragments A and B. This resulted in the whole backbone of pBUN411 being replaced by the backbone of pP+, containing a spectinomycin resistance cassette and a more efficient origin of replication. This new vector was called pBUN411-Sp. Using the CRISPR-P in silico gRNA design tool [START_REF] Lei | CRISPR-P: a web tool for synthetic single-guide RNAdesign of CRISPRsystem in plants[END_REF], we selected both for ATR and ATM two possible target sites. Designed primers with the target sites were used to perform PCR on the pCBC-MT1T2 plasmid [START_REF] Xing | ACRISPR/Cas9 toolkit for multiplex genome editing in plants[END_REF], resulting in a fragment containing the desired target sites and the correct sites for ligation into pBUN411-Sp. This was done for both targeted genes. The vector contained the bar (bialaphos resistance) marker gene for selection of transformed callus in plants.

Maize Transformation and Selection of CRISPR/Cas Lines

(Zymo Research, CA, USA). For Arabidopsis experiments, seeds were germinated on control medium on a nylon mesh and transferred 5 d after germination to control medium or medium supplemented with 20 µM zeocin for the indicated time, after which at least 200 root tips (1-2 mm) were harvested. RNA was isolated with the RNeasy Mini kit (Qiagen, Germany) and was treated on-column with the RQ1 RNase-Free DNase (Promega, WI, USA). RNA quality and concentration were determined by Nanodrop (Thermo Fisher Scientific, MA, USA). The iScript cDNA synthesis kit (Bio-Rad, CA, USA) was used to prepare cDNA from 1 µg of RNA according to the manufacturer's instructions. Quantitative RT-PCR was performed in a 384-well plate on a LightCycler 480 (Roche, Belgium) with SYBR Green I Master mix (Roche, Belgium) in a final volume of 5 µL and 0.25 µM primer concentration. Each reaction was done with three technical and three biological repeats. EF-a and 18S rRNA primers were used for normalization of the maize data, while for Arabidopsis three reference genes were used: EMB2386, PAC1 and RPS26E. Relative expression values were manually calculated using the 2-∆∆CT method. Primers were designed using Primer3Plus (http://primer3plus.com/cgibin/dev/primer3plus.cgi). Primers used for qRT-PCR are listed in Supplemental Table 2.

Immunostaining of y-H2AX

Root tips of 3-day-old seedlings or embryos of 16 DAP were fixed overnight in 4% paraformaldehyde in a solution of 1x PME (50 mM Pipes pH 6.9, 5 mM MgSO 4 , 1 mM EGTA) and then washed three times for 5 min in 1x PME. For one experimental replication, ten root meristems or six embryos were pooled respectively for nucleus isolation. The dissected tissues were chopped in Galbraith´s buffer (45 mM MgCl 2 , 20 mM MOPS, 30 mM sodium citrate, 0.1% [v/v] Triton X-100, adjusted to pH 7.0 using 1 M NaOH). After filtering through a 50-µm CellTrics filter and centrifugation under 200 g for 10 min at 4°C, the supernatant was removed. The nuclei were resuspended in 30 µL nuclei extraction buffer and spread on slides. The samples were left to dry for 1 h at room temperature. Immunostaining was performed as described [START_REF] Amiard | Distinct roles of the ATR kinase and the Mre11-Rad50-Nbs1 complex in the maintenance of chromosomal stability in Arabidopsis[END_REF], with the following modifications. Each slide was incubated overnight at 4°C with 80 µL of a rabbit anti-plant y-H2AX antibody (kindly provided by Charles White, CNRS, Clermont-Ferrand, France) in a 1:600 dilution in fresh blocking buffer (3% BSA in 1x PBS). Slides were washed three times for 5 min in 1x PBS solution and then incubated for 3 h at room temperature in 100 µL blocking buffer containing Alexa 488-conjugated goat anti-rabbit secondary antibody (Molecular Probes, Invitrogen, CA, USA), diluted 1:1000 in fresh blocking buffer. Finally, DNA was counterstained with 2 µg/mL DAPI for 30 min, after which slides were washed in 1x PBS and mounted in mounting medium. Imaging of the nuclei was done using an Olympus FV1000 confocal microscope.

Mitosis Phase Counting

The number of mitotic events per root tip was examined in untreated and treated root tips with 150 µM zeocin. Root tips were fixed overnight in 4% paraformaldehyde in a solution of 1x PME (50 mM Pipes pH 6.9, 5 mM MgSO 4 , 1 mM EGTA) and then washed three times for 5 min in 1x PME. Root apices were digested in enzyme mix (1% w/v cellulase, 0.5% w/v cytohelicase, 1% w/v pectolyase in 1x PME) for 2 h at 37°C. After three washes with 1x PME, root apices were squashed gently between the slide and a coverslip, and frozen in liquid nitrogen. Afterwards, the coverslip was removed, and the slides were left to dry for 1 h at room temperature. The slides were stained with 2 µg/mL DAPI for 30 min, after which slides were washed in 1x PBS and mounted in mounting medium. Imaging of the nuclei was done with an epifluorescence microscope (Axio Imager.Z2.). The number of mitoses were counted by eye.

Pollen Staining

Fresh pollen from tassels was collected in the morning in Carnoy's fixative (60% ethanol, 30% chloroform, 10% acetic acid). Staining was done with a modified Alexander stain as reported by [START_REF] Peterson | Asimplified method for differential staining of aborted and non-aborted pollen grains[END_REF]. The pollen was spread on slides, and then the staining solution was applied.

After 10-15 min of incubation, samples were visualized under a microscope (Olympus BX51).

Pollen from at least six independent plants was analyzed.

Flow Cytometry

For maize ploidy analysis of roots, seeds were germinated using the paper roll system. Control and treated root tips (1-2 mm) of 3-day-old seedlings were analyzed. For one experimental replication, ten root meristems were analyzed and three replications per treatment were used. The root tips were chopped with a razor blade in 1 mL of Gif nuclei-isolation buffer (45 mM MgCl 2 , 30 mM sodium citrate, 60 mM MOPS, 1% (w/v) polyvinylpyrrolidone 10 000, pH 7.2) containing 0.1% (w/v) Triton X-100, supplemented with 5 mM sodium metabisulphite and RNAse (5 U/mL). Propidium iodide was added to the filtered supernatants to a final concentration of 50 µg/mL. The samples were analyzed using a Cyflow SL3 flow cytometer (Partec-Sysmex) with a 532-nm solid state laser (30 mW) excitation and an emission collected after a 590-nm long-pass filter. For cell cycle analysis, we used the algorithm available in the Flomax software. For endosperm analysis, tissue was obtained by removing the seed coat and embryos from each kernel. At least three kernels were analyzed for each plant. Three individual ears were used for flow cytometry analysis. The endosperm was rapidly chopped on a glass Petri dish using a razor blade in 1 mL ice-cold Galbraith´s buffer (45 mM MgCl 2 , 20 mM MOPS, 30 mM sodium citrate, 0.1% [v/v] Triton X-100, adjusted to pH 7.0 using 1 M NaOH). The homogenate was passed through two layers of a 100-µM nylon mesh and filtered through a 50-µm CellTrics filter. Then the nuclei were precipitated (200 g, 10 min, 4°C), and the supernatant was removed. The nuclei were suspended in 200 µL nuclei extraction buffer, after which 1 mL staining buffer was added (Cystain UV Precise P, Sysmex Partec, Germany). The mix was filtered through a 50-µm CellTrics filter (Sysmex -Partec) and analyzed by the Cyflow MB flow cytometer (Sysmex Partec, Germany). For each sample, at least 10,000 nuclei were collected and analyzed using a logarithmic scale display. The Cyflogic software was used for ploidy measurements. Mean C-values were calculated according to the following equation: [(n3 X 3) + (n6 X 6) + (n12 X 12) + ….]/total number of nuclei, where n3 = total number of nuclei in the 3C peak, etc.

Evans Blue Staining

Fresh kernels were collected at 19, 22 and 25 DAP for each wild-type and mutant line. Near-median longitudinal hand sections (approximately 3 mm thick) were stained in 0.1% (w/v) Evans blue (C.I 23860) for 2 min as reported by [START_REF] Young | Ethylene-mediated programmed cell death during maize endosperm development of wild-type and shrunken2 genotypes[END_REF]. Stained sections were washed with water for 30 min and photographed. The analyses were carried out from at least seven kernels of three independent cobs for each genotype.

Analysis of Total Protein and Starch Contents

The total protein and starch contents of the kernels were analyzed as described [START_REF] Zhang | NAC-type transcription factors regulate accumulation of starch and protein in maize seeds[END_REF], with some modifications. Twenty endosperms of immature (19 DAP) or mature kernels from the same ear were pooled as a single replicate. Three biological replicates were used for the analysis. Flour was obtained by grinding dry endosperm under liquid nitrogen, and then lyophilized overnight.

Starch content determination was performed following the method described by instructions of the Total Starch Assay Kit (Catalog: K-TSTA-50A, Megazyme, Australia) based on the use of thermostable a-amylase and amyloglucosidase. Analyses were performed on 100 mg of flour.

For the measurement of protein content, approximately 50 mg of flour was used for the content analysis of zein and non-zein proteins. The non-zein proteins were extracted by adding 1 mL of the buffer (12.5 mM sodium borate, 5% SDS, 2% 2-mercaptoethanol, proteases inhibitors) to Berckmans and De Veylder, 2009). Over the years, it has, however, become apparent that their role and regulation are more complex than initially anticipated.

Complex role for E2F transcription factors in the regulation of plant cell cycle and development

One observation showing that the initial model of E2F function was incomplete is the fact that both E2FA and E2FB do not control only the G 1 /S transition but also the G 2 /M transition. E2FB targets and activates mitotic genes such as CDKB1;1, and its overexpression in cell cultures leads to more rapid cell cycle progression not only through G 1 but also through G 2 [START_REF] Magyar | The role of the Arabidopsis E2FB transcription factor in regulating auxin-dependent cell division[END_REF]. Likewise, E2FA controls the switch from the canonical cell cycle to endoreduplication by repressing the expression of positive regulators of endoreduplication [START_REF] Magyar | Arabidopsis E2FA stimulates proliferation and endocycle separately through RBR-bound and RBR-free complexes[END_REF]. Consistently, in cell cultures, sucrose addition releases E2FB-RBR complexes but stabilizes E2FA-RBR interactions, indicating that the repressive function of E2FA-RBR complexes on differentiation-related genes is essential during cell proliferation. In line with this idea, null e2fab double mutants are not viable (Li et al., 2017), but e2fab double mutants can be obtained by using a different allele combination, with an e2fa allele in which a truncated version of the protein lacking its transactivation domain but retaining its ability to interact with RBR accumulates (Heyman et al., 2011;Leviczky et al., 2019).The latter observation suggests that the repressive role of E2Fs in complex with RBR is more crucial for plant development than their transactivation activity, similar to what has been described in mice [START_REF] Wenzel | Cell proliferation in the absence of E2F1-3[END_REF]. An additional layer of complexity comes from the fact that E2Fs play different roles during plant development to control the balance between cell division and cell differentiation. Indeed, cell number is increased in leaves of e2fb mutants, indicating that E2Fb, probably as a complex with RBR, is required to trigger the switch from cell proliferation to differentiation by repressing its target genes (Őszi et al., 2019). In addition, e2fab double mutants show premature expression of embryo maturation genes and enlarged cells during seed development, indicating that at early stages of embryogenesis, E2Fs function as repressors of cell differentiation and maturationassociated genes (Leviczky et al., 2019). The emerging view is thus that dynamic regulation of E2F-RBR complexes allows both sustained cell proliferation and differentiation, depending on the cellular context. Indeed, E2FB, E2FC, and RBR have been recently found to be part of the so-called DREAM (DP, Rb-like, E2F, and MuvB) complexes, like their animal counterparts. These complexes bring together transcription factors controlling G 1 /S genes (E2Fs) with transcription factors controlling G 2 /M genes (MYB3Rs), and are thought to be essential both for the timely succession of transcriptional waves during the cell cycle and for entry into quiescence during differentiation (reviewed in Magyar et al., 2016).The diverse roles In the left panel of the figure, the canonical model for E2F function is depicted. When bound to RBR, E2F transcription factors are unable to induce expression of their target genes. RBR inhibition can be released through its phosphorylation by CDK-cyclin complexes. Sucrose or phytohormones such as auxin stimulate RBR phosphorylation, thereby releasing E2Fs and allowing the expression of their target genes.

Originally, E2Fs were thought to regulate the expression of S-phase-related genes and thus cell commitment to the cell cycle. The Arabidopsis genome encompasses three canonical E2F transcription factors E2FA, E2FB, and E2FC, that function as heterodimers with the dimerization partner (DP) A or B protein. Based on overexpression studies, E2FA and E2FB are considered as activators of cell cycle progression, whereas E2FC would be a repressor. However, detailed functional characterization of plant E2Fs revealed that they have distinct function both during the plant cell cycle and during plant development (right-hand panel, see text for details): in proliferating cells, E2FA and E2FB stimulate the G 1 /S transition, and E2FB also activates the G 2 /M transition. In addition, E2FA-RBR complexes are not disrupted by RBR phosphorylation and are probably key to maintain the proliferative competence of the cells. In developing organs such as leaves, the repressor role of E2FB bound to RBR becomes prominent over its activating function to limit cell division. The finding that γ-tubulin binds all plant E2Fs and can inhibit their activity provides another mechanism allowing the transition from cell proliferation to differentiation, but also limiting endoreduplication. The new dnding that γ-tubulin interacts with all three E2F transcription factors in Arabidopsis further complicates the general picture of E2F function in plants. How the role of γ-tubulin dts in the above-described regulatory network remains to be fully established, notably by elucidating how it interferes or cooperates with RBR function. In human, CDK2-CYCLIN E complexes phosphorylate Rb to allow E2F-dependent activation of S-phase genes. Subsequent binding of γ-tubulin during S-phase disrupts the E2F-DP heterodimer, thereby triggering the repression of the CYCLIN E gene, and progression through S-phase. Intriguingly, downregulation of γ-tubulin delays cell cycle progression in spite of increased E2F activity, probably because Rb is a direct target of E2F and is overaccumulated in γ-tubulin-silenced cells [START_REF] Höög | Nuclear localization of γ-tubulin affects E2F through functions beyond cell cycle control[END_REF]. In plants, the underlying mechanism appears to be slightly different because (i) γ-tubulin accumulates in the nucleus during the G 1 and G 2 phases of the cell cycle and not only in S-phase [START_REF] Binarová | Nuclear gamma-tubulin during acentriolar plant mitosis[END_REF]; (ii) it interacts with all three E2Fs, and its effect is thus not restricted to activator E2Fs as seems to be the case in animals; (iii) it forms complexes with both E2Fs and DPs and thus does not appear to disrupt the E2F-DP dimer; and (iv) γ-tubulin silencing triggers ectopic Microtubules are polymers of αand β-tubulin heterodimers. They form highly dynamic structures in eukaryotic cells: succession of nucleation, polymerization, and catastrophe events allows the rapid reorganization of the microtubule network in the cell, and thus controls essential processes such as chromosome segregation during mitosis. In animals and fungi, nucleation of the mitotic spindle starts at discrete structures called microtubule organizing centres (MTOCs). Although discrete MTOCs are absent from plant cells, microtubule nucleation is controlled essentially in the same way as in other organisms by γ-tubulin-containing complexes called γ-TuRCs (γ-tubulin ring complexes). These large multiprotein complexes consist of γ-tubulin small complex (a heterotetramer formed by two molecules of γ-tubulin and the γ-tubulin complex proteins GCP2 and GCP3), and a wealth of additional proteins, including additional GCPs. Inside γ-TuRCs, γ-tubulin is arranged in a helical pattern that protects the minus end of microtubules. In plants, as in other eukaryotes, these complexes are essential to the formation of the microtubule array. cell division in some organs, and stimulates endoreduplication in others [START_REF] Kállai | γ-Tubulin interacts with E2F transcription factors to regulate proliferation and endocycling in Arabidopsis[END_REF]. Surprisingly, the latter effect is reminiscent of the phenotypes of E2Fa-DPA overexpressor lines [START_REF] Veylder | Control of proliferation, endoreduplication and differentiation by the Arabidopsis E2Fa-DPa transcription factor[END_REF]. Future work should help to dissect how γ-tubulin controls E2Fs in meristems, developing organs, or both, and how this pathway interacts with RBRdependent regulation.

E2Fs, γ-tubulin, and the maintenance of genome integrity

In animals, γ-tubulin-dependent repression of activator E2Fs has been suggested to be triggered by centrosome duplication and to prevent centrosome re-replication [START_REF] Höög | Nuclear localization of γ-tubulin affects E2F through functions beyond cell cycle control[END_REF]. This mechanism would ensure the timely sequence of events during cell cycle progression that is essential to the faithful inheritance of the genome in daughter cells. The E2F-γtubulin interaction could be essential to the maintenance of genome integrity by coordinating genome duplication with spindle assembly not only in centrosome-equipped animal cells but also in acentrosomal higher plant cells where the centrosomes are absent and microtubules are nucleated from dispersed sites associated with microtubules and membranes, specidcally with the nuclear envelope (Binarova et al., 2006;[START_REF] Pastuglia | Gamma-tubulin is essential for microtubule organization and development in Arabidopsis[END_REF]. Consistently, γ-TuRC complexes [START_REF] Tovey | Microtubule nucleation by γ-tubulin complexes and beyond[END_REF]; see Box 2) encompass a number of nuclear envelope-associated proteins that are thought to play a crucial role in nuclear organization. Plant γ-tubulin interacts with envelope-associated proteins to connect the cytoskeleton with the nucleoskeleton [START_REF] Chumová | Microtubular and nuclear functions of γ-tubulin: are they LINCed?[END_REF] and is thus likely to control nuclear organization. Notably, γ-TuRCs contain the GIP proteins (GPC-interacting proteins, also called MOZART in animals and fungi) that are essential for faithful segregation of chromosomes, as well as centromere organization and cohesion in interphase cells [START_REF] Batzenschlager | Arabidopsis MZT1 homologs GIP1 and GIP2 are essential for centromere architecture[END_REF].Thus, the role of E2Fs and γ-tubulin in the maintenance of genome integrity could go beyond the control of chromosome segregation during mitosis. Indeed, E2Fa and RBR form foci in response to double-strand breaks that seem to allow the recruitment of the repair protein RAD51 (Biedermann et al., 2017;[START_REF] Horvath | Arabidopsis RETINOBLASTOMA RELATED directly regulates DNA damage responses through functions beyond cell cycle control[END_REF]. Interestingly, γ-tubulin has been reported to form foci with RAD51 in mammalian cells during S-phase and in response to DNA damage [START_REF] Lesca | DNA damage induce gamma-tubulin-RAD51 nuclear complexes in mammalian cells[END_REF].These observations open up the possibility that E2F-γtubulin complexes could play a role during cell response to DNA damage, to promote DNA repair, to control the expression of DNA-repair related genes, or both, although formation of γ-tubulin foci in response to DNA damage has not been reported in plant cells to date. Thus, the dnding that plant γ-tubulin interacts with E2F transcription factors opens a broad range of research perspectives. Full understanding of the role of E2F-γ-tubulin complexes will require determination of the repertoire of their target genes, how they affect their expression, and to put these regulatory networks into the context of plant development. 
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 1 Figure 1: Overview of the plant DDR. DSBs activate ATM signaling through the MNR (MRE11 NBS1 RAD50) complex while ATR is recruited to single stranded DNA by RPA proteins via ATRIP, and activated by the 9-1-1 and RAD17/RFC complexes. ATR can also be activated by DNA Polymerase s through an unknown mechanism. Both ATM and ATR signaling converge to the SOG1 transcription factor that controls the expression of hundreds of genes involved in cell cycle regulation, cell death control, and DNA repair. E2Fa/RBR complexes also control DNA repair by regulating DNA repair genes and by recruiting RAD51 and BRCA1 at DNA damage sites. The role of E2F/RBR complexes in DDR depends on CYCB1/CDKB and ATM/ATR activity, but the exact molecular mechanisms are unknown. Dashed arrows represent putative/possibly indirect regulations.
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 2 Figure 2: Cell Cycle regulation in response to DNA damage. Under normal conditions, protein accumulation of repressive MYB3Rs (rep-MYB3R) is restricted to Sphase during which they repress the transcription of G2 genes including CYCBs and CDKBs. Rep-MYB3R accumulation is kept low during G2 to M through phosphorylation of these transcription factors by CYCB/CDKB complexes, leading to their degradation by the proteasome (shaded shapes and arrows). Upon DNA damage, SOG1 regulates the intra S and G2/M checkpoint by targeting the core cell cycle genes WEE1, SMR5 and 7 and APC/C sub-units, and by indirectly controlling the accumulation of rep-MYB3Rs. How SOG1 acts on MYB3Rs degradation remains to be fully elucidated, but this pathway involved direct up-regulation of the genes encoding the ANAC044 and ANAC085 transcription factors. These two proteins influence repressive MYB3R accumulation through a mechanism that remains to be elucidated, although reduction of CYCB/CDKB complexes accumulation and activity likely contributes to this process by reducing MYB3R phosphorylation. WEE1 can inhibit Sphase progression by inhibiting the activity of CYCA/CDKA complexes. WEE1 and SMR5 and 7 can also inhibit the activity of CYCB1/CDKB complexes directly, whereas MYB3R and APC/C control the accumulation of the complex. Together, all these mechanisms contribute to lowering the activity of mitotic CDKs, leading to G2 arrest or endoreduplication. In addition to these SOG1-dependent mechanisms, E2Fa/RBR complexes likely contribute to the activation of cell cycle checkpoints possibly by regulating WEE1 or CYC and CDK genes, but their role remains to be fully elucidated. On this figure, red arrows indicate direct transcriptional regulations whereas black arrows indicate indirect regulations.
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 3 Figure 3: Replication initiation in eukaryotes (Diffley, 2011).The ORC complex is bound to replication origins throughout the cell cycle. In late G1, recruitment of CDT1, CDC6 and MCMs allows the formation of the pre-replication complex (pre-RC). After pre-RC phosphorylation by CDKs and DDK, additional factors such as CDC45 and the GINS are recruited to for the pre-initiation complex (pre-IC). Finally, DNA polymerases are recruited to form the replication complex (RPC) or replisome, and allow replication initiation.

Figure 1 :

 1 Figure 1: The eukaryotic replisome complex coordinates DNA replication. Replication on the leading and lagging strands is performed by Pol s and Pol 6, respectively. Many replisome factors (including the FPC [fork protection complex], Claspin, And1, and RFC [the replication factor C clamp loader]) are charged with regulating polymerase functions and coordinating DNA synthesis with unwinding of the template strand by Cdc45-MCM [minichromosome maintenance]-GINS [go-ichi-ni-san]. The replisome also associates with checkpoint proteins as DNA replication and genome integrity surveillance mechanisms.[START_REF] Leman | The replication fork: understanding the eukaryotic replication machinery and the challenges to genome duplication[END_REF], The replication fork: Understanding the eukaryotic replication machinery and the challenges to genome duplication. Genes(Basel). 4, 1-32. doi:10.3390/genes4010001. 

Figure 2 :

 2 Figure 2: Proposed roles of ATR in promoting replication-fork restart.In addition to stabilizing the replication fork, ATR is thought to promote restart of stalled forks. There are several pathways to restart a stalled fork, including repriming ahead of the lesion by primase and DNA directed polymerase (PrimPol), lesion bypass through trans-lesion synthesis (TLS), lesion bypass through template switching, and fork reversal and lesion repair. If a stalled fork collapses into a double-strand DNA break (DSB), homologous recombination-dependent pathways can restart the fork. It is unknown whether ATR regulates PrimPol activity to restart replication forks, but ATR does phosphorylate two TLS polymerases, REV 1 and DNA polymerase eta (Pol h), and may promote lesion bypass. ATR also phosphorylates several proteins that promote RAD51-dependent replication restart pathways, including template switching, fork reversal and repair, and homologous recombination. Proteins involved in these pathways include X-ray repair cross complementing 3 (XRCC3), partner and localizer of BRCA2 (PALB2), replication protein A (RPA), Werner syndrome RecQ like helicase (WRN) and Bloom syndrome RecQ like helicase (BLM).[START_REF] Saldivar | The essential kinase ATR: ensuring faithful duplication of a challenging genome[END_REF] The essential kinase ATR: Ensuring faithful duplication of a challenging genome.Nat. Rev. Mol. Cell Biol. 18, 622-636. doi:10.1038/nrm.2017.67 

Figure 1 :

 1 Figure 1: SOG1 independent pathways are activated in Pol  mutants. A: Expression of DDR marker genes induced by replicative stress depends only partly on SOG1. Expression of the indicated genes was monitored by RT-qPCR and normalized using the ACTIN2 gene. Data are average +/-S.D. from triplicates. B: Host lab found SOG1 independent pathways activated in Pol  mutants. Model of plants' DDR, shows stalled fork activates ATR kinase. Downstream signaling involves WEE1 kinase via SOG1, WEE1 can also be activated independent of SOG1 in plants' DNA damage response. Dashed arrows and question marks indicate putative pathways and players which are remain unknown. Modified from Pedroza-Garcia et al. 2017.

Figure 2 :

 2 Figure 2: The soa225 mutation partially prevents CYCB1;1 over-expression in the pol2a mutant. GUS staining was performed on 7-day-old plantlets. Representative images of the shoot (top) and root (bottom) apex of Arabidopsis CYCB1;1, pol2a CYCB1;1 and soa 225 CYCB1;1 mutants are shown.

Figure 3 :Figure 4 :

 34 Figure 3: Position of the soa225 mutation and the T-DNA insertion in the LD sequence. A: predicted protein domains in LD. The protein comprises a homeobox DNA binding domain, a TFIIS/LEDGF domain and a Nuclear Localization Sequence (NLS) in its N-terminal half and an intrinsically disordered region in its C-terminal half. The position of the soa225 mutation is indicated by an arrow. B: screenshot of the T-DNA express website, showing the position of the SAIL_743_B07 line used in this study (red rectangle). The insertion is located in the 11 th exon, which corresponds to a position between the nuclear targeting sequence and the intrinsically disordered region.

Figure 5 :

 5 Figure 5: The ld shows increased tolerance to HU Quantification of 10-days old root length of genotypes (n>25) wild type (Col-0) and ld mutant. MS medium is used as a control and MS supplemented HU (0.5mM, 1mM and 2mM) medium as a source genotoxic stress. Different letters indicate statistically relevant differences (ANOVA followed by Tukey test p < 0.05). Data are representative of 2 independent experiments.

  Locus D (FLD, another component of the autonomous flowering pathway(Fang et al., 2020)).

Figure 6 :

 6 Figure 6: Model for the FLD-mediated regulation of convergent bidirectional transcription (Inigaki et al., 2020). A: RNAPII transcribes along the gene body with H3K4me1 (blue circle with "M"), with the help of Topoisomerase1 to resolve supercoils. H3K4me1 increases the rate of transcription elongation possibly by activating Top1. B: At the regions of convergent overlapping transcription, FLD and its cofactors decelerate transcription elongation through removal of H3K4me1.

  Survival of living organisms is fully dependent on the maintenance of genome integrity. Due to their sessile lifestyle, plants are constantly exposed to biotic and abiotic stresses, which could lead to DNA damage. Studies show that compared to animals, plants have both shared and unique mechanisms that control the DNA Damage Responses (DDR). One central integrator of the plant DDR is the SOG1 transcription factor, but there is accumulating evidence that other pathways function independently of SOG1, in the cellular response to replicative stress. Replicative stress is one of the most common threats to genome integrity as it occurs in all proliferating cells. Core cell cycle regulators that are highly expressed in proliferating cells are thus good candidates to contribute to the signalling pathways activated by replicative stress. Among those, the E2F transcription factors that are well characterized for their role at the G1/S transition, have recently been shown to play a role in Double-Strand Breaks repair. Here, we have studied the role of Arabidopsis E2FA and EF2B during replicative stress via a genetic approach, taking advantage of a mutant deficient for the replicative DNA polymerase  that displays constitutive replicative stress. Our results indicate that E2FB functions in parallel of SOG1 during replicative stress response, and is essential to allow sustained cell proliferation in spite of replicative stress. We thus provide evidence for the existence of an E2F-dependent pathway in plants' replicative stress signalling, and show that the two closely-related transcription factors E2FA and E2FB play distinctive roles in this process.

Figure 1 :

 1 Figure 1: E2Fb, but not E2Fa is required for sustained plant growth in response to replicative stress. A: Representative rosette phenotype of 30-days-old plants of the indicated genotype. Bar = 1cm. B: Quantification of rosette area in the indicated genotypes (n>20). Average rosette size of pol2a e2fb1 and pol2a e2fb1 sog1 mutants is significantly reduced compared to pol2a and pol2a sog1 mutants respectively. Different letters indicate statistically relevant differences (ANOVA followed by Tukey test p < 0.05). Data are representative of 2 independent experiments.

CFigure 2 .

 2 Figure 2. Quantification of the root length in the different genotypes. Data are from at least 20 measurements for each line and are representative of 2 independent experiments. Different letters indicate statistically significant differences (ANOVA and Tukey test p<0.01).

Figure 3 .

 3 Figure 3. e2fb sog1 mutants are hypersensitive to HU-induced replicative stress. All combination mutant lines were germinated on MS medium and also on MS supplemented 1mM hydroxyurea (HU). After 10 days of germination, plantlets roots' length were measured. Data are from at least 15 measurements for each line and are representative of 2 independent experiments. Different letters indicate statistically significant differences (ANOVA and Tukey test p<0.01).

Figure 4 :

 4 Figure 4: Reduced root apical meristem observed in pol2a single , double and triple mutants of e2fb which is not the case in e2fa1 mutants.A: Representative confocal images of 7-days-old root apical meristem of WT (Col-0), pol2a, sog1, pol2a sog1, e2fb1, pol2a e2fb1, e2fb1 sog1 and pol2a e2fb1 sog1. Cell walls were stained with propidium iodide (PI). Single mutant pol2a, double mutants pol2a sog1 showed small root meristem, but the size of apical root meristem was even more severe/ reduced in the pol2a e2fb1 pol2a e2fb1 sog1 triple mutants. Red arrows indicate the limit of apical root meristem. Bar = 20µm for all panels. B: Quantification of root meristem length in indicated genotypes (n>10). Different letters indicate statistically relevant differences (ANOVA followed by Tukey test p < 0.05). Data are representative of 2 independent experiments.

  Loss of E2Fb increases the proportion of G2 cells in flower buds of pol2a mutantsFlow cytometry was used to analyzed cell cycle distribution of nuclei extracted from young flower buds of Col-0, pol2a, sog1, pol2a sog1, e2fb2 sog1, e2fb2 pol2a and e2fb2 pol2a sog1 mutant lines. Values are average ± SD, n= 3 independent observations. Asterisks denote significant differences in the proportion of nuclei in a given phase compared to the wild-type (Bonferroni test , * p< 0.05; ** p< 0.01).

Figure 6 :

 6 Figure 6: Loss of E2Fb further delays cell cycle progression in pol2a mutants. 5-days-old roots of all mutant combination lines were incubated with EdU (10µM) for 5h. The bar graph represents the percentage of labelled mitosis in each genotype. Data is taken form at least 10 roots and are representative of three independent experiments. Different letters indicate statistically significant differences (ANOVA and Tukey test p<0.01).

Figure 7 :

 7 Figure 7: Clustering analysis of RNAseq data using the Opossum softwareThis clustering analysis is performed on all genes, whether they are differentially regulated or not. Clusters highlighted in red correspond to the very large gene set showing no expression in e2fb and pol2a mutants, but significant expression in Col0, pol2a sog and pol2a e2fb sog mutants. Cluster N highlighted in green corresponds to genes that are significantly up-regulated in pol2a mutants, that retain a high expression in pol2a sog mutants, but return to lower expression levels in the triple mutant.
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 S1S2S3 Figure S1: Apical root meristem was measured in all mutant combination lines.Data is taken form at least 10 roots and are representative of two independent experiments. Different letters indicate statistically significant differences (ANOVA and Tukey test p<0.01).

Figure S4 :Figure S6 :

 S4S6 Figure S4: Pearson correlation analysis of RNA-seq results.Normalized readcounts obtained in each sample was used to check for reproducibility between replicates. (abosog = pol2a sog1, Col = Col-0, b1tmt = pol2a e2fb sog1, abo = pol2a, b1 = e2fb). As highlighted by read arrows, one Col-0 and one pol2a (here labelled abo) replicate differed significantly from the other 2 replicates. In addition, The 2 remaining Col -0 replicates clustered with the pol2a sog1 and pol2a e2fb sog1 mutants, which was totally unexpected.

  The knowledge about the molecular function of Pol θ in plants is scarce in comparison to other eukaryotes. In Human cells, Pol θ can perform error-prone TLS through UV-lesions. Its deficiency results in a dramatic increase of tumorigenesis upon UV exposure, indicating that this error-prone TLS is crucial to avoid collapse of stalled forks[START_REF] Yoon | Error-Prone Replication through UV Lesions by DNA Polymerase θ Protects against Skin Cancers[END_REF]. Another key function of Pol θ is DSB repair through ALTernative Non-Homologous End Joining (Alt-NHEJ), also called Micro-homology Mediated End Joining (MMEJ)[START_REF] Beagan | Linking DNA polymerase theta structure and function in health and disease[END_REF]. Alt-NHEJ is an error-prone pathway for DSB repair in which resection of DNA ends on each side of the break exposes micro-homology of only a few base pairs, that can allow annealing of single stranded DNA (ssDNA) and subsequent end-joining(Chiruvella et al., 2013). Recently, Mateos-Gomez and colleagues demonstrated that through its helicase domain, Pol θ facilitates the displacement of RPA that normally protects resected ends and promotes homologous recombination (HR), thereby favoring Alt-NHEJ over HR[START_REF] Mateos-Gomez | The helicase domain of Polθ counteracts RPA to promote alt-NHEJ[END_REF]. This dual role of Pol θ in DSB repair is likely a key factor of the cellular response to replicative (or replication) stress. Replicative stress is a complex phenomenon that arises when fork progression is stopped or slowed-down. If the obstacle cannot be bypassed (for example through TLS), fork stalling triggers the accumulation of single stranded DNA coated by the replication protein RPA, leading to the activation of the ATR kinase and subsequent DDR signaling (reviewed in[START_REF] Zeman | Causes and consequences of replication stress[END_REF]). Pol θ is thus assumed both to prevent replicative stress by avoiding fork stalling at DNA lesions, and to contribute to DNA repair when replicative stress results in fork collapse and subsequent DSB formation. Indeed, in Human cells, POLQ deficiency confers hypersensitivity to ATR inhibitors, providing evidence for the role of Pol  for the repair of DNA replication-induced DNA damage(Wang et al., 2019), and a synthetic lethal genetic screen revealed that various components of the DDR are indispensable to cell survival in the absence of Pol . The common feature of all mutations identified in the screen was that they caused accumulation of endogenous DNA damage, indicating that the most prominent role of Pol  is the repair of replication-associated DSB, regardless of the initial cause of DNA damage(Feng et al., 2019).

  Pol θ mutants suggests that this dual role is conserved in plants. The teb mutants show constitutive activation of the DNA Damage Response (DDR), consistent with role of Pol θ in the maintenance of genome integrity[START_REF] Inagaki | Arabidopsis TEBICHI, with helicase and DNA polymerase domains, is required for regulated cell division and differentiation in meristems[END_REF]. They are more sensitive to UV, and to the DNA alkylating agent methylmethane sulfonate (MMS)[START_REF] Inagaki | Arabidopsis TEBICHI, with helicase and DNA polymerase domains, is required for regulated cell division and differentiation in meristems[END_REF], consistent with a TLS function. Furthermore, Pol θ-dependent Alt-NHEJ was identified as the pathway for T-DNA integration after transformation by agrobacterium[START_REF] Van Kregten | T-DNA integration in plants results from polymerase-θ-mediated DNA repair[END_REF], although this finding has lately been questioned by the observation that T-DNA integration remains possible, albeit with a reduced efficiency, in Pol θ null mutants(Nishizawa-Yokoi et al., 2020).Two important questions still hold regarding the function of plant Pol θ. First, it is not clear whether the TLS or DSB repair function, or both can account for the fact that this protein is required for normal plant development, as most plant mutants deficient for TLS or DNA repair develop normally in the absence of genotoxic stress. Second, there are conflicting reports regarding the developmental defects caused by Pol θ deficiency, and it thus remains

Figure 2 .

 2 Figure 2. teb mutants show DSB accumulation in root meristems A-C: representative images of teb2 root tip nuclei after -H2AX immuno-staining (A: DAPI fluorescence, B: Alexa 488 fluorescence, C: merged image). Bar = 10 µm, arrows indicate nuclei with -H2AX foci. D: quantification of -H2AX foci in the indicated genotypes (n>1500 nuclei imaged from 10 root tips for all genotypes). Different letters indicate statistically different values, ANOVA followed by a post-hoc Tukey test p<0.01). Data are representative of 2 biological replicates.

Figure 4 .

 4 Figure 4. The root meristem of teb pol2a double mutants is severely compromised A-F: Confocal images of root tips of 8-day-old plants stained with propidium iodide. A: WT (Col0), B: teb2, C: teb5, D: pol2a-4, E: pol2a teb2 F: pol2a teb5. The meristem of teb mutants showed abnormal organization and cell death. This defect was exacerbated in pol2a teb double mutants with root hair differentiating close to the root tip and meristem organization being dramatically altered. Red arrow indicates the limit of the root apical meristem. Bar = 50 µm for all panels. G: Meristem length was measured in all mutant combinations. Values are from at least 10 roots and are representative of two independent experiments. Different letters indicate statistically relevant differences (ANOVA and Tukey test p<0.01).

  the pol2a-4 background by crossing, generating the pol2a teb2 and pol2a teb5 double mutants.

Figure 5 .

 5 Figure 5. DDR genes are hyper-induced in teb pol2a double mutantsTotal RNA was extracted from twelve-day-old plantlets. Expression of selected genes was assessed by real-time qPCR and normalized to actin. We monitored the expressions of genes involved in cellcycle arrest (SMR5, SMR7 and WEE1), DNA repair (RAD51 and BRCA2) and both (CYCB1;1). Values are Fold change compared to the wild-type Col-0. Graphs represent average of 3 technical replicates +/-standard deviation and are representative of 3 independent biological replicates. Different letters above bars denote statistically relevant differences (ANOVA followed by Tukey test, performed on raw data before normalization, p<0.01).

Figure 6 :

 6 Figure6: Some abiotic stresses aggravate the developmental defects of teb mutants. A: Distribution of teb mutants between the different classes in plants grown in low light (LL, 160µmol x m -2 x s -1 ) or high light (HL, 350 µmol x m -2 x s -1 ). B: Distribution of teb mutants between the different classes in plants grown at standard temperature (20°C) or under heat stress (32°C). Plants were germinated in vitro and transferred to soil after 10 days. After 3 days of growth under control conditions at 160µmol x m -2 x s -1 plants were kept under the same conditions or transferred to 32°C under the same light intensity. C: Distribution of teb mutants between the different classes in plants watered with or without salt to the indicated concentration. Plants were germinated in vitro and transferred to soil after 10 days. After 3 days of growth under control conditions (160 µmol x m -2 x s -1 , 20°C, salt-treated plants were watered with a solution containing NaCl (50 mM), for the 100 mM treatment, salt concentration was increased to 100 mM after 2days. For all panels, n.s. indicates non-significant differences and asterisks denote statistically relevant differences between distributions ( 2 -test, p< 0.01). Blind scoring was performed on wild-type and teb mutants in all growth conditions, the proportion of severe phenotypes observed in wild-type plants was below 2%.

Figure 7 :

 7 Figure 7: Model for the role of Pol  during replicative stress response A: In the wild-type, replication blocking lesions induce fork stalling. Pol  can allow TLS through some lesions such as pyrimidine dimers. If efficient lesion bypass cannot be achieved, replisome disassembly and persistent fork stalling activates the DDR through ATR signalling, and DNA synthesis from a converging fork can lead to the formation of a double-ended DSB. Pol  contributes to the repair of these lesions through Alt-NHEJ but other pathways such as HR or NHEJ likely contribute to DSB repair. B: In the absence of Pol , TLS through some lesions is compromised, leading to an increased frequency of fork collapse and persistent stalling. Furthermore, Alt-NHEJ is also compromised, leading to an increased frequency of failed repair, constitutive activation of the DDR through ATR signalling, cell death and stochastic developmental defects. Abiotic stress and replicative stress can modify this equilibrium by enhancing the accumulation of more replication-blocking lesions, leading to an increased frequency of developmental defects in Pol  deficient lines.
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Figure S1 .Figure

 S1 Figure S1. Levels of DDR genes induction do not correlate with the severity of teb mutants' phenotype.Figure S2. Root growth defects show some heterogeneity in teb mutants Figure S3. Heterogeneous phenotypes of teb mutant plantlets do not correlate with different levels of DDR genes activation Figure S4. The teb phenotype does not aggravate over generations Figure S5. teb mutants are hypersensitive to replicative stress Figure S6. Representative phenotypes of wild-type (Col0) and teb mutants exposed to HU after transfer to the greenhouse Figure S7. Representative phenotypes of wild-type (Col0) and teb mutants grown under different conditions.

Figure S8 .

 S8 Figure S8. Salt treatment, but not increasing light intensity activates DDR gene expression in both wild-type and teb mutants.

Figure S3 .Figure S4 .Figure S5 .Figure S7 .

 S3S4S5S7 Figure S3. Heterogeneous phenotypes of teb mutant plantlets do not correlate with different levels of DDR genes activationA: Representative picture of "big" and "small" plantlets observed among the teb mutants 10 days after germination, Bar = 500µm. B: Percentage of "big" and "small" plants among wild-type (WT) and teb2 and teb5 mutants (n>150 for all genotypes). ** denote statistically relevant differences 2 test pvalue < 0.01. Data are representative for 3 independent experiments. C-D: qPCR analysis of DDR maker genes expression in small and big teb mutant plantlets. Expression levels were normalized using ACTIN as a reference gene, and results are expressed as fold-changed compared to the wild-type (Col-0). Data are average +/-standard deviation obtained from 3 technical replicates and are representative of 2 independent experiments.

Figure S8 .

 S8 Figure S8. Salt treatment, but not increasing light intensity activates DDR gene expression in both wildtype and teb mutants. Expression of DDR marker genes associated with DNA repair (XRI-1 and BRCA2) or cell cycle arrest (SMR5 and SMR7) was monitored by RT-qPCR in wild-type and teb mutants grown under standard conditions, germinated on NaCl supplemented medium (100mM) or exposed to high light. Data are average +/-S.D. obtained on 3 technical replicates and are representative of two independent experiments. They show relative expression of the selected genes compared to actin. Figures above bars represent the foldinduction compared to wild-type plants grown under the same conditions.

  further validated by co-immunoprecipitation (Co-IP) experiment in Human cells. Co-IP experiments were performed in human cells in collaboration with the group of P. Kannouche (IGR, Villejuif) with the help of Emmanuelle Despras. For Co-IP preliminary experiments using tagged versions of the proteins suggest that human CDT1 and DPB2 proteins might

Figure 2 :

 2 Figure 2: The HsCDT1 protein allows full rescue of the Arabidopsis cdt1a mutant.Yeast growth on solid media. For serial dilution analysis, yeast cells were collected and adjusted to OD600 = 1.0, and diluted to 1, 10 -1 and 10 -2 . Yeast to hybrid Y2H performed, the red bar is identifying the interaction proteins between Hs-CDT1 + At-DPB2, At-CDT1 + At-DPB2, weaker interaction between Hs-CDT1 + Hs-DBP2 observed at +3AT 1mM.

  therefore it is crucial to maintain genome integrity in dividing cells. Our work provides additional layers of complexity to the understanding of plant replicative stress response, and could open many research avenues, through the characterization of LUMINIDEPENDENS (LD) and other suppressors.

  abiotic stress responses has been detailed in the first section of the introduction. Our recent results further support this notion: the fact that developmental defects of teb mutants are aggravated by abiotic stresses indicates that basal levels of DNA stress can vary according to environmental conditions. Thus, there is a dire need to further dissect the cross talk of DDR with the environmental changes. One first step would be to estimate DNA damage accumulation and the frequency of replicative stress in various environmental conditions. Indeed, very few studies quantifying DNA damage accumulation in plants are available, which represents a clear gap of knowledge, particularly in the current context of global warming. Indeed, global climate change is expected to severely impact crops' yield. In this context, studying plants' DDR can represent an important research topic. One of the potential strategies would be to identify and use novel DNA repair genes as tools to advance DNA repair function. Another beneficial solution for food security would be to dampen the effects of DDR activation on growth without compromising essential responses for plant survival.
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  Figure 7). (A) The mean C-value in wild-type (WT) ATM and mutant Zmatm endosperm at five developmental stages between 10 and 19 days after pollination (DAP). (B) Distribution of endosperm nuclei (expressed as a percentage of the total number of nuclei) among different ploidy classes in 19-DAP ATM-WT and Zmatm endosperms. Values are means ± SE; n=9-11,although no significant differences were found (P<0.001, Student´s t-test). All analyses were carried out from at least three kernels of three independent cobs for each genotype.
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  . However, wee1 sog1 double mutants are more sensitive to replicative stress induced by hydroxyurea than single mutants, indicating that they function partially independently to control replicative stress response. Consistently, Pedroza-Garcia et al., reported that hypomorphic mutant of replicative DNA polymerase epsilon (partially mutated catalytic subunit) pol2a show constitutive activation of the replicative stress response, and that this response depends only partially on SOG1. Indeed, ATR and WEEI are crucial for the survival of pol2a, but the pol2a sog1 double mutant is viable, and still shows constitutive activation of

	Possible contributors to the transcriptional reprogramming induced by replicative stress could
	be E2F transcription factors. E2Fs-RBR (Retino blastoma Related 1) complexes are well
	known in plants and animal for controlling S-phase entry (Berckmans and De Veylder 2009):
	when the cell receives mitogenic cues, CYCD-CDKA complexes are activated and
	phosphorylate RBR1, which releases E2Fs TFs. In Arabidopsis, the E2F family comprises six
	members which are (E2Fa, E2Fb, E2Fc, DEL1/E2Fe, DEL2/E2Fd, and DEL3/E2Ff)
	(Vandepoele et al., 2002). They are categorized into canonical E2fs such as (E2Fa, E2Fb and

some DDR genes (Pedroza-

[START_REF] Pedroza-Garcia | Function of the plant DNA Polymerase epsilon in replicative stress sensing, a genetic analysis[END_REF]

, indicating that part of the transcriptional response evoked by replicative stress is controlled by a yet unidentified transcription factor.

Another open question regarding plant replicative stress response is how WEE1 controls cell cycle arrest. Indeed, by contrast with what was described in animals and yeast, WEE1 results in cell cycle arrest

[START_REF] Schutter | Arabidopsis WEE1 kinase controls cell cycle arrest in response to activation of the DNA integrity checkpoint[END_REF]

, but not likely by targeting/ or by independently of the phosphorylation of CDKA;1

[START_REF] Dissmeyer | Control of cell proliferation, organ growth, and DNA damage response operate independently of dephosphorylation of the Arabidopsis Cdk1 homolog CDKA;1[END_REF]

. Recently, WEE1 was shown to directly interact with the FBL17 E3 ubiquitin ligase, leading to the accumulation of CDK inhibitors and thus to cell cycle arrest

[START_REF] Pan | A novel WEE1 pathway for replication stress responses[END_REF]

. Moreover, ATR-WEE1 negatively regulates MOS4-associated complex (MAC) as a downstream regulator during DNA replicative stress response

[START_REF] Pan | A novel WEE1 pathway for replication stress responses[END_REF]

. It is thus clear that plant replicative stress response partly differs from what has been observed in animal systems, and that some players are yet to be identified. E2Fc), that function as heterodimers with their dimerization partners DPa and DPb proteins, whereas non-canonical E2Fs are DEL1/E2Fe, DEL2/E2Fd and DEL3/E2Ff, function independently of DPs

  . Plant genomes encompass at least 9 nonreplicative polymerases, 6 of which have been functionally characterized, and involved in TLS and/or DNA repair: Pol ȗ, η, ț, θ, and λ and Reversionless1 (Rev1) (reviewed in (Pedroza-[START_REF] Pedroza-Garcia | Plant DNA polymerases[END_REF][START_REF] Sakamoto | Translesion Synthesis in Plants: Ultraviolet Resistance and Beyond[END_REF]). Deficiency in non-replicative polymerases usually does not affect overall development, but rather results in hypersensitivity to various DNA-damaging agents (Pedroza-[START_REF] Pedroza-Garcia | Plant DNA polymerases[END_REF]. One intriguing exception is Pol θ (encoded by the POLQ gene) also called TEBICHI in Arabidopsis thaliana: teb null mutants

Stochastic developmental defects of teb mutants are likely a consequence of replication- associated DNA damage.

  all showed the same developmental defects, including drastically reduced growth, loss of primary root meristem function and extensive cell death in the root meristem.We therefore conclude that Pol  is required for cellular response to replicative stress, and that this cellular function accounts for the developmental defects triggered by Pol  deficiency. This hypothesis is consistent with the observation that POLQ genetically interacts with ATR[START_REF] Inagaki | A link among DNA replication, recombination, and gene expression revealed by genetic and genomic analysis of TEBICHI gene of Arabidopsis thaliana[END_REF], whose function is to activate the DDR in response to replicative stress: developmental defects of teb atr double mutants are drastically enhanced compared to teb mutants, and inactivation of ATR prevents upregulation of the DDR marker gene CYCB1;1 in teb. Taken together, these observations indicate that the activity of plant Pol  is crucial to avoid accumulation of DNA damage during DNA replication in plants. Consistently, in mammals, the Alt-NHEJ activity is maximal during S-phase[START_REF] Brambati | DNA polymerase theta (Polu)-an error-prone polymerase necessary for genome stability[END_REF].

	Wild-type		Pol  deficiency
	Abiotic stress			Abiotic stress
	Replicative stress			Replicative stress
		Post-		Post-replication
	Stalled fork	replication	Stalled fork	repair
	TLS	repair		TLS
	Pol 			
	Converging forks	Persistent stalling	Converging forks	Persistent stalling
	DSB	ATR	DSB	ATR
	Alt-NHEJ	DDR activation HR ? NHEJ ?		DDR activation HR ? NHEJ ?
	Another pending question is how essential this replication-associated DNA repair function is
	for the normal development of multicellular organisms. The chaos1 mouse mutants that
	harbor a point mutation in the POLQ gene are viable but show genomic instability, especially
	in erythrocytes (Shima et al., 2004), but otherwise grow normally. Drosophila mutants also do
	not show major developmental alterations, except for a thin eggshell phenotype (Alexander et
	repair in all cell types, or repair of replication-associated DNA damage. Here, we were able to al., 2016). In plants, the situation seems less clear as Arabidopsis teb mutants grown under our
	show that phenotypic defects triggered by Pol  deficiency are variable, and that their severity standard laboratory conditions display very variable phenotypic defects, and rice mutants
	correlates with endogenous replicative stress levels. Indeed, HU treatment increased the grow and develop normally (Nishizawa-Yokoi et al., 2020). Likewise, in the moss

, all of which can induce DNA damage in both proliferating and differentiated cells. More recently, Pol  was involved in the repair of DSB through Alt-NHEJ

[START_REF] Van Kregten | T-DNA integration in plants results from polymerase-θ-mediated DNA repair[END_REF] Nishizawa-Yokoi et al., 2020)

, a process that may also occur both in dividing and in differentiated cells. These observations, together with the fact that Pol  appeared to be required for normal plant development prompted us to ask whether developmental defects observed in teb mutants reflect its function in TLS, DNA proportion of teb mutants displaying severe developmental defects. Furthermore, DNA Pol  deficiency that triggers constitutive replicative stress via ATR activation (Pedroza-

[START_REF] Pedroza-Garcia | Function of the plant DNA Polymerase epsilon in replicative stress sensing, a genetic analysis[END_REF] 

abolished the variability of phenotypic alterations observed in teb mutants: pol2a teb double mutants Likewise, mutations in Drosophila MUS308 gene induce hypersensitivity to replicationblocking lesions such as inter-strand cross-links

[START_REF] Harris | Molecular cloning of Drosophila mus308, a gene involved in DNA cross-link repair with homology to prokaryotic DNA polymerase I genes[END_REF]

, and Pol  was shown to play a key role in replication-associated DSB repair

(Alexander et al., 2016)

. A similar finding was reported in Caenorhabtidis elegans, where loss of Pol  results in dramatic DNA loss around replication barriers such as G-quadruplexes

[START_REF] Koole | A polymerase theta-dependent repair pathway suppresses extensive genomic instability at endogenous G4 DNA sites[END_REF]

. Thus, repair of DNA breaks generated by DNA replication appears to be most prominent cellular function of Pol  both in plants and animals.

Physcomitrium patens, loss of Pol  does not affect development or genetic stability

[START_REF] Mara | POLQ plays a key role in the repair of CRISPR/Cas9-induced double-stranded breaks in the moss Physcomitrella patens[END_REF]

. The latter observation may relate to the fact that the most prominent DNA repair pathway in moss cells is homologous recombination (HR) rather than Alt-NHEJ: in P. patens,

Table S1 : Primer sequences

 S1 

% of plants in each class

Understanding the role of the novel interaction between CDT1 and Polymerase epsilon II-3-1 OVERVIEW

  One of the initial goals of my project was to elucidate the role of an interaction between CDT1 and Pol  which could be crucial for genome stability and conserved across the kingdoms (animals and plants). Technical difficulties, as well as delay in experiments due to the pandemic outbreak (Covid19) did not allow me to complete this project. Preliminary results obtained during my PhD are nevertheless summarized in this chapter

	II-3									
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Taking advantage of hypomorphic mutants for the replicative DNA polymerase , that display constitutive replicative stress, we show that Pol θ allows maintenance of meristem activity when DNA replication is partially compromised. Furthermore, we found that the phenotype of Pol θ mutants can be aggravated by modifying their growth conditions, suggesting that environmental conditions impact the basal level of replicative stress, and providing evidence for a link between plants' response to adverse conditions, and mechanisms involved in the maintenance of genome integrity. fitted with a metal halide lamp and the appropriate shifted free filter sets for imaging DAPI and Alexa 488 dyes. Images were acquired with a cooled CCD camera (AxioCam 506 monochrome; Carl Zeiss) operated using Zen Blue software (Carl Zeiss).

Confocal microscopy imaging

Root tips of 8-day-old plantlets were stained with propidium iodide (PI, 10µM) and then root meristems were observed using 20X water immersion lens on a Zeiss LSM 880 laser scanning confocal microscope using a 561nm laser for excitation. Fluorescence was acquired between 565 nm and 700 nm. Representative images were collected from 10 to 15 roots with three biological replicates.

Abiotic stress

In this study three different abiotic stress were applied on teb mutants. These mutant seeds were grown on ½ MS medium and germinated in vitro and after 10 days transferred to pots (soil). Control plants were kept at 20°C under low light intensity (LL, 160µmol x m -2 x s -1 ), and watered with water. Plants were either subjected to high light intensity (HL, 350 µmol x m -2 x s -1 ) at 20°C, or transferred in a growth cabinet at 32°C (16h day, 8h night, 28°C at night) under LL or kept at 20°C under LL but watered with two NaCl solutions (50mM or 100mM). For the higher salt concentration, plants were first watered with NaCl for 3 days, and the concentration was then increased to 100mM. Distribution of plants between the three phenotypic classes was documented after three weeks of these stresses. Chi-squared tests was used to compare the distributions between phenotypic classes. Experiments were performed twice giving similar results.

Accession numbers

Accession numbers of the genes mentioned in this study are as follows: TEBICHI (AT4G32700), POL2A (AT1G08260), CYCB1;1 (AT4G37490), RAD51 (AT5G20850), WEE1 (AT1G02970), BRCA2 (AT1G80210), SMR5 (AT1G07500), SMR7 (AT3G27630). Immature embryos of the maize B104 inbred line were transformed using Agrobacterium tumefaciens EHA101 containing the pBUN411-Sp expression constructs. Transformed calli were selected on increasing concentrations of phosphinothricin after which transformed T 0 shoots were regenerated as described before [START_REF] Coussens | Brachypodium distachyon promoters as efficient building blocks for transgenic research in maize[END_REF]. For genotyping, DNA was extracted from transformed T 0 shoot or leaf material in the next generations (approximately 2 cm 2 ) using the Wizard® Genomic DNA purification kit (Promega, WI, USA). We screened T 0 transformants through PCR (primers are listed in Supplemental Table 2), followed by Sanger sequencing to identify CRISPR/Cas9-induced mutations in the targeted genes. The plants were screened for absence of the bar marker by ammonium well assay [START_REF] Coussens | Brachypodium distachyon promoters as efficient building blocks for transgenic research in maize[END_REF], followed by genotyping for the absence of the Cas9 gene construct. Two independent atm and atr mutants were selected and backcrossed with B104 wild-type plants. These lines were upscaled and screened in F2

to obtain wild-type and homozygous mutant plants (Zmatm or Zmatr) in the same genetic background.

Genotoxic Treatments

Maize seeds were germinated in a paper roll system for 3 days to ensure a straight root orientation. At this time point, seedlings of similar size (2.5.-3.5 cm) were transferred to a falcon tube (50 mL) with liquid 0.5 × MS medium (mock or supplemented with genotoxin) that was used like growth hydroponic system. Treatments were performed with 2.5 mM HU (Sigma-Aldrich, MO, USA) or zeocin (75 µM or 150 µM). After 3 days of treatment, the plantlets were analyzed for root and shoot lengths.

For treatment with y-irradiation, the maize seeds were grown hydroponically using the paper roll system. After 2 days, the seedlings were treated with y-irradiation using a 137 Cs source (C.I.S.

Bio, Gif sur Yvette, France) at doses of 75, 250 or 500 Gy, and then returned for growth under hydroponic conditions. After 5 days, the root and shoot lengths were measured.

To evaluate the sensitivity to genotoxic agents in Arabidopsis, seedlings were grown for 4 days on 0.5 × MS and transferred to genotoxin-supplemented medium (5.0 µM zeocin or 0.2 µg/mL bleomycin). After 10 days, the plantlets were analyzed for root length. All the measurements were performed using the ImageJ software package (https://imagej.net/ImageJ_1.x).

RNA Extraction and RT-qPCR

The RNA extractions for maize were performed in pools of ten root tips (1-2 mm) or endosperms of nine independent kernels (three half endosperms per cob of three independent cobs were mixed to perform the RNA extraction). Total RNA was extracted using a Direct-zol RNA MiniPrep Plus kit 50 mg flour and incubated overnight at 37°C with constant shaking. Subsequently, the samples were centrifugated at 12,000 g at room temperature for 15 min to precipitate debris. Supernatant was collected and absolute ethanol was added to a final concentration of 70%. The samples were incubated at 37°C for 2 h, then centrifugated at 12,000 g for 10 min at room temperature. The supernatant was transferred to a new tube (zein fraction), and then dried in a Speedvac and resuspended in water. The pellet was used to extract non-zein proteins with 1 mL buffer (12.5 mM sodium borate, 5% SDS, 2% 2-mercaptoethano, proteases inhibitors). The mix was incubated at 37°C for 2 h, and then centrifugated for 15 min at 12,000 g and room temperature. The pellet was washed twice with 70% ethanol, air-dried, and resuspended in 8 M Urea. Protein quantification was performed with the Compat-Able Protein Assay Preparation Reagent Kit (Catalog: 23215, Thermo Fisher Scientific, MA, USA) and the Pierce BCA Protein Assay Kit (Catalog: 23225, Thermo Fisher Scientific, MA, USA) following manufacturer´s manual.

Statistical Analysis

All statistical analyses were performed using the R software (https://www.r-project.org/).
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The following materials are available in the online version of this article. Abstract : Survival of living organism is fully dependent In parallel, I contributed to a forward genetic screen to on the maintenance of genome integrity. Plants being identify suppressors of a mutant in which replicative sessile, they are constantly exposed to biotic and abiotic stress response is constitutively activated. I successfully stresses that could lead to DNA damage. Replicative stress mapped by sequencing the causal mutation for one is one of the most common threats to genome integrity suppressor and found it affected the LD (LUMINIas it occurs in all proliferating cells. In plants, the central DEPENDENS) gene, encoding a homeobox transcription regulator of the DNA Damage Response (DDR) is the factor. The detailed characterization of LD and its SOG1 transcription factor. However recent studies suggest involvement in replicative stress response is still that replicative stress response functions partly ongoing, and will extend beyond the completion of my independently of SOG1. During my PhD I studied how PhD. Finally, we reported the role of non-replicative plant cells respond to replicative stress (i) to identify new DNA polymerase theta (0) in the repair of DNA players in the signaling of replicative stress, and (ii) to replication associated damage. We found that this understand the post-replicative DNA repair process.

protein is crucial for the maintenance of genome For the first objective, I combined forward and reverse integrity in proliferating cells, and that the requirement genetic approaches. Through reverse genetics, I studied of this activity is enhanced by abiotic stresses, providing the contribution of E2F transcription factors in plant's evidence for a link between the plant DNA damage replicative stress response. Our results indicate that E2Fb response and their ability to adjust to the changing may function in parallel of SOG1 in replicative stress environment. response, providing evidence for the existence of a novel pathway in plants' DDR signaling.