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Histone methyltransferases are known to play crucial roles in flowering time
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Post-translational covalent modifications of histones play important roles in modulating chromatin structure and are involved in the control of multiple developmental processes in plants. Here we provide insight into the contribution of the histone lysine methyltransferase SET DOMAIN GROUP 8 (SDG8), implicated in histone H3 lysine 36 (H3K36) methylation, in connection with RNA polymerase II (RNAPII) to Arabidopsis immunity. We showed that even if the sdg8-1 mutant, defective in H3K36 methylation of its target genes, displayed a higher sensitivity to different strains of the bacterial pathogen

CHAPTER I

GENERAL INTRODUCTION

I.1. The origin and definition of 'epigenetics'

In the early 1940s, the term" epigenetics" was firstly defined by Conrad Waddington and originally referred to heritable variations that can give rise to distinct patterns of terminal differentiation phenotypes in a reversible and often self-perpetuating way [START_REF] Nicoglou | Epigenetics: A way to bridge the gap between biological fields[END_REF]. Afterwards, new definitions of epigenetics started to emerge. David L. Nanney, in his paper published in 1958, explained epigenetics as mitotically stable, which is considered as a striking feature later (Nanney, 2006). The emerging hypothesis that chromatin state may influence gene expression based on McClintock's study on chromosome conformation in the 1950s and the discovery of DNA structure opens the door to investigate epigenetics at the molecular level (McClintock, 1951;Watson and Crick, 1953). With the help of epigenetics study progress in molecular and cellular biology, in 1996, Riggs and colleagues gave a more precise definition about epigenetics as "the study of mitotically and/ or meiotically heritable changes in gene function that can't be explained by changes in DNA sequence" (Riggs et al., 1996). Our view of epigenetics has considerably evolved during the past two decades, and thus in 2017, Antonine Nicoglou and Francesca Merlin gave a more general definition:

"Epigenetics is the study of various intracellular factors that affect the stability of developmental process through their action on genome potentialities" [START_REF] Nicoglou | Epigenetics: A way to bridge the gap between biological fields[END_REF]. Nowadays, epigenetic mechanisms classically comprise covalent posttranslational modifications of histones, ATP-dependent chromatin remodeling, DNA methylation, nucleosome assembly/disassembly, histone variant incorporation, and noncoding RNAs regulation. All these mechanisms affect and control gene expression at the chromatin level (Feng and Lazar, 2012;[START_REF] Kumar | Epigenomics of Plant Responses to Environmental Stress[END_REF].

I.2. Chromatin structure

In eukaryotic cells, the DNA-protein complex found inside the nucleus is called chromatin. Nucleosomes constitute the basic unite of chromatin. A single nucleosome contains about 147 base pairs (bp) of DNA wrapped around a histone octamer complex, which consists of 2 copies of each of the four core histone proteins H2A, H2B, H3 and H4 ( Figure 1; [START_REF] Andrews | Nucleosome Structure(s) and Stability: Variations on a Theme[END_REF][START_REF] Bentley | Crystal Structure of the Nucleosome Core Particle at 16 A Resolution[END_REF][START_REF] Luger | Crystal structure of the nucleosome core particle at 2.8 A resolution[END_REF].

Nucleosomes are interconnected by a short stretch of about 20-60 bp of linker DNA forming a 'beads-on-a-string' chromatin fiber structure, also named the '10 nm chromatin fiber'. The beads-on-a-string structure can be further compacted with the addition of the linker histone H1 into a 30 nm diameter helical structure [START_REF] Andrews | Nucleosome Structure(s) and Stability: Variations on a Theme[END_REF][START_REF] Hansen | Conformational Dynamics of the Chromatin Fiber in Solution: Determinants, Mechanisms, and Functions[END_REF].

Chromatin structure is not static but dynamic. Indeed, nucleosomes can move and be stabilized/destabilized or disassembled/reassembled in response to specific environmental signals or developmental cues [START_REF] Andrews | Nucleosome Structure(s) and Stability: Variations on a Theme[END_REF][START_REF] Berr | Histone modifications in transcriptional activation during plant development[END_REF].

Under light microscope, interphase chromatin exhibits two different forms named heterochromatin and euchromatin. Heterochromatin appears as electron-dense and darkly stained, with irregular particles scattered throughout the nucleus or found accumulated adjacent to the nuclear envelope. Inversely, euchromatin appears lightly stained and dispersed in the whole nucleus (Solovei et al., 2002). Because heterochromatin is tightly packed, it often correlates with gene silencing while euchromatin is loosely packed and associates with gene transcription. Dynamic changes in chromatin structure affects all DNA-based processes like transcription, DNA replication, DNA repair, chromosome segregation and transposon transposition. The nucleosome core particle. About 147-bp of DNA are wrapped around an octamer complex comprising two copies of each of histones H2A, H2B, H3 and H4 [START_REF] Luger | Crystal structure of the nucleosome core particle at 2.8 A resolution[END_REF].

I.3. Histone modifications

Histones are water-soluble and contain a large number of basic amino acids, particularly lysine and arginine. The nucleosome core histones H2A, H2B, H3 and H4 are highly conserved in eukaryotes in terms of sequence and structure organization. Each histone in the octamer has a structured domain named histone fold and unstructured Nand C-terminal tails. Histone tails protrude from the nucleosome core, and they are subjected to diverse types of post-translational modifications (PTMs), usually referred as histone marks, including methylation, acetylation, phosphorylation, ubiquitination, and among others [START_REF] Feng | Epigenetic modifications in plants: An evolutionary perspective[END_REF][START_REF] Kouzarides | Chromatin modifications and their function[END_REF][START_REF] Musselman | Perceiving the epigenetic landscape through histone readers[END_REF].

These modifications are established by so-called 'writers', and removed by 'erasers'.

Functionally, these marks (in combination or not) can either modify the local electrostatic behavior (e.g. histone acetylation and histone deacetylation) and/or act as specific docking sites for secondary effectors named 'readers' [START_REF] Rothbart | Interpreting the language of histone and DNA modifications[END_REF]. Moreover, distinct marks can act sequentially or in a combined way to bring about different outcomes, thus constituting a histone code that considerably extends the information potential of the genetic code [START_REF] Jenuwein | Translating the histone code[END_REF]. Here, I will mainly focus on histone methylation at lysine residues.

I.3.1. Histone methylation

Histone methylation drew attention in 1964 when it was firstly discovered (Allfrey and Mirsky, 1964) and then correlated with gene expression (Allfrey and Mirsky, 1964). Nowadays, histone methylation has been well documented in yeast, animals and plants.

Methylation of histone can occur on lysine (K) and arginine (R) residues. Lysine methylation of H3 and H4 is implicated in both transcriptional activation and repression.

Lysine methylation of H3 is one of the best-studied modifications and can be either mono-, di-, or tri-methylated, providing functional diversity to each site of methylation ( Figure2; [START_REF] Bannister | Regulation of chromatin by histone modifications[END_REF][START_REF] Kouzarides | Chromatin modifications and their function[END_REF].

In the model organism Arabidopsis thaliana, at euchromatin region, histone H3 particularly carries methyl group on K4, K36 and K27. Among them, histone H3 methylations on K4 and K36 are associated with gene transcription activation, whereas methylation on K27 is generally associated with gene transcription repression [START_REF] Bannister | Regulation of chromatin by histone modifications[END_REF][START_REF] Bemer | Unraveling the Complex Epigenetic Mechanisms that Regulate Gene Activity[END_REF][START_REF] Deal | Histone variants and modifications in plant gene regulation[END_REF]. 

I.3.1.1. Genome-wide distribution of histone methylation H3K4me3,

H3K36me3 and H3K27me3

During recent years, the genome-wide landscape of histone lysine methylation together with other histone modifications, histone variants and DNA methylation were gradually established in various organisms. Correlating transcription activation within the euchromatin, H3K4me3 forms a narrowed symmetric peak around the transcription start site (TSS) in animals and plants (He et al., 2011;Rowe et al., 2019;Xiao et al., 2016). In yeast and mammals, H3K4me3 is found associated with the initiation form of RNA Polymerase II (RNAPII), which is phosphorylated at serine 5 of its C-terminal domain [START_REF] Collins | Histone H3 lysine K4 methylation and its role in learning and memory[END_REF][START_REF] Deal | Histone variants and modifications in plant gene regulation[END_REF][START_REF] Kouzarides | Chromatin modifications and their function[END_REF]. H3K36me3 distributes towards the 3' end of transcribe regions in animals and yeast and is generally tightly associated with transcription rate by regulating RNAPII elongation [START_REF] Kouzarides | Chromatin modifications and their function[END_REF][START_REF] Zhang | Integrative genome-wide analysis reveals HLP1, a novel RNA-binding protein, regulates plant flowering by targeting alternative polyadenylation[END_REF]. While in both rice and Arabidopsis, H3K36me3 was found across gene body with a peak towards the 5' end of transcribed regions [START_REF] Liu | The transcription factor OsSUF4 interacts with SDG725 in promoting H3K36me3 establishment[END_REF]Xiao et al., 2016). Correlating with transcription repression, H3K27me3 has been found to distribute across the whole transcribed regions in Arabidopsis, unlike its enrichment at promoter regions in animals ( Figure3; He et al., 2011;Xiao et al., 2016;[START_REF] Young | ChIP-seq analysis reveals distinct H3K27me3 profiles that correlate with transcriptional activity[END_REF][START_REF] Zhang | Distinctive Core Histone Post-Translational Modification Patterns in Arabidopsis thaliana[END_REF]. In general, H3K27me3 and H3K4me3 are separately involved in gene silencing and active transcription, respectively. However, at some bivalent genomic loci, H3K27me3 and H3K4me3 can co-exist [START_REF] Jiang | Repression of FLOWERING LOCUS C and FLOWERING LOCUS T by the Arabidopsis Polycomb Repressive Complex 2 Components[END_REF][START_REF] Luo | Integrative analysis of chromatin states in Arabidopsis identified potential regulatory mechanisms for natural antisense transcript production[END_REF][START_REF] Sequeira-Mendes | The Functional Topography of the Arabidopsis Genome Is Organized in a Reduced Number of Linear Motifs of Chromatin States[END_REF]. Xiao et al., 2016). The definition of 'promoter' is different in animals and plants. In animals, promoter include about 100 bp upstream of the TSS. In Arabidopsis, promoter was located about the upstream intergenic region (1-2 kb or more) and includes the core promoter as well as enhancers. TSS: transcription start site; TTS: transcription termination site.

I.3.1.2. Histone lysine methylation 'writers'

Histone lysine methyltransferases (HKMTs) are evolutionarily conserved in eukaryotes. They usually have a conserved 130-150 amino acids catalytic domain SET, named after SUPPRESSOR OF VARIEGATION3-9 [SU(VAR)3-9], ENHANCER OF ZESTE [E(Z)] and TRITHORAX (TRX) in Drosophila [START_REF] Berr | Histone modifications in transcriptional activation during plant development[END_REF]Dillon et al., 2005). Unlike other HKMTs, Dot1 in animal and yeast does not contain a SET domain, and it specifically methylates nucleosome histone H3 on lysine 79 (Min et al., 2003).

In Arabidopsis, approximately 47 genes encoding putative SET domain group (SDG) proteins have been identified and assigned to distinct phylogenetic classes [START_REF] Ng | Plant SET Domain-containing Proteins: Structure, Function and Regulation[END_REF]. SU(VAR)3-9 proteins generally govern H3K9 methylation activity and are associated with heterochromatinization, whereas others associate with euchromatin [START_REF] Hoppmann | The CW domain, a new histone recognition module in chromatin proteins[END_REF]. The Trithorax (Trx) family comprises five Trx homologs (ATX1/SDG27, ATX2/SDG30, ATX3/SDG14, ATX4/SDG16, and ATX5/SDG29), seven Trx-related proteins (ATXR1/SDG35, ATXR2/SDG36, ATXR3/SDG2, ATXR4/SDG38, ATXR5/SDG15, ATXR6/SDG34, and ATXR7/SDG25) and four ASH1 homologs (ASHH1/SDG26, ASHH2/SDG8, ASHH3/SDG7, and ASHH4/SDG24) [START_REF] Berr | Histone modifications in transcriptional activation during plant development[END_REF]. These SDGs associate with active gene transcription. The E(z)-family homologs (CLF/SDG1, MEA/SDG5, and SWN/SDG10) belong to the Polycomb Group (PcG) and are responsible for catalyzing H3K27 methylation involved in repression of gene transcription ( Figure 4; [START_REF] Xiao | Polycomb repression in the regulation of growth and development in Arabidopsis[END_REF]. 

I.3.1.2.1. H3K4me3 writers

Set1 was the first H3K4 methyltransferase identified in yeast (Miller et al., 2001).

It forms a complex, called COMPASS (Complex of Proteins Associated with Set1), and exerts the enzyme activity to deposit one, two and up to three methyl groups at H3K4 (Miller et al., 2002). In Drosophila, three Set1 homologs were identified: dSet1, Trithorax (Trx), and Trithorax-related (Trr;Mohan et al., 2011). In Mammals, six Trx-related H3K4 methyltransferases were found: Set1A, Set1b, MLL, MLL2, MLL3 and MLL4 [START_REF] Eissenberg | Histone H3 lysine 4 (H3K4) methylation in development and differentiation[END_REF]. All of them are associated with COMPASS or COMPASS-LIKE complexes containing the other core subunits WDR5 (WD repeat domain5), RbBP5 (Retinoblastoma binding protein 5), ASH2L (absent, small or homeotic 2-like), and DPY30 (Dumpy-30; [START_REF] Eissenberg | Histone H3 lysine 4 (H3K4) methylation in development and differentiation[END_REF].

In Arabidopsis, ARABIDOPSIS HOMOLOG of TRITHORAX1 (ATX1/SDG27) was the first TrxG member reported in plants [START_REF] Alvarez-Venegas | ATX-1, an Arabidopsis homolog of trithorax, activates flower homeotic genes[END_REF]. The atx1 mutant show about 6-8% decrease of H3K4me2 and 15% reduction of H3K4me3 at the global level (Alvarez-Venegas and Avramova, 2005). Mutations in ATX1 affects floral organ identity (Alvarez-Venegas et al., 2003a;[START_REF] Saleh | The Arabidopsis homologs of trithorax (ATX1) and enhancer of zeste (CLF) establish 'bivalent chromatin marks' at the silent AGAMOUS locus[END_REF]Saleh et al., , 2008)), seed germination (Xu et al., 2018), flowering time regulation [START_REF] Pien | ARABIDOPSIS TRITHORAX1 Dynamically Regulates FLOWERING LOCUS C Activation via Histone 3 Lysine 4 Trimethylation[END_REF][START_REF] Shafiq | Combinatorial functions of diverse histone methylations in Arabidopsis thaliana flowering time regulation[END_REF][START_REF] Tamada | ARABIDOPSIS TRITHORAX-RELATED7 Is Required for Methylation of Lysine 4 of Histone H3 and for Transcriptional Activation of FLOWERING LOCUS C[END_REF]Xing et al., 2018), root development [START_REF] Napsucialy-Mendivil | ARABIDOPSIS HOMOLOG of TRITHORAX1 (ATX1) is required for cell production, patterning, and morphogenesis in root development[END_REF], and biotic and abiotic stress responses (Ding et al., 2009[START_REF] Ding | The Arabidopsis trithorax-like factor ATX1 functions in dehydration stress responses via ABA-dependent and ABAindependent pathways: ATX1 functions in dehydration stress responses[END_REF][START_REF] Ndamukong | Phosphatidylinositol 5-Phosphate Links Dehydration Stress to the Activity of ARABIDOPSIS TRITHORAX-LIKE Factor ATX1[END_REF]. By studying ATX1-dependent genes, several results suggested that:

1) the assembly of the Pre-Initiation Complex (PIC) at the promoter of ATX1regulated genes requires ATX1 and AtCOMPASS (Ding et al., 2012[START_REF] Ding | The Arabidopsis trithorax-like factor ATX1 functions in dehydration stress responses via ABA-dependent and ABAindependent pathways: ATX1 functions in dehydration stress responses[END_REF][START_REF] Fromm | ATX1/AtCOMPASS and the H3K4me3 marks: How do they activate Arabidopsis genes?[END_REF].

2) the absence of H3K4me3 in atx1 mutant does not affect the recruitment of TATAbinding proteins and RNAPII to its target gene promoters [START_REF] Ding | The Arabidopsis trithorax-like factor ATX1 functions in dehydration stress responses via ABA-dependent and ABAindependent pathways: ATX1 functions in dehydration stress responses[END_REF][START_REF] Fromm | ATX1/AtCOMPASS and the H3K4me3 marks: How do they activate Arabidopsis genes?[END_REF].

3) H3K4me3 is essential for transcription elongation [START_REF] Fromm | ATX1/AtCOMPASS and the H3K4me3 marks: How do they activate Arabidopsis genes?[END_REF]. ATX2/SDG30 is the closest ATX1 homolog, it shows 65% identity and 75% similarity with ATX1 at the amino acid level. While ATX1 appears responsible for the deposition of H3K4me3, ATX2 is defined as an H3K4 di-methyltransferase (Saleh et al., 2008). Surprisingly, the mutation of ATX2 doesn't cause any visible phenotype.

Nevertheless, the introducing of the loss function of ATX2 into atx1 mutant further enhances the early-flowering phenotype of the atx1 single mutant, indicating partially redundant functions between ATX1 and ATX2 in flowering time regulation (Avramova, 2015;[START_REF] Berr | Histone modifications in transcriptional activation during plant development[END_REF]. SDG2/ATRX3 is a major H3K4-methyltransferase in Arabidopsis. It is capable of catalyzing H3K4me1, H3K4me2, H3K4me3 in vitro and its loss of function leads to severely decreased H3K4me3 level globally (Berr et al., 2010;[START_REF] Guo | SET DOMAIN GROUP2 is the major histone H3 lysine 4 trimethyltransferase in Arabidopsis[END_REF]. SDG2 has very important role in multiple plant developmental process including root growth, circadian clock, male gametogenesis and vernalization (Berr et al., 2010;[START_REF] Guo | SET DOMAIN GROUP2 is the major histone H3 lysine 4 trimethyltransferase in Arabidopsis[END_REF][START_REF] Malapeira | Ordered changes in histone modifications at the core of the Arabidopsis circadian clock[END_REF][START_REF] Pinon | SDG2-Mediated H3K4me3 Is Crucial for Chromatin Condensation and Mitotic Division during Male Gametogenesis in Arabidopsis[END_REF][START_REF] Yao | SDG2-Mediated H3K4 Methylation Is Required for Proper Arabidopsis Root Growth and Development[END_REF][START_REF] Yun | ARABIDOPSIS TRITHORAX-RELATED3/SET DOMAIN GROUP2 is Required for the Winter-Annual Habit of Arabidopsis thaliana[END_REF]. Recently, SDG2 was shown to interact with the COMAPSS component S2Lb in vivo and they act coordinately to regulate a number of highly transcribed genes [START_REF] Fiorucci | Arabidopsis S2Lb links AtCOMPASS-like and SDG2 activity in H3K4me3 independently from histone H2B monoubiquitination[END_REF]. SDG25/ATXR7 also belongs to the Arabidopsis TrxG family [START_REF] Berr | SET DOMAIN GROUP25 Encodes a Histone Methyltransferase and Is Involved in FLOWERING LOCUS C Activation and Repression of Flowering[END_REF]. It has been shown that SDG25 affects the expression of the major floral repressor FLOWERING LOCUS C (FLC) via H3K4 methylation [START_REF] Berr | The trxG family histone methyltransferase SET DOMAIN GROUP 26 promotes flowering via a distinctive genetic pathway[END_REF][START_REF] Berr | SET DOMAIN GROUP25 Encodes a Histone Methyltransferase and Is Involved in FLOWERING LOCUS C Activation and Repression of Flowering[END_REF][START_REF] Shafiq | Combinatorial functions of diverse histone methylations in Arabidopsis thaliana flowering time regulation[END_REF][START_REF] Tamada | ARABIDOPSIS TRITHORAX-RELATED7 Is Required for Methylation of Lysine 4 of Histone H3 and for Transcriptional Activation of FLOWERING LOCUS C[END_REF]Yun et al., 2011[START_REF] Yun | ARABIDOPSIS TRITHORAX-RELATED3/SET DOMAIN GROUP2 is Required for the Winter-Annual Habit of Arabidopsis thaliana[END_REF]. It was also reported to be involved in plant immunity, a topic I will describe in later section of my manuscript thesis.

Loss-of-function of SDG4 (ASHR3) leads to the decrease of the H3K4me2, H3K4me3 and H3K36me3 immunostaining signals in pollen vegetative nuclei. However, its precise enzyme activity was not defined in vitro (Cartagena et al., 2008). SDG4 was reported to play roles in pollen, stamen and root development, as well as in the regulation of disease-responsive genes [START_REF] De-La-Peña | Regulation of diseaseresponsive genes mediated by epigenetic factors: Interaction of Arabidopsis-Pseudomonas[END_REF][START_REF] Kumpf | The ASH1-RELATED3 SET-Domain Protein Controls Cell Division Competence of the Meristem and the Quiescent Center of the Arabidopsis Primary Root[END_REF][START_REF] Thorstensen | The Arabidopsis SET-domain protein ASHR3 is involved in stamen development and interacts with the bHLH transcription factor ABORTED MICROSPORES (AMS)[END_REF].

The biological function of ATX3, ATX4 and ATX5 was investigated more recently (Chen et al., 2017) . The mutation of a single of these genes does not display any apparent phenotypic defect. Strikingly, the developmental growth was significantly affected in the triple mutant atx3/4/5, which exhibits dwarf plants with small rosette leaves and reduced seed production. According to western blot analysis, atx3/4/5 triple mutants presented a marked decrease of H3K4me2 and H3K4me3 levels. Chromatin immunoprecipitation assays with sequencing (ChIP-seq) combined with RNA-seq analysis demonstrate that ATX3, ATX4 and ATX5 most likely act redundantly to load H3K4me2/3 at a large number of genomic loci. However, authors reported a lack of constitutive correlation between the reduction in H3K4me2/3 and gene transcription since the majority of the genes with a decrease in H3K4me2/3 levels to show no change in transcript levels. The analysis of the genetic crosstalk between ATX3/4/5 and ATX1, ATX2 as well as SDG2 suggested ATX3/4/5 likely function in the same pathway as ATX1, but in a separate pathway then ATX2 and SDG2 (Chen et al., 2017).

Related to the TrxG family, the COMPASS complex seems also highly conserved in Arabidopsis. Indeed, in addition to ATX1, other core COMPASS components were identified, including ARABIDOPSIS Ash2 RELATIVE (ASH2R), AtWDR5a/b, RETINOBLASTOMA-LIKE PROTEIN (RBL;[START_REF] Jiang | Arabidopsis COMPASS-Like Complexes Mediate Histone H3 Lysine-4 Trimethylation to Control Floral Transition and Plant Development[END_REF]. It has been shown that COMPASS activates the transcription of several flowering genes through the deposition of H3K4me3 [START_REF] Jiang | Arabidopsis COMPASS-Like Complexes Mediate Histone H3 Lysine-4 Trimethylation to Control Floral Transition and Plant Development[END_REF]. Liu and colleagues also found that under endoplasmic reticulum stress, two sequence-specific membrane-associated basic leucine zipper (bZIP) transcription factors bZIP28 and bZIP60 interact with COMPASS-like components WDR5 and ASH2R and result in the PIC assembly and the deposition of H3K4me3 at target genes [START_REF] Song | Transcription factor interaction with COMPASS-like complex regulates histone H3K4 trimethylation for specific gene expression in plants[END_REF]. Together, these findings indicate that H3K4me3 writers might be recruited to target loci by sequence-specific DNA binding factors. Additionally, a study from the He's group demonstrates that a COMPASS-like complex forming a super complex with an H3K36 methyltransferase and the nuclear mRNA cap-binding complex involve in RNA-processing-related events [START_REF] Li | Coupling of histone methylation and RNA processing by the nuclear mRNA cap-binding complex[END_REF]. Their more recent work further illustrates that COMPASS-like and other chromatin modifiers, together with the primary determinant of natural variation in Arabidopsis flowering time named FRIGIDA (FRI), form a super-complex which establishes a local chromosomal environment at FLC to promote transcriptional initiation, fast elongation and efficient pre-messenger RNA splicing, leading to high-level of FLC mRNAs (Li et al., 2018). More recently, S2Lb, a homolog of the Swd2 COMPASS-associated subunit, which acts as a vital component of the H2Bub-H3K4me3 trans-histone crosstalk in S. cerevisiae, was identified in Arabidopsis. It co-regulates a large set of genes together with the AtCOMPASS-like core component WDR5, as well as with SDG2 through H3K4me3 deposition [START_REF] Fiorucci | Arabidopsis S2Lb links AtCOMPASS-like and SDG2 activity in H3K4me3 independently from histone H2B monoubiquitination[END_REF].

I.3.1.2.2. H3K36me3 writers

In yeast, Set2, a RNAPII-associated methyltransferase, is responsible for adding one, two, or three methyl groups to lysine 36 of H3 (Venkatesh and Workman, 2013).

Set2-mediated H3K36me functions to promote transcription elongation, repress histone exchange, impede hyperacetylation, and maintain the well-spaced chromatin structure over the coding regions (Venkatesh and Workman, 2013). Set2 protein and its lysine methyltransferase activity are conserved in eukaryotes. In human, multiple proteins are capable of H3K36 methylation, including NSD1/2/3, ASH1L, SMYD2, SETMAR and SETD2. Among them, only SETD2 has been experimentally demonstrated to trimethylate H3K36 [START_REF] Wagner | Understanding the language of Lys36 methylation at histone H3[END_REF][START_REF] Zhang | Integrative genome-wide analysis reveals HLP1, a novel RNA-binding protein, regulates plant flowering by targeting alternative polyadenylation[END_REF]. H3K36 methylation not only associates with transcription activation but also shows function in alternative splicing, dosage compensation, transcription initiation, transcription repression as well as DNA replication, recombination and repair [START_REF] Wagner | Understanding the language of Lys36 methylation at histone H3[END_REF].

In Arabidopsis SDG4, SDG26, ATXR2/SDG36 and SDG8 (EFS/ASHH2) have been shown to regulate H3K36 methylation, with SDG8 being the most studied (Berr et al., 2015;Cartagena et al., 2008;Lee et al., 2017;Xu et al., 2007). Mutation of SDG8 resulted in a reduced level of H3K36me2/me3 at the global level [START_REF] Li | The histone methyltransferase SDG8 mediates the epigenetic modification of light and carbon responsive genes in plants[END_REF]Xu et al., 2007;[START_REF] Zhao | Prevention of early flowering by expression of FLOWERING LOCUS C requires methylation of histone H3 K36[END_REF]. SDG8 was involved in the regulation of multiple processes including temperature-induced RNA splicing [START_REF] Pajoro | Histone H3 lysine 36 methylation affects temperature-induced alternative splicing and flowering in plants[END_REF], shoot branching (Bian et al., 2016;[START_REF] Cazzonelli | Potential implications for epigenetic regulation of carotenoid biosynthesis during root and shoot development[END_REF][START_REF] Dong | The histone methyltransferase SDG8 regulates shoot branching in Arabidopsis[END_REF], flowering time regulation (Kim, 2005;Kim and Michaels, 2006;[START_REF] Ko | Growth habit determination by the balance of histone methylation activities in Arabidopsis[END_REF]Liu et al., 2016;[START_REF] Soppe | The early-flowering mutant efs is involved in the autonomous promotion pathway of Arabidopsis thaliana[END_REF]Xu et al., 2007;[START_REF] Zhao | Interactive and noninteractive roles of histone H2B monoubiquitination and H3K36 methylation in the regulation of active gene transcription and control of plant growth and development[END_REF][START_REF] Zhao | Prevention of early flowering by expression of FLOWERING LOCUS C requires methylation of histone H3 K36[END_REF][START_REF] Zhong | TOP1α regulates FLOWERING LOCUS C expression by coupling histone modification and transcription machinery[END_REF], ovule and anther development [START_REF] Grini | The ASH1 HOMOLOG 2 (ASHH2) histone H3 methyltransferase is required for ovule and anther development in Arabidopsis[END_REF], defense response against pathogens (Berr et al., 2010;Chen et al., 2009;[START_REF] Lee | Global regulation of plant immunity by histone lysine methyl transferases[END_REF][START_REF] Palma | Autoimmunity in Arabidopsis acd11 Is Mediated by Epigenetic Regulation of an Immune Receptor[END_REF], carotenoid biosynthesis [START_REF] Cazzonelli | Transcriptional control of SET DOMAIN GROUP 8 and CAROTENOID ISOMERASE during Arabidopsis development[END_REF][START_REF] Cazzonelli | Potential implications for epigenetic regulation of carotenoid biosynthesis during root and shoot development[END_REF], seed development (Cheng et al., 2018;[START_REF] Tang | Synergistic repression of the embryonic programme by SET DOMAIN GROUP 8 and EMBRYONIC FLOWER 2 in Arabidopsis seedlings[END_REF], brassinosteroid response [START_REF] Kim | Polycomb-Mediated Gene Silencing in Arabidopsis thaliana[END_REF]Wang et al., 2014), and light and carbon response [START_REF] Li | The histone methyltransferase SDG8 mediates the epigenetic modification of light and carbon responsive genes in plants[END_REF]. Interestingly, besides its H3K36me activity, SDG8 possesses a CW domain in the middle of its amino acid sequence that enables recognition of H3K4me [START_REF] Hoppmann | The CW domain, a new histone recognition module in chromatin proteins[END_REF][START_REF] Liu | Uncovering the mechanistic basis for specific recognition of monomethylated H3K4 by the CW domain of Arabidopsis histone methyltransferase SDG8[END_REF] SDG26 (ASHH1) was first described as a flowering time promoter [START_REF] Xu | Di-and tri-but not monomethylation on histone H3 lysine 36 marks active transcription of genes involved in flowering time regulation and other processes in Arabidopsis thaliana[END_REF].

Despite homology with SDG8 and similar histone methyltransferase activity in vitro, lossof-function mutation of SDG26 did not affect H3K36 methylation globally. Moreover, sdg26 presents a late flowering phenotype, which is unusual compared to other HKMT mutants [START_REF] Xu | Di-and tri-but not monomethylation on histone H3 lysine 36 marks active transcription of genes involved in flowering time regulation and other processes in Arabidopsis thaliana[END_REF]. The characterization of the genetic interaction between SDG26 and SDG8 further indicated that SDG8 is epistatic to SDG26 (Liu et al., 2016). The study of the involvement of SDG26 in flowering time regulation further revealed that SDG26 activates specifically the expression of the floral integrator SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1) via the deposition of H3K4me3 and H3K36me3 at its chromatin to promote floral transition [START_REF] Berr | The trxG family histone methyltransferase SET DOMAIN GROUP 26 promotes flowering via a distinctive genetic pathway[END_REF]. In parallel, the study of the double mutant sdg8 sdg26 further reveals the involvement of SDG26 in H3K36me1 deposition at FLC (Liu et al., 2016). Finally, apart from its role in flowering time regulation, SDG26 was also found to participate in DNA damage response and repair [START_REF] Campi | Participation of Chromatin-Remodeling Proteins in the Repair of Ultraviolet-B-Damaged DNA[END_REF]MA et al., 2013;[START_REF] Roitinger | Quantitative Phosphoproteomics of the Ataxia Telangiectasia-Mutated (ATM) and Ataxia Telangiectasia-Mutated and Rad3-related (ATR) Dependent DNA Damage Response in Arabidopsis thaliana[END_REF].

The last characterized one was ARABIDOPSIS TRITHORAX-RELATED 2 (ATXR2). This HKMT was involved in the H3K36me3 deposition at LATERAL ORGAN BOUNDARIES DOMAIN (LBD) genes for their efficient transcriptional induction during cellular dedifferentiation (Lee et al. 2017). Loss-of-function mutation of ATXR2 resulted in callus formation defect and global loss of H3K36me3 upon callus induction ( Lee et al., 2017).

I.3.1.2.3. H3K27me3 writers

Unlike the association with transcription activation of TrxG proteins, PcG contributes to the maintenance of transcriptional repression [START_REF] Montavon | Chromatin organization and global regulation of Hox gene clusters[END_REF]. In animals, PcG proteins assemble in large protein complexes to exert their enzyme activity. Polycomb Repressive Complex 1 (PRC1) and PRC2 are the best-characterized PcG complexes. PRC1 catalyzes mono-ubiquitylation on the histone H2A lysine 119 residue (H2Aub1) via its ring-finger subunits, the RING1 and BMI1 ubiquitin ligases.

PRC2 catalyzes mono-, di-and tri-methylation on lysine 27 of histone H3 (H3K27me1, H3K27me2, H3K27me3; [START_REF] Laugesen | Molecular Mechanisms Directing PRC2 Recruitment and H3K27 Methylation[END_REF]. In Drosophila, four core subunits: E(z), Su(z)12 (Suppressor of zeste 12), Esc (Extra sex combs) and N55 (a 55 kDa WD40 repeat protein also named p55), constitute the PRC2 [START_REF] Pu | PcG and trxG in plants -friends or foes[END_REF]. In Arabidopsis, CURLY LEAF (CLF), MEDEA (MEA) and SWINGER (SWN) are H3K27me3 methyltransferases, and are the homologs of E(Z). EMBRYONIC FLOWER 2 (EMF2), FERTILISATION INDEPENDENT SEED2 (FIS2) and VERNALIZATION2 (VRN2) are homologs of Su(z)12 and are necessary for H3K27me3 deposition. A similar function was later reported for FERTILIZATION INDEPENDENT ENDOSPERM (FIE) as the homolog of Esc. MULTICOPY SUPPRESSOR OF IRA 1 (MSI1) to MSI5 are homologs of N55 and they are able to bind histones [START_REF] Pu | PcG and trxG in plants -friends or foes[END_REF][START_REF] Xiao | Polycomb repression in the regulation of growth and development in Arabidopsis[END_REF].

Together, these subunits have been reported to form at least three different PRC2 complexes, with histone methyltransferases acting partially redundantly:

1) the EMF2 complex (CLF or SWN, EMF2, MSI1 and FIE) contributes to regulating the vegetative-to-reproductive transition by repressing key developmental genes such as LEAFY and AGAMOUS (Chanvivattana, 2004;Kim and Sung, 2014;Kim et al., 2012Kim et al., , 2009;;Yoshida et al., 2007).

2) the FIS2 complex (MEA, FIE, FIS2 and MSI1) functions in the female gametophyte and endosperm to repress PHERES (Hehenberger et al., 2012;Kim and Sung, 2014;Luo et al., 2002;[START_REF] Mosher | A Comprehensive Structure-Function Analysis of Arabidopsis SNI1 Defines Essential Regions and Transcriptional Repressor Activity[END_REF].

3) the VRN2 complex (CLF or SWN, VRN2, FIE and MSI1) represses FLC to accelerate flowering in response to vernalization (Chanvivattana, 2004;Dean et al., 2008;Finnegan and Dennis, 2007;Kim and Sung, 2014).

CLF was the first PcG functionally characterized in Arabidopsis (Goodrich et al., 1997). Nowadays, CLF appears to play multiple important roles in plants. It represses homeotic gene expression such as AGAMOUS (AG) and the Class I KNOX gene SHOOTMERISTEMLESS (STM) during leaf and flower development (Goodrich et al., 1997;[START_REF] Jiang | Repression of FLOWERING LOCUS C and FLOWERING LOCUS T by the Arabidopsis Polycomb Repressive Complex 2 Components[END_REF]Kim et al., 1998;Liu et al., 2011Liu et al., , 2018;;[START_REF] Saleh | The Arabidopsis homologs of trithorax (ATX1) and enhancer of zeste (CLF) establish 'bivalent chromatin marks' at the silent AGAMOUS locus[END_REF]. It is involved in the silencing of FLC and its paralogs MADS AFFECTING FLOWERING 4 and 5 (MAF4 and MAF5), resulting in the induction of the floral pathway integrator FLOWERING LOCUS T (FT; [START_REF] Doyle | A Single Amino Acid Change in the Enhancer of Zeste Ortholog CURLY LEAF Results in Vernalization-Independent, Rapid Flowering in Arabidopsis[END_REF][START_REF] Jiang | Repression of FLOWERING LOCUS C and FLOWERING LOCUS T by the Arabidopsis Polycomb Repressive Complex 2 Components[END_REF]Liu et al., 2018;[START_REF] Shafiq | Combinatorial functions of diverse histone methylations in Arabidopsis thaliana flowering time regulation[END_REF]. It suppresses homeobox gene by interacting with FIE during sporophyte development (Katz et al., 2004). It was implicated in seed size regulation and lipid biosynthesis (Liu et al., 2016), and it was required for proper somatic recombination (Chen et al., 2014), meristem activity in root (Aichinger et al., 2011) and cellular differentiation (Schatlowski et al., 2010).

The loss-of-function mutation of the maternal MEA allele exhibited embryo abortion and prolonged endosperm development (Grossniklaus et al., 1998;Jullien et al., 2006;Kinoshita et al., 2007;Kiyosue et al., 2002;Luo et al., 2002;Vielle-Calzada et al., 1999). It has been shown that MEA, together with DNA methylation, regulates cell proliferation during seed development (Schmidt et al., 2013;Wöhrmann et al., 2012;Xiao et al., 2003).

The mutation of SWN has no distinct phenotype, but can enhance the phenotype of clf and mea single mutants (Chanvivattana, 2004;[START_REF] He | Chromatin regulation of flowering[END_REF][START_REF] Mosher | A Comprehensive Structure-Function Analysis of Arabidopsis SNI1 Defines Essential Regions and Transcriptional Repressor Activity[END_REF]. In addition, SWN showed partial redundant function with MEA in controlling the initiation of seed development [START_REF] Mosher | A Comprehensive Structure-Function Analysis of Arabidopsis SNI1 Defines Essential Regions and Transcriptional Repressor Activity[END_REF]. Recently, SWN was reported to function redundantly with CLF in seed development and vegetative phase transition (Footitt et al., 2015;[START_REF] Gan | Dynamics of H3K27me3 methylation and demethylation in plant development[END_REF]. This redundancy was further supported by recent genome-wide ChIP data [START_REF] Shu | Genome-wide occupancy of histone H3K27 methyltransferases CURLY LEAF and SWINGER in Arabidopsis seedlings[END_REF].

I.3.1.3. Histone methylation 'Erasers'

Owing to the reversibility of histone modifications, methylated histone lysine residue can be demethylated by 'erasers' named histone demethylases (KDMs). The first human histone lysine-specific demethylase 1 (LSD1/KDM1A) was identified in 2004 as being able to remove dimethyl groups from lysine 4 on H3 (Shi et al., 2004). Later, proteins containing JmjC domain were found to be able to remove histone methyl groups in the presence of alpha-ketoglutarate, molecular oxygen (O2) and Fe(II) as cofactors (Tsukada et al., 2006). Based on sequence similarities, several sub-groups were defined as KDM5/JARID, JMJD1/JHDM2/KDM3, JMJD3/KDM6, JHDM1/FBX/KDM2 and 'JmjC domain-only' [START_REF] Chen | Epigenetic gene regulation by plant Jumonji group of histone demethylase[END_REF]Fodor et al., 2006;Klose et al., 2006;[START_REF] Mosammaparast | Reversal of Histone Methylation: Biochemical and Molecular Mechanisms of Histone Demethylases[END_REF]Tsukada et al., 2006;Whetstine et al., 2006). Meanwhile, histone lysine demethylases were also identified in plants and separated into two types: lysine-specific demethylase 1 (LSD) homologs and JUMONJI (JMJ) domain-containing proteins. The former is responsible for demethylation of mono-/di-methylated lysine residues, and the latter is responsible for demethylation of mono-/di-/tri-methylated lysine residues [START_REF] Gan | Dynamics of H3K27me3 methylation and demethylation in plant development[END_REF]. In Arabidopsis, four LSD homologs were found and named LYSINE SPECIFIC DEMETHYLASE LIKE 1 (LDL1), LDL2, LDL3 [START_REF] Jiang | Arabidopsis Relatives of the Human Lysine-Specific Demethylase1 Repress the Expression of FWA and FLOWERING LOCUS C and Thus Promote the Floral Transition[END_REF], and FLOWERING LOCUS D (FLD; [START_REF] Liu | The Arabidopsis RNA-Binding Protein FCA Requires a Lysine-Specific Demethylase 1 Homolog to Downregulate FLC[END_REF]. In addition, 21 genes encode JMJ proteins in Arabidopsis, which were clarified as KDM5/JARID1, KDM4/JHDM3/JMJD2, KDM3/JHDM2, JMJD6 and JmjC domain-only group, based on their JmjC domain sequences and domain architectures [START_REF] Hong | Temporal and spatial expression patterns of nine Arabidopsis genes encoding Jumonji C-domain proteins[END_REF][START_REF] Lu | Comparative Analysis of JmjC Domain-containing Proteins Reveals the Potential Histone Demethylases in Arabidopsis and Rice[END_REF]. Here, I will mainly focus on FLD.

FLD has 60% similarity in amino acids with the human protein LSD1, which was previously reported to associate with deacetylase complexes [START_REF] He | Regulation of Flowering Time by Histone Acetylation in Arabidopsis[END_REF]. fld mutant exhibited hyperacetylation of histone H4 at FLC chromatin. According to this two observations, FLD was originally considered as a histone deacetylase [START_REF] He | Regulation of Flowering Time by Histone Acetylation in Arabidopsis[END_REF].

Afterwards, FLD together with LDL1 and LDL2 were found to redundantly promote the floral transition by repressing FLOWERING WAGENINGEN (FWA) and FLC [START_REF] Jiang | Arabidopsis Relatives of the Human Lysine-Specific Demethylase1 Repress the Expression of FWA and FLOWERING LOCUS C and Thus Promote the Floral Transition[END_REF]. In 2007, Dean's group defined FLD as an H3K4me2 demethylase because of the global increase of H3K4me2 observed in the fld-3 mutant [START_REF] Liu | The Arabidopsis RNA-Binding Protein FCA Requires a Lysine-Specific Demethylase 1 Homolog to Downregulate FLC[END_REF]. Many studies have established the essential role of FLD in flowering time regulation. The loss-offunction mutation of FLD results in a late flowering phenotype, which can be suppressed by vernalization treatment and by introducing fld in flc-3 mutant background [START_REF] He | Regulation of Flowering Time by Histone Acetylation in Arabidopsis[END_REF]. FLD is demonstrated to repress sense FLC transcript via histone modifications [START_REF] He | Regulation of Flowering Time by Histone Acetylation in Arabidopsis[END_REF][START_REF] Jiang | Arabidopsis Relatives of the Human Lysine-Specific Demethylase1 Repress the Expression of FWA and FLOWERING LOCUS C and Thus Promote the Floral Transition[END_REF][START_REF] Jiang | Establishment of the Winter-Annual Growth Habit via FRIGIDA -Mediated Histone Methylation at FLOWERING LOCUS C in Arabidopsis[END_REF][START_REF] Liu | The Arabidopsis RNA-Binding Protein FCA Requires a Lysine-Specific Demethylase 1 Homolog to Downregulate FLC[END_REF][START_REF] Wu | Quantitative regulation of FLC via coordinated transcriptional initiation and elongation[END_REF][START_REF] Yu | HISTONE DEACETYLASE6 Interacts with FLOWERING LOCUS D and Regulates Flowering in Arabidopsis[END_REF].

Besides its function in flowering time regulation, FLD was recently shown to be required for systemic-acquired-resistance (SAR) by regulating the basal and SAR-induced expression of WRKY genes (Singh et al., 2013;Singh et al., 2014). 

I.4. Histone methyltransferases and plant development

Over the last ten years, the use of reverse genetic, and the development and improvement of methods for analyzing local/global changes of histone methylations had unraveled fundamental and multiple roles of histone methylations in regulating broad aspects of plant development. Here, I will focus on histone methyltransferases to gain insight about histone methylation contributions to biotic/abiotic stress responses and flowering time regulation.

I.4.1. Histone methylations in plant stress responses

Due to their sessile lifestyle, plants have to cope with an ever-changing environment and endure a broad spectrum of biotic (e.g. herbivorous insects or pathogens such as fungi, bacteria and viruses) or abiotic (e.g. high or low temperature, submergence or drought, and salinity) stresses that under field conditions usually occur concomitantly. Plants mainly rely on two different strategies to minimize the deleterious effects of stresses, either resist or tolerate. Therefore, in the course of evolution, plants have developed specific and very efficient multicomponent mechanisms to precisely perceive different environmental stresses and respond and/or adapt to them [START_REF] Osakabe | Sensing the environment: Key roles of membrane-localized kinases in plant perception and response to abiotic stress[END_REF][START_REF] Pieterse | Networking by small-molecule hormones in plant immunity[END_REF]. These mechanisms allow plants to colonize even extreme habitats. In addition to pre-existing defense mechanisms (e.g. pre-existing physical and/or biochemical impediments such as the cuticle), plants have evolved inducible defense strategies for tolerance and/or resistance. Indeed, upon the perception of stressful conditions, a signal will induce a complex, rapid, and more or less specific repertoire of cellular and molecular responses to minimize or prevent damage. After detection, the stimulation of a given stress-signaling pathway will be integrated into the plant cell nucleus through a set of regulatory transcription factor cascades, which prioritizes defense over growth-related cellular functions, while conserving enough valuable resources for survival and reproduction [START_REF] Nakashima | Transcriptional Regulatory Networks in Response to Abiotic Stresses in Arabidopsis and Grasses: Figure 1[END_REF][START_REF] Van Verk | Chapter 10 Transcriptional Regulation of Plant Defense Responses[END_REF]. After stress detection, an essential component of all stress response strategies relies on the plant capacity to rapidly modify its transcriptome. Indeed, all plant stress responses ultimately result in a massive transcriptional reprogramming [START_REF] Glazebrook | Topology of the network integrating salicylate and jasmonate signal transduction derived from global expression phenotyping[END_REF][START_REF] Huang | The relationship of droughtrelated gene expression in Arabidopsis thaliana to hormonal and environmental factors[END_REF][START_REF] Moore | Transcription dynamics in plant immunity[END_REF][START_REF] Riechmann | A genomic perspective on plant transcription factors[END_REF][START_REF] Tao | Quantitative nature of Arabidopsis responses during compatible and incompatible interactions with the bacterial pathogen Pseudomonas syringae[END_REF]. Among mechanisms able to achieve rapid and severe changes in gene expression, the impact of chromatin remodeling on the vital transcriptional reprogramming of stress responsive genes is receiving more and more attention, especially because chromatin modifications can be mitotically or meiotically inherited (Figure 6). Chromatin changes can occur through different processes (DNA methylation, histone variants exchange, nucleosome occupancy, etc.) and I will here focus in particular on histone lysine methylations applied by histone methyltransferases. Signaling mainly goes through different plant stress hormones (b), including abscisic acid (ABA) in case of biotic stress, and salicylic acid (SA), jasmonic acid (JA) and ethylene (ET) upon biotic stress. Stress signaling then leads to stress-adapted gene expression by directly or indirectly affecting chromatin structure via DNA methylation, histone tail modifications such as methylation or acetylation (indicated in red and green, respectively), histone variant replacements or nucleosome addition/loss leading to chromatin condensation/de-condensation at responsive genes (c, d). These changes will modify metabolic or morphologic plant features under stress conditions, enabling the plant to resist or tolerate stressful conditions. (Adapted from Gutzat and Mittelsten Scheid, 2012).

I.4.1.1. Histone methylations during biotic stress responses

Biotic stress usually refers to the damage inflected by insects or pathogens (viruses, bacteria or fungi) to plants. In addition to passive defense mechanisms (i.e. pre-existing physical and/or biochemical impediments), tolerance and/or resistance can be acquired from rapidly inducible defense mechanisms (Lee et al., 2017). The phenomenon of nonhost resistance (NHR) is defined as the resistance of an entire plant species against a specific pathogen. NHR is the most durable resistance in plants, and it relies on a complex combination of constitutive and inducible defense components. In addition to NHR, plants possess other elaborated defense components to protect themselves against infection and can recognize pathogens using specific receptors that induce two layers of defense. Firstly, surface-localized receptors can perceive conserved pathogen structures called pathogenassociated molecular patterns (PAMPs). PAMPs are recognized via pattern-recognition receptors (PRRs) that induce the first rise in plant defense level generally termed PAMPtriggered immunity (PTI). To suppress PTI, successful pathogens will secrete effector proteins into host cells. In turn, plants induce the second rise in defense level termed effector-triggered immunity (ETI), via the pathogen strain or race-specific recognition of effectors by intracellular immune receptors called resistance (R) proteins, which often belong to the nucleotide-binding site-leucine-rich repeat (NBS-LRR, also known as NLR) family. Typically, ETI is associated with rapid programmed cell death at the infection site to restrict the spread of pathogens, a response which is referred to as the hypersensitive response (HR), and systemic acquired resistance (SAR) in the host, while PTI is not.

To defend themselves and build-up effective defensive reactions against various pathogens, plants have evolved complex defense strategies in which the pathogen-sensing machinery will provoke, though specific signaling cascades, the biosynthesis of several phytohormones, including salicylic acid (SA), jasmonic acid (JA) and ethylene ( ET; [START_REF] Bari | Role of plant hormones in plant defence responses[END_REF][START_REF] Pieterse | Networking by small-molecule hormones in plant immunity[END_REF]; Figure 7). Accumulating evidence shows that defense hormones also contribute to NHR. These hormones will then orchestrate the overall plant defense reaction locally but also systemically by inducing defense genes through intricate regulatory networks. SA is a non-mobile signal agent playing an important role in defense against pathogens with a biotrophic lifestyle such as Hyaloperonospora parasitica and Erysiphe orontii fungi or with a hemibiotrophic lifestyle such as Pseudomonas syringae (Figure 7; [START_REF] Jones | The plant immune system[END_REF]. SA accumulation is required for both local and SAR and is considered as the first chemical in the induction of Pathogenesis-Related (PR) genes, such as PR1, which play important roles in preventing or slowing colonization of pathogens in the host (Sudisha et al., 2012). While to tackle biotrophic pathogens infection Arabidopsis relies primarily on the SA signaling pathway, JA together with ET are prominent to mediate efficient responses upon necrotrophic pathogens infection, such as Botrytis cinereal or Alternaria brassicicola, or wounding for example during herbivorous insect attacks (Figure 7; [START_REF] Pieterse | Induced plant responses to microbes and insects[END_REF]. SA, JA and ET signaling pathways are extensively cross-talking, providing the plant with a powerful regulatory plasticity essential to quickly and efficiently cope with its hostile environment (Figure 7; [START_REF] Grant | Hormone (Dis)harmony Moulds Plant Health and Disease[END_REF][START_REF] Pieterse | Networking by small-molecule hormones in plant immunity[END_REF][START_REF] Spoel | Making Sense of Hormone Crosstalk during Plant Immune Responses[END_REF].

In the past decade, several studies in Arabidopsis have suggested the involvement of histone methylations in the control of the SA-related signaling network. Indeed, an increased level of H3K4me2 was detected at the chromatin of PR1 in mutants for the negative regulator of SAR SNI1 (Suppressor of NPR1, Inducible) and 48 h after stimulation with the SA-analogue S-methyl benzo [START_REF] Schuettengruber | Genome Regulation by Polycomb and Trithorax: 70 Years and Counting[END_REF]2,3] thiadiazole-7-carbothioate (BTH; [START_REF] Mosher | A Comprehensive Structure-Function Analysis of Arabidopsis SNI1 Defines Essential Regions and Transcriptional Repressor Activity[END_REF]. Interestingly, it is crucial to notice that H3K4me3 is present on PR1 chromatin before any stimulation. Surprisingly, no changes in both H3K4me2 and H3K4me3 were reported on PR1 24 h after SA treatment. These contradicting results probably reflect several thinks, first, the action of the so-called "SA-analogue" BTH on gene induction is broader than the action of SA itself [START_REF] Gruner | Reprogramming of plants during systemic acquired resistance[END_REF], and second, the sampling timing (48 h after stimulation versus 24 h). Together, it seemed that H3K4 methylation is required not precociously for the transcriptional induction of PR1, but later, for its maintenance. The results also suggest that H3K4me3 is preliminarily in place before stimulation, probably to provide PR1 with the appropriate chromatin state for efficient induction upon need.

SAR is a global response induced at the site of infection that leads to long-lasting and broad-spectrum disease resistance at distal uninfected tissues [START_REF] Fu | Systemic acquired resistance: Turning local infection into global defense[END_REF].

In the SAR, gene priming corresponds to the capacity of a gene to respond faster and stronger to a subsequent challenge and benzothiadiazole (BTH) is known to induce priming [START_REF] Kohler | Benzothiadiazole-Induced Priming for Potentiated Responses to Pathogen Infection, Wounding, and Infiltration of Water into Leaves Requires the NPR1/NIM1 Gene in Arabidopsis[END_REF]. Using BTH, H3K4 tri-methylation (i.e. together with H3 acetylation) was systemically found to set during a priming event at the promoter region of several WRKY genes, which are known to be induced by PAMP [START_REF] Dong | Expression profiles of the Arabidopsis WRKY gene superfamily during plant defense response[END_REF] and maintained after of lag phase of several days . In line with the systemic nature of SAR, the methylation increase was also found in adjacent non-primed leaves. Together, it was proposed that H3K4 methylation might create a memory of the primary stimulation that will be associated with an amplified reaction to a second stress stimulus [START_REF] Jaskiewicz | Chromatin modification acts as a memory for systemic acquired resistance in the plant stress response[END_REF]. However, nothing is yet known about the histone-methyltransferase(s) involved in this priming process and about how a particular histone methyltransferase would be recruited at these primed genes.

Few histone methyltransferases were involved in the defense against biotrophic pathogens. The H3K4 tri-methyltransferase ATX1 positively and directly regulates the expression of the transcription factor WRKY70, a factor involved in regulating cross-talk between the SA and JA signaling pathway [START_REF] Alvarez-Venegas | The Arabidopsis homolog of trithorax, ATX1, binds phosphatidylinositol 5-phosphate, and the two regulate a common set of target genes[END_REF]. The expression of WRKY70 is decreased in atx1, and this provokes a decrease in the expression of PR1, resulting in impaired resistance to Pst infection. Because the SA-induced PR1 transcription is not affected in wrky70 mutant [START_REF] Ren | Transcription Factor WRKY70 Displays Important but No Indispensable Roles in Jasmonate and Salicylic Acid Signaling[END_REF], ATX1 may also regulate PR1 expression through a yet unknown mechanism. The major H3K36-methyltransferase SDG8 is also involved in plant defense against Pst. SDG8 maintains the basal H3K36me3 level at the chromatin of RPM1 and LAZ5, two genes encoding nucleotide-binding siteleucine-rich repeat (NBS-LRR) proteins [START_REF] Palma | Autoimmunity in Arabidopsis acd11 Is Mediated by Epigenetic Regulation of an Immune Receptor[END_REF]. The basal H3K36me3 level is required for both the basal transcription and the transcriptional induction upon stimulation of these resistance genes. Also, the mutation of SDG37/ASHR1, another ASH1-related gene encoding a putative HKMT, results in more sensitive to Pst infection than wild-type plants [START_REF] De-La-Peña | Regulation of diseaseresponsive genes mediated by epigenetic factors: Interaction of Arabidopsis-Pseudomonas[END_REF]. Interestingly, SDG8 and SDG37 are both induced by the non-pathogenic Pst DC3000 hrpA mutant and repressed by the virulent Pst DC3000. Because the hrpA gene encodes the major subunit of the Hrp pilus, which is required for secretion of putative virulence proteins, this result suggests the existence of a yet unknown mechanism through which virulent bacteria repress specific histone methyltransferases to promote host susceptibility. This hypothesis is very exciting since there is few examples of pathogens able to produce histone-modifying enzyme inhibitors. Indeed, the HC-toxin produced by the maize pathogen Cochliobolus carbonum and required for its pathogenicity causes histone hyperacetylation, making it a potential histone deacetylase (HDACs) inhibitor [START_REF] Brosch | Inhibition of maize histone deacetylases by HC toxin, the host-selective toxin of Cochliobolus carbonum[END_REF][START_REF] Ransom | Histone Hyperacetylation in Maize in Response to Treatment with HC-Toxin or Infection by the Filamentous Fungus Cochliobolus carbonum[END_REF].

Similarly, Alternaria brassicicola produces a toxin called depudecin, known to inhibit HDAC activity both in vitro and in vivo [START_REF] Kwon | Anti-parasitic activity of depudecin on Neospora caninum via the inhibition of histone deacetylase[END_REF][START_REF] Kwon | Depudecin induces morphological reversion of transformed fibroblasts via the inhibition of histone deacetylase[END_REF][START_REF] Matsumoto | Depudecin: A novel compound inducing the flat phenotype of NIH3T3 cells doubly transformed by ras-and src-oncogene, produced by Alternaria brassicicola[END_REF][START_REF] Oikawa | Depudecin, a microbial metabolite containing two epoxide groups, exhibits anti-angiogenic activity in vivo[END_REF]. Finally, SDG8 and also SDG25/ATXR7 were recently found to contribute together to plant immunity [START_REF] Lee | Global regulation of plant immunity by histone lysine methyl transferases[END_REF]. Indeed, the enhanced susceptibility of the corresponding loss-of-function mutants was explained, at least in part, by the reduced expression of CAROTENOID ISOMERASE2 (CCR2) and ECERIFERUM3, two genes encoding enzymes involved in the biosynthesis of carotenoids and cuticular wax, respectively, and involved in plant immunity. The reduced expression of these two genes was correlated with the lower than wild-type level of H3K4 and H3K36 methylation and of H3K4 at their chromatin in sdg8 and sdg25, respectively [START_REF] Lee | Global regulation of plant immunity by histone lysine methyl transferases[END_REF].

I.4.1.1.b. Histone methyltransferases and the JA/ET signaling pathway

The involvement of histone methylation in the defense against necrotrophic pathogens is far less documented as compared with the defense against biotrophic pathogens. Besides being more susceptible to Pst, the sdg8 mutant also presents an increased susceptibility to necrotrophic fungal pathogens as a consequence of the inefficient transcriptional induction of different genes in the JA/ET signaling pathway (Berr et al., 2010). While in the mutant this lack of induction was correlated to a weak level of H3K36me3 at the chromatin of these genes, in wild-type plants, H3K36me3 and gene expression were together increased upon infection or stimulation with exogenous methyl jasmonate (MeJA, an active derivative of JA). Because H3K36me3 was readily in place at a subset of JA/ET signaling-related genes under resting conditions, H3K36 methylation was proposed to act as a "permissive" mark enabling the more rapid and efficient transcriptional induction of JA/ET-related genes when challenged [START_REF] Berr | Chromatin modification and remodelling: A regulatory landscape for the control of Arabidopsis defence responses upon pathogen attack[END_REF]. In addition, the repressive mark H3K27me3 was detected at a stably low level at defense effector genes, which may participate in the reactivity of plants to pathogen infections since H3K27 demethylation is not required. The higher sensitivity of sdg8, and also sdg25, to necrotrophic fungi was independently confirmed by Lee and colleagues [START_REF] Lee | Global regulation of plant immunity by histone lysine methyl transferases[END_REF], further supporting the important role played by SDG8 in regulating plant immunity genes. More recently, the pre-deposition of SDG8-mediated H3K36me3 was found required for the upregulation of many genes induced by a JA-mediated wound signal [START_REF] Zhang | Jasmonate-mediated wound signalling promotes plant regeneration[END_REF]. Because wounding is the first event triggering regeneration, the authors further proposed that JA may cooperate with histone methylation to promote regeneration in response to wounding.

I.4.1.2. Histone methylations during abiotic stress responses

Heat, cold, drought, salinity and nutrient deficiency represent different types of abiotic stresses that are related to every ecosystem and their impacts on plants are inevitable. These environmental stresses influence plant yield and quality by affecting various cellular and organ processes [START_REF] Wang | Plant responses to drought, salinity and extreme temperatures: Towards genetic engineering for stress tolerance[END_REF]. Abiotic stresses also induce the production of reactive oxygen species (ROS), which will cause irreversible damages to tissues and cells, ultimately leading to reduced growth, fertility and premature senescence [START_REF] Krasensky | Drought, salt, and temperature stress-induced metabolic rearrangements and regulatory networks[END_REF]. Like biotic stresses, plants have evolved adaptive and dynamic mechanisms to circumvent biotic stresses. One of the early events following the perception of abiotic stress is the local biosynthesis of the phytohormone abscisic acid (ABA; [START_REF] Jones | A new look at stress: Abscisic acid patterns and dynamics at high-resolution[END_REF]. ABA regulates many aspects of plant growth in response to unfavorable abiotic stress conditions, allowing the plant to tolerate and survive in adverse conditions [START_REF] Fujita | Crosstalk between abiotic and biotic stress responses: A current view from the points of convergence in the stress signaling networks[END_REF]. For example, drought, firstly perceive at the root level, triggers ABA biosynthesis, and increased tissue ABA accumulation. ABA is then transported to the upper parts of the plant to provoke stomatal closure and reduced transpiration. In addition, ABA can integrate both biotic and abiotic stresses in a complex network of interacting pathways with crosstalk at many different levels in order to control the switch in priority between stress responses, promoting the response to the most severe threat [START_REF] Fujita | Crosstalk between abiotic and biotic stress responses: A current view from the points of convergence in the stress signaling networks[END_REF]. Despite their very harmful effects on crop growth and productivity worldwide, particularly when they occur in combination [START_REF] Asselbergh | Global Switches and Fine-Tuning-ABA Modulates Plant Pathogen Defense[END_REF][START_REF] Atkinson | The interaction of plant biotic and abiotic stresses: From genes to the field[END_REF][START_REF] Yasuda | Antagonistic Interaction between Systemic Acquired Resistance and the Abscisic Acid-Mediated Abiotic Stress Response in Arabidopsis[END_REF], only little is known about the functional involvement of a particular histone methyltransferase as a potential regulator of plant responses to abiotic stresses.

I.4.1.2.a. Histone methyltransferases and water stress

Water stress is a term which reflects two extremes regarding the water availability, with on one side a lack and on the other side an excess. Drought reduces the water availability for fundamental cellular functions and maintenance of turgor pressure. The resulting osmotic shock will then reduce photosynthetic carbon assimilation. In Arabidopsis, while several drought-inducible genes (RD29A, RD29B, RD20 and RAP2.4) were upregulated in response to dehydration, the level of H3K4me3 at their chromatin was simultaneously found increased [START_REF] Gao | Understanding Abiotic Stress Tolerance Mechanisms: Recent Studies on Stress Response in Rice[END_REF][START_REF] Mittler | Abiotic stress, the field environment and stress combination[END_REF]. Interestingly, the RNAPII level was quickly reaching a plateau upon stress exposure, while H3K4me3 was still growing. Later, another group demonstrated that ATX1, through its H3K4 methyltransferase activity, was necessary for the efficient induction of genes involved in dehydration stress signaling in both ABA-dependent and ABA-independent pathways [START_REF] Kim | Alterations of Lysine Modifications on the Histone H3 N-Tail under Drought Stress Conditions in Arabidopsis thaliana[END_REF]. More globally, the whole-genome distribution patterns of H3K4me1/me2/me3 were established using ChIP-Seq in 4-week-old Arabidopsis rosette leaves under dehydration stress conditions, and a strong correlation was found between H3K4me3 and transcripts levels of stress-responding genes [START_REF] Ding | The Arabidopsis trithorax-like factor ATX1 functions in dehydration stress responses via ABA-dependent and ABAindependent pathways: ATX1 functions in dehydration stress responses[END_REF]. Surprisingly, in contrast to the classical enrichment of H3K4me3 around the transcriptional start site of actively transcribed genes observed in different eukaryotes [START_REF] Rando | Genome-wide views of chromatin structure[END_REF][START_REF] Roudier | Integrative epigenomic mapping defines four main chromatin states in Arabidopsis[END_REF], H3K4me3 displayed a broader distribution on dehydration and ABA-inducible genes which may reflect a function not strictly related to transcription initiation [START_REF] Van Dijk | Dynamic Changes in Genome-Wide Histone H3 Lysine 4 Methylation Patterns in Response to Dehydration Stress in Arabidopsis thaliana[END_REF]. In line with an evolutionarily conserved process, a positive correlation between H3K4 methylation and drought stress was also found in rice [START_REF] Zong | Genome-wide profiling of histone H3K4tri-methylation and gene expression in rice under drought stress[END_REF]. In a time-course study where Arabidopsis seedlings were exposed to cycles of dehydration stress followed by recovery under normal conditions, "trainable" and "not trainable" genes were identified (Ding et al., 2012). While "not trainable" genes showed during the recovery period H3K4me3 levels similar to those in control conditions, "trainable" ones displayed an additive increase after each cycle accompanied by an accumulation of RNAPII, suggesting a putative transcriptional stress memory.

Compare to drought, the impact of histone methylation on submergence tolerance is far less documented. Like drought, submergence is also a complex stress that encompasses many changes in environmental factors, including light intensity, pH and dissolved oxygen concentration. Alcoholic fermentation is essential for the survival of plants under anaerobic environments and the expression of two genes involved in this anaerobic metabolism was found correlated to the increased H3K4 methylation level on their chromatin in rice [START_REF] Tsuji | Dynamic and Reversible Changes in Histone H3-Lys4 Methylation and H3 Acetylation Occurring at Submergence-inducible Genes in Rice[END_REF]. This change was reverted to its initial level following re-aeration, indicating that in this particular case, H3K4me3 does not serve as a memory mark of prior transcriptional activity.

I.4.1.2.b. Histone methyltransferases and salt stress

Salinity is also a severe stress factor that can limit plant growth and development by stimulating water stress, ion toxicity, nutritional disorders, oxidative stress, alteration of metabolic processes, membrane disorganization, genotoxicity, reduction of cell division and expansion [START_REF] Carillo | Salinity Stress and Salt Tolerance[END_REF]. In Arabidopsis, the induction of several ABA and salt (NaCl) stress responding genes were found correlated to an increase in H3K4me3 and a decrease in H3K9me2 [START_REF] Chen | Involvement of Arabidopsis histone deacetylase HDA6 in ABA and salt stress response[END_REF]. Whether a specific histone methyltransferase responsible for the H3K4 methylation increase contributes to the processes is still unknown. The decrease in the repressive histone modification H3K9me2 might reflect either the removal of methyl groups by a histone demethylase or the dilution of the marked nucleosomes. Interestingly, when the histone deacetylase HDA6 was mutated, the observed increase in H3K4me3 was partially suppressed in response to stress, while the H3K9me2 decrease was unaffected. Because H3K4me3 and histone acetylation are typically together associated with transcribed regions and transcription start sites [START_REF] Roudier | Integrative epigenomic mapping defines four main chromatin states in Arabidopsis[END_REF][START_REF] Sequeira-Mendes | The Functional Topography of the Arabidopsis Genome Is Organized in a Reduced Number of Linear Motifs of Chromatin States[END_REF], this last observation may suggest that histone acetylation is preliminary required for H3K4 methylation. Supporting the conserved role played by histone methylation in regulating the expression of some transcription factors crucial for salinity tolerance in plants, this histone mark was found altered at some salinity-induced genes in soybean (Song et al., 2012).

Like in biotic stress, priming can also be observed when plants exposed to abiotic stress. Indeed, if plants have previously undergone an acclimation process, their reaction to the following stress could be more successful [START_REF] Knight | A history of stress alters drought calcium signalling pathways inArabidopsis: Stress history in Arabidopsis[END_REF][START_REF] Lang | The expression of a rab-related gene, rabl8, is induced by abscisic acid during the cold acclimation process ofArabidopsis thaliana (L.). Heyn[END_REF]. While studying chromatin changes after low salt priming globally, H3K4me3 and H3K27me3 were found increased and decreased at some genes, respectively [START_REF] Sani | Hyperosmotic priming of Arabidopsis seedlings establishes a long-term somatic memory accompanied by specific changes of the epigenome[END_REF]. Suggesting a somatic process of stress memory, some of these methylation changes continue apparent 10 days after at some genes resulting in a long-lasting transcriptional change.

I.4.1.2.c. Histone methylations and temperature stresses

Due to global warming and the fact that temperature stress severely affects flowering time and reproductive success of plants, the genetic mechanisms of plant responses to temperature changes have been extensively studied. Plants exposed to temperature stresses modulate the transcription of a large number of genes involved in distinct biochemical and physiological response pathways and networks of phytohormones or secondary metabolites, ultimately leading to increased tolerance to hazardous temperature stresses [START_REF] Chinnusamy | Cold stress regulation of gene expression in plants[END_REF][START_REF] Qu | Molecular mechanisms of the plant heat stress response[END_REF]. In Arabidopsis, some histone methylation marks were involved in the setting up of the temperature stress response, but corresponding histone-modifying enzymes were not yet identified. In a heat stress study, H3K27me3 was found decreased at FLC locus when plants were exposed to heat, resulting in its up-regulation and preventing precocious flowering ( Gan et al., 2014).

Similar to other stress, a heat stress memory, during which acquired thermotolerance is actively maintained, also exists and was associated with the sustained accumulation of H3K4me2 and H3K4me3 at some memory genes that would be maintained for at least 2 days after the end of the heat stress [START_REF] Lämke | HSFA2 orchestrates transcriptional dynamics after heat stress in Arabidopsis thaliana[END_REF]. Interestingly but through an unknown mechanism, the sustained accumulation of H3K4 methylation was found dependent on the hit-and-run functioning of the heat-shock transcription factor HsfA2 [START_REF] Lämke | HSFA2 orchestrates transcriptional dynamics after heat stress in Arabidopsis thaliana[END_REF].

Similar to heat stress, cold stress also positively regulates several specific downstream transcription factors and their target genes [START_REF] Banerjee | Epigenetic Control of Plant Cold Responses[END_REF]. Upon cold stress, the repressive mark H3K27me3 was decreased at the cold-responsive genes COLD REGULATED 15A (COR15A) and GALACTINOL SYNTHASE 3 (ATGOLS3), in both a histone occupancy-dependent and -independent manner [START_REF] Kwon | Histone occupancy-dependent and -independent removal of H3K27 trimethylation at cold-responsive genes in Arabidopsis[END_REF]. Interestingly, the resulting transcriptional induction was more rapid than the H3K27me3 decrease, and the H3K27me3 decrease was maintained upon plants back to normal growth conditions. However, the maintenance of a low H3K27me3 level at COR15A and ATGOLS3 cannot be regarded as a short-term memory since re-exposure to cold temperatures does not cause the stronger and/or faster transcriptional induction of these genes.

I.4.1.3. Histone methylations at the junction between abiotic and biotic stresses

In nature, plants are exposed to a multitude of stresses during their lifetime, while in the controlled laboratory environment, stresses are usually applied separately. To approach as close as possible natural growth conditions in a controlled manner, the effect of recurrent abiotic stresses on the resistant to Pst was measured (Singh et al., 2014).

Interestingly, plant exposed prior to abiotic stresses were more resistant to Pst than plants grown in a stable environment. This enhanced resistance was due to the priming of commonly used marker genes of PTI. Interestingly, an increase in H3K4me2 and H3K4me3 at the chromatin of these genes was observed (Singh et al., 2014). Even if the histone methyltransferase involved in this process remains to be identified in future, this work readily indicates that the environmental history of plants is recorded in its chromatin under certain conditions and can shape/modulate the response to abiotic/biotic stresses.

I.4.1.4. Toward a unifying model of stress response regulation by histone methylations

Stressful conditions for plants can originate from numerous physical, chemical and biological factors, and plants have developed a plethora of survival strategies including developmental and morphological adaptations, specific signaling and defense pathways as well as innate and acquired immunity. Current information implicates that histone methylations and some stress responses meet at different levels. Although connections still resemble a puzzle for which many pieces are still missing, a preliminary model is emerging (Figure 8). In this model, histone methylation changes involved in stress responses can be classified into three, most likely, interrelated categories:

• histone methylation marks can be basally present on some stress-related genes and establish a "permissive" chromatin context that may potentiate a rapid transcriptional induction upon need.

• upon stress perception, histone methylation marks can be transiently changed enabling chromatin to change from a transcriptionally inactive/permissive state to a transcriptionally active state in order to allow the transcription initiation and/or to reinforce an ongoing transcription of stress-responding genes.

• finally, the methylation change can be maintained for a certain time during the lifespan of an individual as a kind of somatic memory to enable a faster/stronger induction upon a subsequent stimulation (gene priming). -A permissive chromatin context, with a low level of histone methylation indispensable to establish the basal transcription level of certain stress-responding gene and maintain the chromatin in a permissive context for efficient transcriptional induction if needed.

-An increase of the histone methylation level will be involved in the transcriptional induction and/or the transcriptional reinforcement of stress-responding genes upon signal perception.

-The histone methylation change can be maintained as a somatic memory allowing a faster and/or stronger transcriptional induction of stress-responding genes upon a subsequent stimulation (Adapted from [START_REF] Berr | Chromatin modification and remodelling: A regulatory landscape for the control of Arabidopsis defence responses upon pathogen attack[END_REF].

I.4.2. Histone methylation in flowering time regulation

I.4.2.1. Flowering time regulation pathways

The flowering transition from vegetative to reproductive development ensures reproductive success under given environmental conditions (Wilczek et al., 2009).

Genetic analyses have identified several sophisticated molecular pathways that perceive and integrate multiple internal and external cues to modulate the floral transition [START_REF] De Montaigu | Natural diversity in daily rhythms of gene expression contributes to phenotypic variation[END_REF]. Those pathways comprised the photoperiod pathway and circadian clock, aging pathway, ambient temperature pathway, gibberellin pathway, vernalization pathway and autonomous pathway. Among them, aging, gibberellin and autonomous pathway are developmental, whereas the other three pathways are key in the control of plant flowering in response to environmental cues [START_REF] Blümel | Flowering time regulation in crops -what did we learn from Arabidopsis?[END_REF][START_REF] Fornara | SnapShot: Control of Flowering in Arabidopsis[END_REF][START_REF] Theißen | Array of MADS-Box Genes: Facilitator for Rapid Adaptation[END_REF]. Those pathways converge to regulate essential floral integrator genes. Floral pathway integrators, including SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1/AGAMOUS-LIKE 20 (SOC1/AGL20) and FT, activate floral meristem identity genes such as LEAFY(LFY), APETALA 1(AP1), SEPALLATA3 (SEP3) and FRUITFULL (FUL), which irreversibly result in the transition from a vegetative to a floral meristem [START_REF] Blümel | Flowering time regulation in crops -what did we learn from Arabidopsis?[END_REF][START_REF] Fornara | SnapShot: Control of Flowering in Arabidopsis[END_REF]Simpson and Dean, 2002;[START_REF] Theißen | Array of MADS-Box Genes: Facilitator for Rapid Adaptation[END_REF]. FT encodes a mobile protein (florigen), synthesized in the leaf and able to move to the shoot apex to promote flowering under inductive day length conditions [START_REF] He | Control of the Transition to Flowering by Chromatin Modifications[END_REF]Shim et al., 2016;[START_REF] Wagner | Key developmental transitions during flower morphogenesis and their regulation[END_REF]. FT is mainly induced by the transcription factor CO (CONSTANS) under long-day photoperiods (Song et al., 2014). SOC1 encodes a floral activator and is partially activated by FT [START_REF] He | Control of the Transition to Flowering by Chromatin Modifications[END_REF]. Both FT and SOC1 are repressed by the MADS-box transcription factor FLC, which is a central player in the vernalization and autonomous pathway in Arabidopsis. FLC has 5 paralogs, MAF1 to MAF5, all of which are involved in repressing flowering [START_REF] Gu | Photoperiodic Regulation of Flowering Time through Periodic Histone Deacetylation of the Florigen Gene FT[END_REF]Lee et al., 2013;[START_REF] Li | A Repressor Complex Governs the Integration of Flowering Signals in Arabidopsis[END_REF][START_REF] Mateos | Combinatorial activities of SHORT VEGETATIVE PHASE and FLOWERING LOCUS C define distinct modes of flowering regulation in Arabidopsis[END_REF][START_REF] Posé | Temperature-dependent regulation of flowering by antagonistic FLM variants[END_REF][START_REF] Sureshkumar | Nonsensemediated mRNA decay modulates FLM-dependent thermosensory flowering response in Arabidopsis[END_REF].

Here, I will mainly focus on the vernalization and autonomous pathway.

I.4.2.1.a. Vernalization pathway

Winter-annual plants require to be exposed to prolonged cold winter (or 4 °C for 6 to 12 weeks) to flower during spring. This prolonged cold to accelerate the flowering process is called vernalization (Amasino and [START_REF] Yu | The Arabidopsis Paf1c Complex Component CDC73 Participates in the Modification of FLOWERING LOCUS C Chromatin[END_REF]. Classically, Arabidopsis accessions are classified into summer-annual and winter-annual ecotypes (Michaels and Amasino, 2007). By using crosses between winter-and summer-annual plants, the promotion of flowering was found determined by two dominant genes: FLC and FRIGIDA (FRI) [START_REF] Bloomer | Fine-tuning timing: Natural variation informs the mechanistic basis of the switch to flowering in Arabidopsis thaliana[END_REF][START_REF] Ding | FLOWERING LOCUS C EXPRESSOR Family Proteins Regulate FLOWERING LOCUS C Expression in Both Winter-Annual and Rapid-Cycling Arabidopsis[END_REF][START_REF] He | PAF1-complex-mediated histone methylation of FLOWERING LOCUS C chromatin is required for the vernalization-responsive, winter-annual habit in Arabidopsis[END_REF][START_REF] Lee | Two FLX family members are non-redundantly required to establish the vernalization requirement in Arabidopsis[END_REF].

FRI encodes a coiled-coil protein that elevates FLC expression to the levels that inhibit flowering, resulting in the winter-annual growth habit (Johanson et al., 2000). Summerannuals carry inactive fri allele and thus express low FLC transcript, resulting in flowering promotion. Winter annuals only flower rapidly after vernalization treatment (mimicking the transition from winter to spring), during which FLC transcription is turn-off gradually and maintained stably silenced later-on (Amasino, 2004;Sung 2005;Sung and Amasino, 2005;Kim et al., 2009).

I.4.2.1.b. Autonomous pathway

Analysis of mutants that flower very late under either long-day or short-day photoperiod defined the autonomous pathway (Koornneef et al., 1998) [START_REF] Ausín | Regulation of flowering time by FVE, a retinoblastoma-associated protein[END_REF]Eom et al., 2018;Liu et al., 2010;Koornneef et al., 1998;Lee et al., 1994;[START_REF] Lim | A New Arabidopsis Gene, FLK, Encodes an RNA Binding Protein with K Homology Motifs and Regulates Flowering Time via FLOWERING LOCUS C[END_REF][START_REF] Liu | The Arabidopsis RNA-Binding Protein FCA Requires a Lysine-Specific Demethylase 1 Homolog to Downregulate FLC[END_REF][START_REF] Marquardt | Functional Consequences of Splicing of the Antisense Transcript COOLAIR on FLC Transcription[END_REF][START_REF] Quesada | Autoregulation of FCA pre-mRNA processing controls Arabidopsis flowering time[END_REF]Wang et al., 2014;[START_REF] Xing | Arabidopsis PCFS4, a homologue of yeast polyadenylation factor Pcf11p, regulates FCA alternative processing and promotes flowering time[END_REF]. Autonomous pathway genes have canonical characteristics:

1) their mutations lead to a late-flowering phenotype independent of the day length.

2) The late-flowering phenotype of their loss-of-function mutants could be reverted to wild type after either vernalization or through introgression into the flc-3 mutant background [START_REF] Michaels | Loss of FLOWERING LOCUS C Activity Eliminates the Late-Flowering Phenotype of FRIGIDA and Autonomous Pathway Mutations but Not Responsiveness to Vernalization[END_REF]Simpson et al., 2002).

3) As evidenced by histochemical analysis, the autonomous pathway genes are preferentially express in shoot and root apical regions which contain mainly dividing cells (Simpson, 2004).

4) they act upstream of FLC to repress flowering [START_REF] He | PAF1-complex-mediated histone methylation of FLOWERING LOCUS C chromatin is required for the vernalization-responsive, winter-annual habit in Arabidopsis[END_REF].

Numerous studies have revealed that autonomous pathway factors FCA, FPA, FY, CstF64, CstF77 and PRP8 trigger FLC sense strand transcriptional silencing by promotion of antisense COOLAIR processing (Henderson, 2005;[START_REF] Manzano | Altered interactions within FY/AtCPSF complexes required for Arabidopsis FCAmediated chromatin silencing[END_REF][START_REF] Marquardt | Additional targets of the Arabidopsis autonomous pathway members, FCA and FY[END_REF][START_REF] Quesada | Autoregulation of FCA pre-mRNA processing controls Arabidopsis flowering time[END_REF][START_REF] Simpson | FY Is an RNA 3′ End-Processing Factor that Interacts with FCA to Control the Arabidopsis Floral Transition[END_REF][START_REF] Swiezewski | Cold-induced silencing by long antisense transcripts of an Arabidopsis Polycomb target[END_REF]. They facilitate the usage of both the proximal COOLAIR splice acceptor site and the proximal polyadenylation site. And this COOLAIR processing results in the change of chromatin state of FLC via FLD-mediated H3K4me2 removal. The loss-of-function of CDKC;2, encoding a component of transcription elongation factor b (P-TEFb), results in a global loss of RNAPII Ser2 phosphorylation levels. It has been proposed that CDKC;2 negatively affects FLC sense transcription via promoting the production of COOLAIR transcripts (Wang et al., 2014). LD encodes a homeobox domain transcription factor, yet its transcriptional activity on FLC has not been revealed. Moreover, FLD and FVE transcriptionally suppress FLC via histone modifications (Figure9; [START_REF] Doyle | A Single Amino Acid Change in the Enhancer of Zeste Ortholog CURLY LEAF Results in Vernalization-Independent, Rapid Flowering in Arabidopsis[END_REF][START_REF] He | Regulation of Flowering Time by Histone Acetylation in Arabidopsis[END_REF][START_REF] Jiang | Repression of FLOWERING LOCUS C and FLOWERING LOCUS T by the Arabidopsis Polycomb Repressive Complex 2 Components[END_REF][START_REF] Liu | The Arabidopsis RNA-Binding Protein FCA Requires a Lysine-Specific Demethylase 1 Homolog to Downregulate FLC[END_REF][START_REF] Pazhouhandeh | MSI4/FVE interacts with CUL4-DDB1 and a PRC2-like complex to control epigenetic regulation of flowering time in Arabidopsis[END_REF][START_REF] Tian | PRC2 recruitment and H3K27me3 deposition at FLC require FCA binding of COOLAIR[END_REF][START_REF] Wu | Quantitative regulation of FLC via coordinated transcriptional initiation and elongation[END_REF][START_REF] Yu | Genome-Wide Analysis of Gene Regulatory Networks of the FVE-HDA6-FLD Complex in Arabidopsis[END_REF]. 

I.4.2.2. FLC regulation by histone methylations in flowering time control

FLC is a key repressor of Arabidopsis flowering and the essential role of histone methylations for its regulation was extensively studied. Here, I will briefly summarize how FLC transcription is positively or negatively affected by histone methylations. 

I.4.2.2.a. FLC epigenetic silencing in vernalization by histone methylations

The repressive mark H3K27me3 is a key factor to quantitively determine the FLC chromatin state as either active or repressive along the vernalization process (Figure 10).

The PHD-PRC2 complex promotes H3K27me3 deposition initiation at the "nucleation" region located at the FLC 1 st intron upon prolonged cold exposure, and continuously spreading H3K27me3 across the entire FLC locus upon back to warm temperature, leading to FLC epigenetic silencing [START_REF] Hepworth | Flowering Locus C's Lessons: Conserved Chromatin Switches Underpinning Developmental Timing and Adaptation[END_REF]. The PHD-PRC2 complex contains PHD-domain proteins such as VIN3 and its three homologs [VIN3-LIKE 1(VIL1)/VERNALIZATION5 (VRN5), VIL2/VIN3-LIKE1 (VEL1) and VIL3/VEL2] and the PRC2 components SWN, FIE, VRN2, MSI1 [START_REF] He | Control of the Transition to Flowering by Chromatin Modifications[END_REF]. Among them, VIN3 is the only component known to be inducibly produced in response to cold, which then quickly go down to vanish after plants are put back to warm temperature [START_REF] Heo | Vernalization-Mediated Epigenetic Silencing by a Long Intronic Noncoding RNA[END_REF]Sung and Amasino, 2004). Mutations in the PHD-PRC2 components impair cold-induced H3K27me3 deposition in the "nucleation" region and subsequent spreading across the FLC locus [START_REF] De Lucia | A PHD-Polycomb Repressive Complex 2 triggers the epigenetic silencing of FLC during vernalization[END_REF][START_REF] Greb | The PHD Finger Protein VRN5 Functions in the Epigenetic Silencing of Arabidopsis FLC[END_REF] [START_REF] Heo | Vernalization-Mediated Epigenetic Silencing by a Long Intronic Noncoding RNA[END_REF][START_REF] Kim | Modular function of long noncoding RNA, COLDAIR, in the vernalization response[END_REF][START_REF] Kim | Modular function of long noncoding RNA, COLDAIR, in the vernalization response[END_REF]. Upon back to warmth, the maintenance of this "epigenetic" memory rely on the DNA replication machinery to correctly duplicate PRC2-mediated H3K27me3. Indeed, mutation of the DNA polymerase α subunit INCURVATA2 (ICU2) leads to an impaired vernalization memory and a defective H3K27me3 level at FLC upon return to warmth (Hyun et al., 2012). Moreover, also during DNA replication, the incorporation of the H3.1 variant at the replication fork by CAF1 (CHROMATIN ASSEMBLY FACTOR 1) restores H3K27me3 to maintain the memory of silencing [START_REF] Jiang | Histone variants in plant transcriptional regulation[END_REF]. 

I.4.2.2.b. FLC transcription is antagonistically controlled by FRIGIDA and the autonomous pathway components via histone methylations

While being silenced by vernalization, FLC will be later reactivated at embryonic stage [START_REF] Berry | Environmental perception and epigenetic memory: Mechanistic insight through FLC[END_REF]. The demethylase ELF6 seems required to remove the H3K27me3 repressive marker at FLC chromatin (Pedro et al., 2014). Apart from that, and Dean, 2017). Among them, SDG8, ATX1 and SDG25 are involved to establish an active chromatin environment to facilitate FLC transcription by increasing H3K4me3 and H3K36me3 [START_REF] Xu | Remembering winter through vernalisation[END_REF].

While FRI activates FLC, the autonomous pathway components repress FLC expression. So far, all autonomous pathway components regulating FLC requires an FLDdependent removal of H3K4 methylation [START_REF] Bäurle | Differential Interactions of the Autonomous Pathway RRM Proteins and Chromatin Regulators in the Silencing of Arabidopsis Targets[END_REF][START_REF] Liu | The Arabidopsis RNA-Binding Protein FCA Requires a Lysine-Specific Demethylase 1 Homolog to Downregulate FLC[END_REF]Wu et al., 2015). By analyzing the autonomous pathway mutants fld-4 and fca-9, chromatin modifications at FLC induced by FCA and FLD, were proposed to coordinately change initiation and elongation to quantitatively regulate the transcriptional output of FLC by influencing its antisense transcript COOLAIR processing [START_REF] Wu | Quantitative regulation of FLC via coordinated transcriptional initiation and elongation[END_REF]. Finally, FCA interacts with the PRC2 subunit CLF and binds nascent COOLAIR transcripts to allow deposition of H3K27me3 at FLC [START_REF] Tian | PRC2 recruitment and H3K27me3 deposition at FLC require FCA binding of COOLAIR[END_REF].

Objectives of Thesis

The objectives of my PhD thesis were to explore the biological function of two histone methyltransferases in controlling responses to different environmental stimuli in Arabidopsis.

The histone methyltransferase SDG8 was previously reported to play a critical role in plant immunity (Berr et al., 2010;[START_REF] Lee | Global regulation of plant immunity by histone lysine methyl transferases[END_REF][START_REF] Palma | Autoimmunity in Arabidopsis acd11 Is Mediated by Epigenetic Regulation of an Immune Receptor[END_REF]. Salicylic acid (SA) accumulation and signaling are typically associated with plant defense against biotrophs/hemibiotrophs such as Pseudomonas syringae (Pst; [START_REF] Pieterse | Hormonal modulation of plant immunity[END_REF][START_REF] Seyfferth | Salicylic acid signal transduction: The initiation of biosynthesis, perception and transcriptional reprogramming[END_REF]. However, the connection between SA and SDG8 was so far neglected when addressing the higher susceptibility of sdg8 to bacterial pathogens. To fill this gap, we decided to investigate the contribution of SDG8 to the SA-associated immunity in Arabidopsis. Results are presented in Chapter II.

SDG26 is known to positively regulate the transcription of the floral activator SOC1 via binding its chromatin and depositing H3K4me3 and H3K36me3 [START_REF] Berr | The trxG family histone methyltransferase SET DOMAIN GROUP 26 promotes flowering via a distinctive genetic pathway[END_REF]. In addition to the decreased expression of SOC1 observed in sdg26, an increased expression of FLC, a repressor of SOC1, was also reported [START_REF] Berr | The trxG family histone methyltransferase SET DOMAIN GROUP 26 promotes flowering via a distinctive genetic pathway[END_REF]Liu et al., 2016;Xu et al., 2008). Hence, considering the active role of SDG26 on SOC1, a question remains as to how the SDG26 mutation can result in the up-regulation of FLC. On the one side, based on the previously proposed model in which SOC1 would reversely repress FLC expression through inhibiting the expression of cold-stress responsive genes such as CBF genes [START_REF] Seo | Crosstalk between Cold Response and Flowering in Arabidopsis Is Mediated through the Flowering-Time Gene SOC1 and Its Upstream Negative Regulator FLC[END_REF] Pseudomonas syringae, Effector-triggered immunity still operated in the mutant, but less efficiently than in wild-type (WT) plants. In sdg8-1, the level of the plant defense hormone salicylic acid (SA) was abnormally high under normal growth conditions and was accumulated similarly to WT at the early stage of pathogen infection but quickly dropped down at later stages. Concomitantly, the transcription of several defense-related genes along the SA signaling pathway was inefficiently induced in the mutant. However, sdg8-1 retained responsiveness to exogenous SA application. At the level of chromatin, global levels of active and repressive H3 methylation marks were found to be stable following SA treatment in WT, and the SA induction of some defense genes was correlated with an increase in the loading of the RNA polymerase II (RNAPII) and in the enrichment of H3K4 and H3K36 methylation in WT. We show that such changes were impeded in sdg8-

1. Finally, we demonstrated that SDG8 could physically interact with different phosphorylated and non-phosphorylated forms of the RNAPII C-terminal Domain, supporting the correlation between RNAPII loading and histone methylation increase.

Collectively, our results unravel a fundamental role played by SDG8, through its histone methyltransferase activity, in Arabidopsis for providing sustainable immunity via the physical coupling between SDG8 and the RNAPII, promoting strong transcriptional induction of defense genes.

II.1. Introduction

Inside eukaryotic nuclei, DNA segments are wrapped around histone octamers (2x(H2A, H2B, H3 and H4)) to form nucleosomes, the basic building block of chromatin [START_REF] Kornberg | Chromatin structure: A repeating unit of histones and DNA[END_REF]. Besides being structurally important to enable DNA to fit inside the nucleus, chromatin represents an inherent barrier to all processes requiring access to DNA.

Thus, mechanisms such as transcription rely notably on dynamic changes in histone/DNA and/or histone/histone contacts inside chromatin, ultimately leading to modifications of DNA accessibility. These changes in the chromatin folding are achieved through different mechanisms and are categorized into different states, ranged from transcriptionally active to poised or constitutively silenced chromatin [START_REF] Strahl | The language of covalent histone modifications[END_REF].

Protruding from the globular nucleosome, core histone tails may undergo diverse reversible covalent modifications that can either modify the local electrostatic behavior (e.g. acetylation) and/or act as specific docking sites for effectors named "readers" (e.g. methylation; [START_REF] Rothbart | Interpreting the language of histone and DNA modifications[END_REF]. Distinct modifications can act sequentially or in a combined way to bring about distinct outcomes, thus constituting a histone code that considerably extends the information potential of the genetic code [START_REF] Jenuwein | Translating the histone code[END_REF]. Among the modifications found in higher plants, histone H3 methylation can occur at different lysine residues through the activity of specific histone lysine methyltransferases (HKMTs). In Arabidopsis, more than 40 genes encoding putative

HKMTs have been classified according to their SET domain sequence homology and their domain organization in several groups with different lysine specificity (Springer et al., 2003a). Among them, members of the Trithorax Group (TrxG), known to catalyze H3K4 and/or H3K36 methylation play a pivotal role in promoting RNA polymerase II (RNAPII) transcription, thus controlling key phase transitions and important stages related to plant development [START_REF] Berr | Reciprocity between active transcription and histone methylation][END_REF][START_REF] Fletcher | State of the Art: TrxG Factor Regulation of Post-embryonic Plant Development[END_REF]. In contrast, their contribution to the massive transcriptional reprogramming in defense responses activation to fend off pathogens has been often suggested but comparatively less investigated [START_REF] Bobadilla | Histone Methylation -A Cornerstone for Plant Responses to Environmental Stresses? Abiotic and Biotic Stress in Plants -Recent Advances and Future Perspectives[END_REF][START_REF] Ramirez-Prado | Modify the Histone to Win the Battle: Chromatin Dynamics in Plant-Pathogen Interactions[END_REF]. of the host (Lee et al., 2017). Downstream in PTI and ETI signaling, the crucial role of phytohormone biosynthesis, signaling pathways and interplay is also well-established in pathogen defense [START_REF] Glazebrook | Contrasting mechanisms of defense against biotrophic and necrotrophic pathogens[END_REF]. Salicylic acid (SA) accumulation and signaling is typically associated with defense against biotrophs/hemibiotrophs while jasmonate (JA)

and ethylene (ET) pathways defend plants against necrotrophs [START_REF] Pieterse | Hormonal modulation of plant immunity[END_REF].

Four HKMTs, exclusively from the TrxG group (i.e. ATX1, SDG8/ASHH2, SDG25/ATXR7 and SDG37/ASHR1), were so far reported to directly or indirectly contribute to the regulation of plant immunity, with their corresponding mutant being more susceptible to different pathogens [START_REF] Alvarez-Venegas | Epigenetic control of a transcription factor at the cross section of two antagonistic pathways[END_REF][START_REF] Palma | Autoimmunity in Arabidopsis acd11 Is Mediated by Epigenetic Regulation of an Immune Receptor[END_REF]Berr et al., 2010;[START_REF] De-La-Peña | Regulation of diseaseresponsive genes mediated by epigenetic factors: Interaction of Arabidopsis-Pseudomonas[END_REF]Xia et al., 2013;[START_REF] Lee | Global regulation of plant immunity by histone lysine methyl transferases[END_REF]. Among them, SDG8 plays a non-redundant role as it is required for global H3K36me2/me3 deposition [START_REF] Xu | Di-and tri-but not monomethylation on histone H3 lysine 36 marks active transcription of genes involved in flowering time regulation and other processes in Arabidopsis thaliana[END_REF][START_REF] Li | The histone methyltransferase SDG8 mediates the epigenetic modification of light and carbon responsive genes in plants[END_REF]. The sdg8 mutants show pleiotropic phenotypes and SDG8

was involved in many biological processes, including the regulation of flowering time, organ growth, ovule and anther development, seed development, carotenoid biosynthesis, brassinosteroid-regulated gene expression and light-and/or carbon-responsive gene expression [START_REF] Soppe | The early-flowering mutant efs is involved in the autonomous promotion pathway of Arabidopsis thaliana[END_REF][START_REF] Zhao | Prevention of early flowering by expression of FLOWERING LOCUS C requires methylation of histone H3 K36[END_REF][START_REF] Dong | The histone methyltransferase SDG8 regulates shoot branching in Arabidopsis[END_REF][START_REF] Cazzonelli | Potential implications for epigenetic regulation of carotenoid biosynthesis during root and shoot development[END_REF][START_REF] Grini | The ASH1 HOMOLOG 2 (ASHH2) histone H3 methyltransferase is required for ovule and anther development in Arabidopsis[END_REF][START_REF] Tang | Synergistic repression of the embryonic programme by SET DOMAIN GROUP 8 and EMBRYONIC FLOWER 2 in Arabidopsis seedlings[END_REF][START_REF] Li | The histone methyltransferase SDG8 mediates the epigenetic modification of light and carbon responsive genes in plants[END_REF]. Regarding plant immunity, the SDG8mediated H3K36me3 was reported as being crucial for the transcriptional induction of subsets of JA/ET-inducible genes upon infection by necrotrophic fungi (Berr et al., 2010a).

In addition, the sdg8 mutant was also found more susceptible to hemibiotrophic pathogens and the SDG8 methyltransferase activity was suggested to be required for ETI through the establishment and/or maintenance of a transcription-permissive chromatin state at two R-genes (i.e. RPM1 and LAZ5, a RPS4-like R-protein encoding gene; [START_REF] Palma | Autoimmunity in Arabidopsis acd11 Is Mediated by Epigenetic Regulation of an Immune Receptor[END_REF].

More recently, SDG8 together with SDG25 were proposed to contribute to immunity at least partially through the regulation of CAROTENOID ISOMERASE2 (CCR2) and ECERIFERUM3 (CER3/WAX2), two genes encoding enzymes involved in carotenoids and cuticular wax biosynthesis, respectively [START_REF] Lee | Global regulation of plant immunity by histone lysine methyl transferases[END_REF].

Despite the essential role played by SA and its accumulation for both local defense and SAR especially against pathogens with a hemibiotrophic lifestyle such as Pseudomonas syringae (Pst; [START_REF] Seyfferth | Salicylic acid signal transduction: The initiation of biosynthesis, perception and transcriptional reprogramming[END_REF], it has been thus far neglected when addressing the higher susceptibility of sdg8 to bacterial pathogens. To fill this gap,

we provide here insight into the contribution of SDG8 and H3K36 methylation in connection with RNAPII to the SA immunity pathway in Arabidopsis thaliana. We show that despite of the higher sensitivity of the sdg8-1 mutant defective in H3K36 methylation to different Pst strains, ETI still partially operated in the mutant. We quantified the level of SA and found that it was abnormally high in sdg8-1 under normal conditions. During infection, SA accumulation was similar to that in wild-type (WT) at early stage, but it quickly dropped down later. In WT, while global histone methylation profiles were unchanged upon SA treatment, the induction of several defense-related genes was correlated with a local increase in RNAPII loading and H3K4 and H3K36 methylation at their chromatin. Further supporting the higher sensitivity of sdg8-1 to Pst, SA-related genes only retained a partial responsiveness to exogenous SA in the mutant and, correspondingly, local chromatin changes observed in WT were impeded in sdg8-1.

Supporting a direct link between RNAPII loading and histone methylation at defenserelated genes, we demonstrate that SDG8 and RNAPII can physically interact. Altogether, our data suggest the fundamental contribution of SGD8 to plant immunity by potentializing the efficient RNAPII transcriptional of defense-related genes.

II.2. Material and Methods

II.2.1. Plant material

The Arabidopsis thaliana ecotype Colombia (Col0) was used as wild-type (WT)

plant. The sdg8-1 mutant (SALK_065480) in the Col0 background has been previously described [START_REF] Zhao | Prevention of early flowering by expression of FLOWERING LOCUS C requires methylation of histone H3 K36[END_REF]. The SDG8:FLAG sdg8 (EFS:FLAG efs) was kindly provided by Dr. Yoo-Sun Noh (Seoul National University, Korea; [START_REF] Ko | Growth habit determination by the balance of histone methylation activities in Arabidopsis[END_REF]).

II.2.2. Pathogen assays

Pathogen inoculation assays were performed on 5-week-old Arabidopsis plants grown on soil in a growth chamber with a 12 h photoperiod and a day/night temperature regime of 22 °C / 18 °C. Bacterial pathogens Pseudomonas syringae pv. tomato DC3000 (Pst DC3000) harboring an empty vector and Pst DC3000 carrying a plasmid-borne avrRpm1 gene (Pst avrRpm1) were used. Bacterial strains were inoculated with a needleless 1 ml syringe as previously described [START_REF] Camera | A pathogen-inducible patatin-like lipid acyl hydrolase facilitates fungal and bacterial host colonization in Arabidopsis[END_REF] and bacterial growth was determined by counting colony forming units (cfu) as previously described [START_REF] Katagiri | The Arabidopsis thaliana-pseudomonas syringae interaction[END_REF]. For RNA extraction, at least 6 leaves from 10 individual plants were harvested at 0, 1 and 3 days post inoculation (dpi), pooled and flash-frozen in liquid nitrogen until use.

II.2.3. SA quantification and treatments

For analysis of free salicylic acid (SA), inoculated leaves were harvested at 0, 1, 2 and 3 dpi and free SA measurement was performed by ultra-performance liquid chromatography coupled to tandem mass spectrometry (UPLC-MS) on methanolic extracts as previously described using gentisic acid as an internal standard and a 137>93 mass transition in negative mode [START_REF] Aubert | CYP94-mediated jasmonoyl-isoleucine hormone oxidation shapes jasmonate profiles and attenuates defence responses to Botrytis cinerea infection[END_REF].

SA treatment was performed by spraying an aqueous solution of 1 mM SA (S5922, Sigma-Aldrich) onto 10-day-old Arabidopsis plants grown on soil under mid-day length conditions (12 h light / 12 h dark) in a growth chamber. Before (0 h), 8, 24 and 48 h after treatment, plantlets were quickly dried and flash-frozen in liquid nitrogen and stored until RNA extraction. For chromatin immunoprecipitation (ChIP), plantlets before and 24 h after treatment were directly fixed in formaldehyde before chromatin extraction.

II.2.4. Gene expression analyses

Total RNA was extracted using the Nucleospin RNA Plant kit (Macherey-Nagel).

First strand cDNA was synthesized using Oligo-dT primer and SuperScript® III Reverse

Transcriptase (Invitrogen) according to manufacturer's instructions. The relative transcript abundance was determined in triplicates using gene-specific primers listed in Supplementary Table 1 on a LightCycler 480 instrument (Roche) in a final volume of 10 µL of SYBR Green Master mix (Roche). At4g26410 (EXPRESSED PROTEIN, EXP)

At1g13440 (GLYCERALDEHYDE 3-PHOSPHATE DEHYDROGENASE, GAPDH) and
At4g34270 (TIP41) were selected as internal reference genes based on their stability under our experimental condition using geNorm [START_REF] Vandesompele | Accurate normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal control genes[END_REF] and Norm Finder [START_REF] Andersen | Normalization of Real-Time Quantitative Reverse Transcription-PCR Data: A Model-Based Variance Estimation Approach to Identify Genes Suited for Normalization, Applied to Bladder and Colon Cancer Data Sets[END_REF]. Relative expression values were calculated using the comparative cycle threshold method 2 -ΔΔCt .

II.2.5. Western blotting and chromatin immunoprecipitation

Western-blot analysis was performed on histones extracts prepared from 1-weekold seedlings as described previously [START_REF] Xu | Di-and tri-but not monomethylation on histone H3 lysine 36 marks active transcription of genes involved in flowering time regulation and other processes in Arabidopsis thaliana[END_REF]. Protein were separated by 15% SDS-PAGE and transferred onto Immobilon-P membranes (Millipore) using a Trans-Blot semi-dry transfer cell (Bio-Rad). Intensity of individual bands was quantified using ImageJ densitometry software (NIH).

Chromatin immunoprecipitation (ChIP) assays were performed according to the previously described method (Liu et al., 2016). Antibodies used to precipitate chromatin were anti-H3 (05-499; Millipore), anti-trimethyl-H3K4 (07-473; Millipore), antitrimethyl-H3K36 (ab9050; Abcam) and anti-total RNA polymerase II (RNAPII) CTD repeat antibody (ab817, Abcam), together with protein A magnetic beads (Magna-ChIP, Millipore). DNA was purified with the NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel, Düren, Germany) and analyzed by real-time PCR (LightCycler 480II; Roche in conjunction with the SYBR Green Master mix) using gene-specific primers listed in Supplementary Table 1. Data were analyzed as described in Zhao et al., 2019 for H3K4me3 andH3K36me3 andin Yang et al., 2016 for RNAPII.

II.2.6. Co-immunoprecipitation Assays

Coimmunoprecipitation assays of SDG8 and the RNAPII proteins were performed using the Arabidopsis SDG8:FLAG sdg8 transgenic line [START_REF] Ko | Growth habit determination by the balance of histone methylation activities in Arabidopsis[END_REF]. Total proteins were extracted as previously described [START_REF] Yang | Physical coupling of activation and derepression activities to maintain an active transcriptional state at FLC[END_REF]. In brief, 10 g of 10-day-old seedlings grown on ½ MS-agar plate was grinded in liquid nitrogen and thawed in lysis buffer: 100 mM Tris-HCl, pH 8, 150 mM of NaCl, 2 mM EDTA pH 8, 1 mM MgCl2, 1%

Nonidet P-40 (74385, Sigma-Aldrich) and 1 mM AEBSF (A8456, Sigma-Aldrich)

supplemented with cOmplete™, EDTA-free Protease Inhibitor Cocktail (5056489001, Roche). Lysates were incubated with 0.5 µL/mL of the nonspecific endonuclease Benzonase (E1014, Sigma-Aldrich) to degrade DNA and RNA during 1h at 4°C on a rotating wheel. After incubation, homogenates were cleared by centrifugation.

Immunoprecipitation was performed on supernatants using the µMACS DYKDDDDK (FLAG) isolation kit according to the manufacturer's instructions Miltenyi Biotec). Proteins bound to magnetic beads were resolved by electrophoresis on 6% SDSpolyacrylamide gel and detected using either monoclonal antibodies against the FLAG tag (F3165, Sigma-Aldrich), against total RNAPII CTD repeat (ab817; Abcam) or against the phosphorylated serine 5 (Ser5P) or Ser2P forms of the RNAPII CTD repeat (C15200007 and C15200005, respectively; Diagenode), followed by a goat anti-mouse-HRP-conjugated antibody (G-21040, Invitrogen).

II.2.7. Yeast Two-Hybrid Assays

The pGBD-CTD-Kin28, pGBD-CTD-mKin28, and pGBD-Kin28 were kindly provided by Dr. Hisashi Koiwa [START_REF] Guo | A tethered catalysis, two-hybrid system to identify protein-protein interactions requiring post-translational modifications[END_REF]. In order to use this tethered system in our yeast two-hybrid system, inserts were amplified by PCR and subcloned into the Gateway donor vector pDONR207 (Stratagene). The SDG8 cDNA was also amplified by PCR and cloned in pDONR207. Next, inserts were fused to the GAL4 binding domain or activation domain using the destination Gateway-compatible pGBT9 (Ghent plasmids collection) or pGADT7 vectors (Clontech), respectively. Plasmids were co-transformed pairwise into the yeast strain AH109 (Clontech) according to the Clontech small-scale

LiAc yeast transformation procedure.

The phosphorylation of the CTD was analyzed by western blot using the pGADT7 recombinant constructs containing a hemagglutinin (HA) epitope tag. Indeed, pGBT9 contains a truncated 410 bp ADH1 promoter leading to low expression level making fusion protein hardly detectable by western blot [START_REF] Van Criekinge | Yeast Two-Hybrid: State of the Art[END_REF].

Protein extracts from yeasts were prepared using the Urea/SDS method described in the Yeast Protocols Handbook (Clontech). Proteins were separated by SDS-polyacrylamide gel electrophoresis (15% SDS-PAGE) and transferred onto Immobilon-P membranes (Millipore). Monoclonal antibodies against the HA tag (H9658; Sigma-Aldrich), against RNAPII (ab817; Abcam) or against Ser5P or Ser2P CTD (C15200007 and C15200005, respectively; Diagenode) were used followed by a goat anti-mouse-HRP-conjugated antibody (G-21040, Invitrogen).

Weak and strong interactions were assayed on synthetic complete medium lacking Leu, Trp and His and containing 25 mM 3-amino-1,2,4-triazole (SD-LWH+3AT) and lacking Leu, Trp, Ade, His (SD-LWAH), allowing growth for 4 days at 30 °C. The synthetic complete medium lacking Leu and Trp (SD-LW) was used as control.

II.2.8. Statistical methods

Statistical analyses were performed in R (http://www.r-project.org/) using a

Student's t-test with Benjamini-Hochberg FDR correction.

II.3. Results

II.3.1. SDG8 mutation increases susceptibility to Pseudomonas infection

Hemibiotrophic pathogens such as the bacterial pathogen Pseudomonas syringae pv.

tomato DC3000 (Pst) are known to stimulate salicylic acid (SA) accumulation and to induce the expression of SA-related defense genes [START_REF] Seyfferth | Salicylic acid signal transduction: The initiation of biosynthesis, perception and transcriptional reprogramming[END_REF]. We therefore decided to use the Pseudomonas-Arabidopsis pathosystem to explore the impact of the sdg8 mutation on the SA-related immunity. Firstly, the susceptibility of the sdg8-1 mutant to Pst was investigated by syringe-inoculated Pst expressing or not the effector gene avrRpm1 (Pst avrRpm1 or Pst DC300, respectively) on leaves of 5-week-old WT and sdg8-1 plants. After 3 days of infection, we observed more severe symptoms with characteristic tissue necrosis and chlorosis in sdg8-1 mutants than in WT plants (Figure 11A). Moreover, sdg8-1 supported significantly higher avirulent bacterial multiplication compared to WT plants (Figure 11B). These results are consistent with those previously reported in sdg8-2, another sdg8 mutant allele [START_REF] Palma | Autoimmunity in Arabidopsis acd11 Is Mediated by Epigenetic Regulation of an Immune Receptor[END_REF], and together demonstrate the involvement of SDG8 in ETI (also called gene-for-gene resistance) triggered by Pst. Interestingly, we also detected in sdg8-1 an increased susceptibility and bacterial growth 3 days after inoculation when the virulent strain Pst DC3000 was used (Figure 11A and B), supporting similar data reported with the allelic mutant lines sdg8-4

(De-La-Peña et al., 2012) and sdg8-2 [START_REF] Lee | Global regulation of plant immunity by histone lysine methyl transferases[END_REF]. Noteworthy, based on bacterial titers, sdg8-1 still supported higher growth of the virulent than avirulent Pst strain (Figure 11B), suggesting that ETI is still operating in the mutant, but less efficiently than in WT plants. Probably because both PTI and ETI rely on similar transcriptional processes, these results together indicate that in addition to ETI, SDG8 might also regulate processes important for PTI, leading to basal resistance against Pst infection. 

II.3.2. Infection-induced salicylic acid accumulation is compromised in

sdg8-1

Next, we quantified by UPLC-MS the levels of the bioactive free SA in WT and sdg8-1 mutant plants before and after inoculation with Pst DC3000 and Pst avrRpm1.

Before pathogen infiltration, the steady-state level of free SA was below the limit of detection in WT, but significantly elevated levels (118.25 ± 39.6 ng/g FW -1 ) were detected in sdg8-1. Upon infection, WT accumulated SA in response to both Pst strains, with a progressive increase in the course of infection. As expected from the known difference in defense intensity between PTI and ETI, the level of free SA was higher after inoculation with Pst avrRpm1 than with Pst DC3000 in WT. Such a lower accumulation of free SA in response to virulent compared to avirulent Pst was previously reported and the progressive suppression of the PTI-associated SA accumulation by the virulent strain through the production of Pst phytotoxin coronatine was proposed as an explanation [START_REF] Carviel | Investigation of intercellular salicylic acid accumulation during compatible and incompatible Arabidopsis-pseudomonas syringae interactions using a fast neutron-generated mutant allele of EDS5 identified by genetic mapping and whole-genome sequencing[END_REF]. In sdg8-1, the SA accumulation at early stage of infection (i.e. 1 and 2 dpi upon infection with Pst DC3000 and 1 dpi upon infection with Pst avrRpm1) was similar in magnitude to that of WT (Figure 12A). Also, and similarly to WT, sdg8-1 mutant plants accumulated SA more rapidly upon infection with the avirulent strain than with the virulent one, further confirming that defense mechanisms triggered by ETI are partially functional in the mutant. Strikingly, contrary to WT that further increased SA levels, the early SA increase detected in sdg8-1 upon infection with both Pst strains vanished at 3 dpi. Together, these results indicate that SDG8 participates in the negative control of basal SA levels prior to stimulation and promotes SA production/accumulation upon stimulation.

II.3.3. SDG8 is a positive regulator of salicylic acid pathway genes

SA triggers the induction of a plethora of defense genes and is a major regulator of SAR [START_REF] Seyfferth | Salicylic acid signal transduction: The initiation of biosynthesis, perception and transcriptional reprogramming[END_REF], through a signaling pathway that has been extensively characterized [START_REF] Janda | Magical mystery tour: Salicylic acid signalling[END_REF]. The pathogenesis-related (PR) defense genes PR1 and PR2 encode antimicrobial proteins and are typical markers of the SA-mediated defense system. Their transcriptional induction in response to infection by (hemi)biotrophic pathogens or SA requires the coactivator NONEXPRESSOR OF PATHOGENESIS-RELATED GENES 1 (NPR1). NPR1 is constitutively expressed and is weakly responding to exogenous SA treatment [START_REF] Cao | Generation of broad-spectrum disease resistance by overexpression of an essential regulatory gene in systemic acquired resistance[END_REF]. SDG8 was previously involved in ETI using avirulent Pst strains [START_REF] Lee | Global regulation of plant immunity by histone lysine methyl transferases[END_REF][START_REF] Palma | Autoimmunity in Arabidopsis acd11 Is Mediated by Epigenetic Regulation of an Immune Receptor[END_REF], we hereafter focus on basal resistance against Pst DC3000. Because SDG8 is likely acting in transcriptional regulation, we performed quantitative real-time PCR (qRT-PCR) analyses on leaf tissue harvested before and after infection for the above-mentioned selected genes.

In uninoculated plants, steady-state expression levels of the SA-responsive PR1 and PR2

genes were slightly but significantly elevated in sdg8-1 compared to their levels in WT (Figure 12C, far right panels), while the steady-state level of NPR1 transcript was slightly decreased (Figure 12C). In agreement with the increased susceptibility of the sdg8-1 mutant to Pst DC3000, qRT-PCR analyses revealed that higher bacterial titers in sdg8-1 mutant plants were correlated with severely reduced induction of PR genes, while NPR1

was not induced at all (Figure 12C).

Previously, we demonstrated the crucial role played by SDG8 in plant defense against necrotrophic fungal pathogens by regulating a subset of genes within the jasmonic acid (JA)/ethylene (ET)-signaling pathway (Berr et al., 2010). WRKY70 encodes an important transcription factor regulating cross-talk between SA and JA signaling pathways and its expression is induced by SA, in both NPR1-dependent and NPR1independent manners [START_REF] Li | Modulation of RNA polymerase II phosphorylation downstream of pathogen perception orchestrates plant immunity[END_REF]. Before inoculation, WRKY70 transcript level was slightly higher in sdg8-1 mutant than in WT (Figure 12C), consistent with the higher basal SA level and PR genes expression. Upon pathogen infection, WRKY70 was similarly induced in WT and sdg8-1 mutant plants, highlighting its NPR1-independent transcriptional induction.

Since sdg8-1 mutant plants accumulated less SA compared to WT plants, we wondered whether the expression of genes functioning upstream of SA was affected.

Three of them were analyzed by qRT-PCR during the infection: ISOCHORISMATE SYNTHASE1 (ICS1, also known as SID2) which plays a major role in SA biosynthesis [START_REF] Garcion | Characterization and biological function of the ISOCHORISMATE SYNTHASE2 gene of Arabidopsis[END_REF][START_REF] Huang | Functional analysis of the Arabidopsis PAL gene family in plant growth, development, and response to environmental stress[END_REF], while more upstream ENHANCED DISEASE SUSCEPTIBILITY1 (EDS1) and PHYTOALEXIN DEFICIENT 4 (PAD4) were reported as being important for plant immunity through a SA-dependent and a SA-independent pathways [START_REF] Bartsch | Salicylic acid-independent ENHANCED DISEASE SUSCEPTIBILITY1 signaling in Arabidopsis immunity and cell death is regulated by the monooxygenase FMO1 and the Nudix hydrolase NUDT7[END_REF][START_REF] Cui | A core function of EDS1 with PAD4 is to protect the salicylic acid defense sector in Arabidopsis immunity[END_REF]. The mRNA level of ICS1 was higher in non-inoculated sdg8-1 plants and only slightly increased upon infection compared to the WT control. EDS1 and its co-regulator PAD4 were found basally downregulated and not efficiently induced upon infection in sdg8-1 (Supplementary Figure 1). To determine if the disability of sdg8-1 mutant plants to properly accumulate SA in response to Pst DC3000 is, at least partly, causing the defective transcriptional induction of SA downstream genes, we tested the effects of the exogenous application of SA. To do so, SA was applied as a foliar spray on 10-day-old Arabidopsis plants, a stage where sdg8-1 mutant plants are phenotypically indistinguishable from WT plants. As reported in Figure 3, NPR1 was slightly induced by exogenous SA in WT, but stayed uninduced upon treatment in sdg8-1 plants. While WRKY70 was similarly up-regulated in sdg8-1 and WT upon hormonal treatment, PR genes were comparatively much less induced in sdg8-1 than in WT (Figure 13). In summary, SDG8 appeared to be involved at different levels to regulate some targets of SA signaling. Before stress, SDG8 controls the resting-state expression of several defense-related genes, whereas upon stimulation, SDG8 is required for their efficient transcriptional induction. 

II.3.4. H3K36me3 deposition by SDG8 is required for efficient PR genes transcriptional induction

In Arabidopsis, like in other eukaryotes, a strong positive correlation exists between gene expression and the level of active histone modifications marks (i.e. H3K4me3 and H3K36me3), while expression levels correlate negatively with H3K27me3 [START_REF] Roudier | Integrative epigenomic mapping defines four main chromatin states in Arabidopsis[END_REF][START_REF] Sequeira-Mendes | The Functional Topography of the Arabidopsis Genome Is Organized in a Reduced Number of Linear Motifs of Chromatin States[END_REF]. Because Arabidopsis infection with Pst or treatment with exogenous SA triggers massive changes in gene expression [START_REF] Maleck | The transcriptome of Arabidopsis thaliana during systemic acquired resistance[END_REF][START_REF] Schenk | Coordinated plant defense responses in Arabidopsis revealed by microarray analysis[END_REF][START_REF] Uknes | Acquired resistance in Arabidopsis[END_REF], we decided to compare the global level of various histone methylation marks by western blot analysis of nuclear protein extract from WT plants before and after SA treatment. Interestingly, despite the massive transcriptional changes previously described, global H3K4me3, H3K36me3 and H3K27me3 levels remained unchanged before and after exogenous SA application (Figure 14A andB). To further understand molecular mechanisms underlying the impaired transcriptional induction of SA-related genes in sdg8-1, we decided to focus on two active histone marks and total RNAPII by analyzing their levels at specific loci using chromatin immunoprecipitation (ChIP). To this end, chromatin was extracted from WT and sdg8-1 mutant plants before and 24 h after stimulation with exogenous SA and, after immunoprecipitation with specific antibodies, DNA was used for quantitative PCR with primers spanning the genic region of several SA-related genes (Figure 15 and Supplementary Figure 2). Consistent with SDG8 being primarily involved in H3K36 methylation [START_REF] Zhao | Prevention of early flowering by expression of FLOWERING LOCUS C requires methylation of histone H3 K36[END_REF][START_REF] Xu | Di-and tri-but not monomethylation on histone H3 lysine 36 marks active transcription of genes involved in flowering time regulation and other processes in Arabidopsis thaliana[END_REF][START_REF] Yang | Antagonistic roles for H3K36me3 and H3K27me3 in the cold-induced epigenetic switch at Arabidopsis FLC[END_REF][START_REF] Li | The histone methyltransferase SDG8 mediates the epigenetic modification of light and carbon responsive genes in plants[END_REF],

H3K36me3 was generally decreased at all examined genes in sdg8-1, whereas H3K4me3

was not significantly changed. In addition, basal levels of RNAPII along the genes we examined were largely similar between WT and sdg8-1 mutant plants despite the above reported differences in basal transcription. Upon SA stimulation of WT plants, both

H3K4me3 and H3K36me3 levels were strongly increased at the two examined SAinducible PR genes (Figure 15), whereas this increase was less pronounced at the upstream genes NPR1 and WRKY70 (Supplementary Figure 2). Concomitantly to this increase in active histone methylation marks, a significantly increased loading of RNAPII was observed at all examined genes, except for NPR1 where, despite an upward trend, almost no statistically significant differences were observed between non-treated and treated wild-type plants (Figure 15 and Supplementary Figure 2). Considering the stronger increase observed at PR genes compared to WRKY70, these differences should be related to the stronger transcriptional induction measured for PR genes relative to WRKY70 or NPR1 upon SA exposure (Figure 13). Also, while we observed generally a peak of H3K4me3 around the transcription start site, H3K36me3 appeared more dispersed along the entire gene. In sdg8-1, the level of H3K36me3 remained unchangeably low upon stimulation, while H3K4me3 was increased, albeit at a lower level than in stimulated WT plants. Despite the SA treatment, the RNAPII loading was stable between treated and untreated sdg8-1 mutant plants at NPR1 and WRKY70, while a slight but significant increase was detected at PR genes. Further reflecting the less effective transcriptional induction of PR genes upon stimulation in sdg8-1, this increase was significantly less pronounced than in WT stimulated plants (Figure 16). Thus, basal and induced H3K36me3 established by SDG8 at PR genes appear important to potentiate their efficient transcription upon stimulation. 

II.3.5. SDG8 interacts with both phosphorylated and nonphosphorylated RNAPII CTD

In eukaryotic cells, RNAPII carries out the transcription of all protein-encoding genes into messenger RNAs. Among its various subunits, RNAPII contains a unique carboxyl-terminal domain (CTD) consisting of a large array of heptapeptide repeats in which Serine residues at position two and five are targets of CTD kinases and phosphatases [START_REF] Dahmus | Reversible phosphorylation of the C-terminal domain of RNA polymerase II[END_REF]. Phosphorylation/dephosphorylation events constitute the canonical "phospho-CTD cycle" with Ser5P at initiation, Ser5P and Ser2P during elongation and Ser2P only to terminate transcription [START_REF] Buratowski | Progression through the RNA polymerase II CTD cycle[END_REF]. Because

H3K36me3 is associated with active RNAPII transcription and because SDG8 is the main non-redundant H3K36 methyltransferase in Arabidopsis, we tested whether both proteins can interact. Co-immunoprecipitation (Co-IP) experiments were conducted using a rescued sdg8 mutant line expressing a SDG8-FLAG fusion protein under the control of its own promoter (efs-3 EFS-FLAG; [START_REF] Ko | Growth habit determination by the balance of histone methylation activities in Arabidopsis[END_REF]. As shown in Figure 16A, SDG8 coprecipitated with total RNAPII as well as with both phosphorylated forms.

In animal and yeast, SDG8 orthologs were shown to bind preferably the phospho-CTD of the elongating RNAPII [START_REF] Li | Solution structure of the Set2-Rpb1 interacting domain of human Set2 and its interaction with the hyperphosphorylated C-terminal domain of Rpb1[END_REF][START_REF] Kizer | A Novel Domain in Set2 Mediates RNA Polymerase II Interaction and Couples Histone H3 K36 Methylation with Transcript Elongation[END_REF]. To examine whether SDG8 also interacts specifically with the CTD, we carried out a tethered yeast two-hybrid system in which copies of the CTD were fused to the protein kinase Kin28, ensuring the CTD phosphorylation (CTD-Kin28), or to the catalytically inactive Kin28 (CTD-mKin28; [START_REF] Guo | A tethered catalysis, two-hybrid system to identify protein-protein interactions requiring post-translational modifications[END_REF]. Firstly, we confirmed by western blot analyses that the Kin28 indeed phosphorylates the fused CTD, while the mutated version does not (Figure 16B). Then, we tested the interaction between SDG8 and the CTD by yeast two-hybrid assays. An interaction between SDG8 and both the phosphorylated and non-phosphorylated forms of the CTD, but not with the Kin28 alone was detected (Figure 16C). Finally, because SDG8 and SDG26 are closely related to the yeast sole H3K36-methyltransferase SET2 and to the animal H3K36-methyltransferases ASH1 and HYPB/SETD2 [START_REF] Xu | Di-and tri-but not monomethylation on histone H3 lysine 36 marks active transcription of genes involved in flowering time regulation and other processes in Arabidopsis thaliana[END_REF], we also tested the binding of SDG26 to the CTD and found interaction with neither of these baits (Figure 16C). Together, these results supported an interaction between SDG8 and the phosphorylated and non-phosphorylated forms of the RNAPII CTD. Total RNAPII (@RNAPII), the Ser5P form of the CTD of RNAPII (@Ser5P) or the Ser2P form of the CTD of RNAPII (@Ser2P) in input and after IP are indicated by white arrowheads. (B) The two-hybrid system used to identify protein-protein interactions requiring post-translational modifications was tested for the phosphorylation of the CTD. An anti-HA antibody was used to detect fusion protein in untransformed yeast (Ctrl) and in yeast transformed with the protein kinase Kin28 alone (white arrowhead) or with the CTD fused to either Kin28 (CTD-Kin28) or the inactive Kin28 (CTD-mKin28). Phosphorylation of the CTD detected by antibodies against the Ser5P form of the CTD (@Ser5P) or the Ser2P form of the CTD (@Ser2P) occurs mainly with the tethered wild-type Kin28 but not with the mutated one. (C) Yeast two-hybrid analysis of the interaction between SDG8 and the phosphorylated or non-phosphorylated form of the RNAPII CTD. Full-length SDG8 and SDG26 were separately fused to the Gal4 Activation domain (AD), while Kin28, CTD-Kin28 and CTD-mKin28 were fused to the Gal4 DNA Binding domain (BD). Yeast cells cotransformed with the different recombinant vectors were spotted though a series of tenfold dilutions onto control (SD-LW) and selection media of increasing stringency (SD-LWH+3-AT and SD-LWAH).

II.4. Discussion

In this study, we used the sdg8-1 mutant (SALK_065480) and found that, like other sdg8 alleles such as sdg8-2 (SALK_026442; [START_REF] Palma | Autoimmunity in Arabidopsis acd11 Is Mediated by Epigenetic Regulation of an Immune Receptor[END_REF][START_REF] Lee | Global regulation of plant immunity by histone lysine methyl transferases[END_REF] and sdg8-4 (SALK_014569; De-La-Peña et al., 2012), sdg8-1 is more sensitive to Pst infection (Figure 1). Because the SA-dependent defense have a strong impact on Pst growth and plant resistance [START_REF] Seyfferth | Salicylic acid signal transduction: The initiation of biosynthesis, perception and transcriptional reprogramming[END_REF], we addressed for the first time the question of the role of SDG8 in the SA-mediated defense signaling pathway, with a special emphasis on the behavior of H3K4 and H3K36 methylation and RNAPII loading.

We therefore quantified SA before and during infection in sdg8-1 in comparison to WT and focused our analyses on SA-related genes. Under non-stressful conditions, we observed an abnormally high basal level of SA in sdg8-1, together with a significant decrease of NPR1 basal transcription and increase of ICS1 (Figures 2 and3). ICS1 plays a major role in SA biosynthesis [START_REF] Garcion | Characterization and biological function of the ISOCHORISMATE SYNTHASE2 gene of Arabidopsis[END_REF][START_REF] Huang | Functional analysis of the Arabidopsis PAL gene family in plant growth, development, and response to environmental stress[END_REF], its increased basal expression in sdg8-1 may explain the abnormal accumulation of SA under unstimulated conditions and the resulting elevated transcriptional steady states of PR1, PR2 and WRKY70 genes. Given the existence of a negative feedback loop of NPR1 on SA accumulation through the repression of ICS1 expression [START_REF] Zhang | Nuclear localization of NPR1 is required for regulation of salicylate tolerance, isochorismate synthase 1 expression and salicylate accumulation in Arabidopsis[END_REF], our observations suggest that sdg8-1 has probably lost this retor-control. However, because loss-of-function mutants for NPR1 do not constitutively accumulate SA [START_REF] Genger | Signaling pathways that regulate the enhanced disease resistance of Arabidopsis "defense, no death" mutants[END_REF], SDG8 might also regulate expression levels of other genes important to control basal SA level.

When inoculated with virulent or avirulent strains of Pst, the sdg8-1 mutant shows severe disease symptoms, correlated with enhanced bacterial growth and very low SA accumulation (Figure 1 and 2). Analyses of bacterial titers and SA accumulation upon infection further suggest that ETI is still functional in the sdg8-1 mutant, but less efficient.

Also, despite the low SA accumulation observed in the sdg8-1 mutant upon infection, all analyzed genes were induced, except NPR1 and ICS1 which stayed downregulated or not significantly induced, respectively. Supporting the higher susceptibility of the mutant, inductions were substantially lower in sdg8-1 for PAD4 and EDS1, two genes functioning upstream of SA, as well as for downstream PR genes. This last result put into perspective with the WT-like induction of WRKY70, known to induce PR genes expression [START_REF] Li | The WRKY70 transcription factor: A node of convergence for jasmonate-mediated and salicylate-mediated signals in plant defense[END_REF], clearly suggest the involvement of SDG8 at different levels along the SA-dependent signaling pathway to support the efficient transcriptional induction of SArelated genes upon stimulation. This involvement at different levels was further confirmed using exogenous SA as a stimulus, since the non-induction of NPR1, as well as the inefficient induction of PR genes still remained in sdg8-1, while WRKY70 was similarly induced as in WT (Figure 3). NPR1 is known as a central transcriptional regulator critical for transducing the SA signal into activation of most SA-dependent genes [START_REF] Wang | Induction of protein secretory pathway is required for systemic acquired resistance[END_REF], but the maintenance of an ETI and the incomplete loss of PR genes expression in npr1 mutants suggest that certain SA-related responses could be NPR1-independent [START_REF] Rairdan | Role of salicylic acid and NIM1/NPR1 in race-specific resistance in arabidopsis[END_REF][START_REF] Shah | A recessive mutation in the Arabidopsis SSI2 gene confers SA-and NPR1-independent expression of PR genes and resistance against bacterial and oomycete pathogens[END_REF]. The reproducibly low induction of PR genes, and the normal induction of WRKY70 we observed in sdg8-1 upon infection further suggest that a NPR1-independent signaling pathway still operates in sdg8-1, but is not sufficient to provide the mutant with an effective response against the pathogen.

Supporting the idea of a NPR1-independent signaling pathway, a core EDS1/PAD4 pathway working in parallel with the ICS1-generated SA was recently proposed to maintain important SA-related resistance programs, thereby increasing robustness of the innate immune system [START_REF] Cui | A core function of EDS1 with PAD4 is to protect the salicylic acid defense sector in Arabidopsis immunity[END_REF].

Using exogenous SA, we also demonstrated that levels of H3K4me3, H3K36me3 inhibitor: i) the HC-toxin, produced by the maize pathogen Cochliobolus carbonum and required for its pathogenicity [START_REF] Brosch | Inhibition of maize histone deacetylases by HC toxin, the host-selective toxin of Cochliobolus carbonum[END_REF][START_REF] Ransom | Histone Hyperacetylation in Maize in Response to Treatment with HC-Toxin or Infection by the Filamentous Fungus Cochliobolus carbonum[END_REF] ; and ii) the depudecin, produced by Alternaria brassicicola and required for virulence in Brassica oleracea but not in Arabidopsis [START_REF] Wight | Biosynthesis and role in virulence of the histone deacetylase inhibitor depudecin from Alternaria brassicicola[END_REF].

In parallel, we addressed the question of local histone methylation levels at the chromatin of several SA-related genes. In non-treated plants, the level of H3K36me3 at all examined genes was substantially decreased in sdg8-1 compared to WT (Figure 5 and Supplementary Figure 2). In agreement with H3K36me3 and H3K4me3 being deposited largely independently in Arabidopsis [START_REF] Shafiq | Combinatorial functions of diverse histone methylations in Arabidopsis thaliana flowering time regulation[END_REF][START_REF] Li | The histone methyltransferase SDG8 mediates the epigenetic modification of light and carbon responsive genes in plants[END_REF][START_REF] Zhao | Interactive and noninteractive roles of histone H2B monoubiquitination and H3K36 methylation in the regulation of active gene transcription and control of plant growth and development[END_REF], the level of H3K4me3 was found unchanged in our analyses. In addition, RNAPII levels were also globally stable between WT and sdg8-1 plants, except at NPR1 were the loading was slightly decreased in the mutant. Since NPR1 is among the list of the SDG8-bound genes published by Li and colleagues [START_REF] Li | The histone methyltransferase SDG8 mediates the epigenetic modification of light and carbon responsive genes in plants[END_REF], its downregulation in sdg8-1 suggests a direct role for SDG8 and H3K36me3 in controlling NPR1 basal expression.

Interestingly, such role was previously proposed for several other biotic stress-related genes (Berr et al., 2010;[START_REF] Palma | Autoimmunity in Arabidopsis acd11 Is Mediated by Epigenetic Regulation of an Immune Receptor[END_REF][START_REF] Lee | Global regulation of plant immunity by histone lysine methyl transferases[END_REF] and might be extended to others since 20.7% of the 121 genes known to function in the host response to pathogen challenge in Arabidopsis [START_REF] Bhardwaj | Defence Responses of Arabidopsis thaliana to Infection by Pseudomonas syringae Are Regulated by the Circadian Clock[END_REF] were among the expanded list of SDG8 bound genes from [START_REF] Li | The histone methyltransferase SDG8 mediates the epigenetic modification of light and carbon responsive genes in plants[END_REF] (list in Supplementary Table 2 and Supplementary Table 3). Such a role for SDG8 is in agreement with the positive correlation previously described between levels of H3K36me3 and gene expression [START_REF] Li | The histone methyltransferase SDG8 mediates the epigenetic modification of light and carbon responsive genes in plants[END_REF]. However, while 26% of the H3K36me3 hypomethylated genes were downregulated in the deletion mutant sdg8-5 under normal growth conditions, 5% were upregulated and the remaining 69%

were unchanged [START_REF] Li | The histone methyltransferase SDG8 mediates the epigenetic modification of light and carbon responsive genes in plants[END_REF]. In our present study, WRKY70, PR1 and PR2 were all basally upregulated despite the decreased level of H3K36me3 at their chromatin (Figure 3). In another sdg8 allele (ashh2-5; SALK_036941), Wang and colleagues also reported about the increased PR2 expression and the corresponding decreased level of H3K36me3 (Wang et al., 2014). Because WRKY70 and PR genes are SA-inducible, we believe that the abnormal accumulation of SA detected in sdg8-1 and resulting from the NPR1 downregulation may bypass the low H3K36me3 level, thus leading to their increased basal expression.

Next, we used exogenous SA treatment to follow chromatin changes at several SArelated genes. Previously, treatment with stress related phytohormone (i.e. methyl jasmonate, abscisic acid, indole-3-acetic acid and zeatin) were all reported to provoke changes in histone methylation at some specific hormone responsive genes (Berr et al., 2010;Kim et al., 2013). In our work, we found that both H3K4 and H3K36 methylation were increased upon treatment in WT plants at all SA-related genes we analyzed. As previously described during some developmental transitions, a strong quantitative correlation exists between histone methylation and gene expression upon stimulation [START_REF] Brusslan | A Genome-Wide Chronological Study of Gene Expression and Two Histone Modifications, H3K4me3 and H3K9ac, during Developmental Leaf Senescence[END_REF][START_REF] Engelhorn | Dynamics of H3K4me3 Chromatin Marks Prevails over H3K27me3 for Gene Regulation during Flower Morphogenesis in Arabidopsis thaliana[END_REF][START_REF] You | Temporal dynamics of gene expression and histone marks at the Arabidopsis shoot meristem during flowering[END_REF]. In agreement with this, PR1 and PR2 experienced in our work both the strongest H3K4 and H3K36 methylation increase and transcriptional induction. Compare to WT, the level of H3K36me3 was almost unchanged in sdg8-1 upon SA stimulation at all analyzed genes, while a H3K4me3

increase occurred but at a lower range compare to WT. In conjunction with the less efficient transcriptional induction of PR genes and the correspondingly lower RNAPII loading observed in sdg8-1, these results suggest that SDG8, through its H3K36 methyltransferase activity, may establish a chromatin context not necessary for the initial transcriptional induction but latter required to reinforce and further potentiate the initial induction, especially at strongly SA-responding genes. Regarding NPR1, the chromatin changes we detected are in agreement with the above proposed hypothesis that SDG8

regulates directly NPR1 expression. For WRKY70, the H3K4me3 increase observed in the mutant after SA treatment seems sufficient to promote its induction despite the stably low H3K36me3. Previously, the H3K4 tri-methyltransferase ARABIDOPSIS TRITHORAX1 (ATX1) was positively involved in the activation of the WRKY70 expression (Alvarez- et al., 2007). Together, these data suggest that H3K4me3, compared with H3K36me3, may play a more decisive role in the final WRKY70 transcriptional outcome.

Venegas

Since histone methylation was involved in gene priming at several WRKY genes [START_REF] Jaskiewicz | Chromatin modification acts as a memory for systemic acquired resistance in the plant stress response[END_REF], it is reasonable to speculate that the H3K36me3 increase observed in WT plants upon SA treatment may serve as a memory mark, thus providing the plant with a life-long protection.

In Arabidopsis, all known histone methyltransferases have a so-called SET catalytic domain, but only SDG8 has in addition a CW domain [START_REF] Pontvianne | Arabidopsis Histone Lysine Methyltransferases[END_REF]. The CW domain found in a small number of chromatin-related proteins in animals and plants is thought to be a "reader" domain that can bind methylated H3K4 and the one found in SDG8 has preference for H3K4me1/me2 peptides [START_REF] Hoppmann | The CW domain, a new histone recognition module in chromatin proteins[END_REF][START_REF] Liu | Uncovering the mechanistic basis for specific recognition of monomethylated H3K4 by the CW domain of Arabidopsis histone methyltransferase SDG8[END_REF]. SDG8 therefore combines an H3K4 methylation-reading module together with an H3K36me3 writing module, making it the only reader and writer of histone methylation.

In animals and yeast, the SDG8 orthologs co-purify with RNAPII and binds directly to the CTD, with a weak binding to singly phosphorylated S2P or S5P CTD repeats, and a strong one to CTD repeats simultaneously phosphorylated on both serines (Tanny, 2015).

This affinity and the distribution profile of H3K36me3 with an enrichment toward the 3'end of genes, as shown in Li et al., 2015, spearhead the coupling between H3K36 methylation and transcription elongation. In Arabidopsis, we and others [START_REF] Yang | Physical coupling of activation and derepression activities to maintain an active transcriptional state at FLC[END_REF][START_REF] Zhong | TOP1α regulates FLOWERING LOCUS C expression by coupling histone modification and transcription machinery[END_REF] demonstrate that SDG8 can also bind RNAPII. However, while its orthologs preferentially bind the phosphorylated CTD of elongating RNAPII, we found that SDG8 can physically interact with both phosphorylated and non-phosphorylated forms of CTD (Figure 6), as also found for the H3K4 methyltransferase ATX1 (Ding et al., 2011). Together, Arabidopsis may employ SDG8 and methylated H3K36 in different ways compare to its paradigm usage in animal and yeast, thus explaining the plant specific distribution of H3K36me3 with peaks in the first half of the coding region, compared to the 3'-end enrichment observed in animal and yeast [START_REF] Roudier | Integrative epigenomic mapping defines four main chromatin states in Arabidopsis[END_REF]. Because plants are sessile organisms, their adaptation/defense against environmental stress must be extremely efficient. It is therefore tempting to imagine that in the course of evolution, plants have hijacked the H3K36me3 mark to build up a plant-specific epigenetic process ensuring the efficiency of the transcriptional induction of stress responding genes.

Plant innate immunity and development are intimately interconnected, and evidence has accumulated supporting the contribution of SA to this interconnection. Indeed, the level of SA in Arabidopsis leaves was found increased by 2-fold during the transition to flowering [START_REF] Abreu | Salicylic acid deficiency in NahG transgenic lines and sid2 mutants increases seed yield in the annual plant Arabidopsis thaliana[END_REF] and mutants with increased SA level (e.g.

esd4, siz1, acd6), in addition to be dwarf, show accelerated flowering (Jin et al., 2008;[START_REF] Wang | Multiple roles of WIN3 in regulating disease resistance, cell death, and flowering time in Arabidopsis[END_REF][START_REF] Villajuana-Bonequi | Elevated salicylic acid levels conferred by increased expression of ISOCHORISMATE SYNTHASE 1 contribute to hyperaccumulation of SUMO1 conjugates in the Arabidopsis mutant early in short days 4[END_REF], while SA-deficient mutants (e.g.

nahG, sid1/eds5 and sid2) exhibit late-flowering phenotypes [START_REF] Martínez | Salicylic acid regulates flowering time and links defence responses and reproductive development[END_REF]. SA plays also important roles in light-harvesting processes and photoprotection [START_REF] Janda | Salicylic acid and photosynthesis: Signalling and effects[END_REF]), since, for example, SA affects carotenoids content [START_REF] Munné-Bosch | A deficiency in salicylic acid alters isoprenoid accumulation in water-stressed NahG transgenic Arabidopsis plants[END_REF]. In addition, SA markedly enhances the reinduction of the late maturation program during early stages of germination [START_REF] Rajjou | Proteomic investigation of the effect of salicylic acid on Arabidopsis seed germination and establishment of early defense mechanisms[END_REF][START_REF] Alonso-Ramírez | Evidence for a role of gibberellins in salicylic acid-modulated early plant responses to abiotic stress in Arabidopsis seeds[END_REF] and interacts with jasmonate/ethylene [START_REF] Li | Signaling Crosstalk between Salicylic Acid and Ethylene/Jasmonate in Plant Defense: Do We Understand What They Are Whispering[END_REF], as well as with brassinosteroids pathways [START_REF] Divi | Brassinosteroid-mediated stress tolerance in Arabidopsis shows interactions with abscisic acid, ethylene and salicylic acid pathways[END_REF]. Similarly as other mutants with increased SA level, sdg8 appears dwarf and affected in the regulation of the flowering time [START_REF] Kim | Establishment of the vernalization-responsive, winter-annual habit in Arabidopsis requires a putative histone H3 methyl transferase[END_REF][START_REF] Zhao | Prevention of early flowering by expression of FLOWERING LOCUS C requires methylation of histone H3 K36[END_REF], carotenoid composition [START_REF] Cazzonelli | Potential implications for epigenetic regulation of carotenoid biosynthesis during root and shoot development[END_REF][START_REF] Cazzonelli | Transcriptional control of SET DOMAIN GROUP 8 and CAROTENOID ISOMERASE during Arabidopsis development[END_REF], light responsive genes involved in photosynthesis [START_REF] Li | The histone methyltransferase SDG8 mediates the epigenetic modification of light and carbon responsive genes in plants[END_REF], seed gene regulation [START_REF] Tang | Synergistic repression of the embryonic programme by SET DOMAIN GROUP 8 and EMBRYONIC FLOWER 2 in Arabidopsis seedlings[END_REF], brassinosteroid-regulated gene expression (Wang et al., 2014) and JA/ET-mediated responses (Berr et al., 2010;[START_REF] Zhang | Jasmonate-mediated wound signalling promotes plant regeneration[END_REF]. Because the stimulation of a given stress-signaling pathway usually results in the prioritization of defense over growth-related cellular functions, while conserving enough resources for survival and reproduction [START_REF] Van Verk | Chapter 10 Transcriptional Regulation of Plant Defense Responses[END_REF], there is a strong need for regulators acting at the junction between defense and development. Together with the evidence presented herein that SDG8 has a profound impact on the SA-pathway, we raise the hypothesis of its involvement in the controlled balancing between development and immunity for the long-term fitness. How SDG8 is targeted to one or the other process remains unknown, but examples such as the bZIP transcription factors bZIP28 and bZIP60 suggested the involvement of stress-induced transcription factors to recruit histone-modifying complexes at stress responsive genes [START_REF] Song | Transcription factor interaction with COMPASS-like complex regulates histone H3K4 trimethylation for specific gene expression in plants[END_REF]. Because SDG8 orthologs exist in other plant species [START_REF] Huang | Phylogenetic analysis and classification of the Brassica rapa SET-domain protein family[END_REF]Liu et al., 2016), it is tempting to speculate that such connection might be conserved in the plant kingdom.

Table S1: Primers used in this work

Primers pairs used for qRT-PCR:

Gene Sequence (5' to 3')

ICS1 (AT1G74710) CATTGATCTATGCGGGGACAG TGGACAAAAGCTCGTACCTGAG EDS1 (AT3G48090) AAGCATGATCCGCACTCG CGAAGACACAGGGCCGTA PAD4 (AT3G52430) GGTTCTGTTCGTCTGATGTTT GTTCCTCGGTGTTTTGAGTT NPR1 (AT1G64280) AGGCACTTGACTCGGATGATATTG CTTCACATTGCAATATGCAACAGC WRKY70 (AT3G56400) AGGAGATGGGTTCGAAGGTA TCGTTGAAGGCCATGACTTA PR1 (AT2G14610) TTCTTCCCTCGAAAGCTCAA AAGGCCCACCAGAGTGTATG PR2 (AT3G57260) CGATCCAGGGTACTCATACCA CTCCGACACCACGATTTCCA Reference Genes GAPDH (AT1G13440) TTGGTGACAACAGGTCAAGCA AAACTTGTCGCTCAATGCAATC EXP (AT4G26410) GAGCTGAAGTGGCTTCAATGAC GGTCCGACATACCCATGATCC TIP41 (AT4G34270)
GTGAAAACTGTTGGAGAGAAGCAA TCAACTGGATACCCTTTCGCA

Primers pairs used for quantifying qChIP enrichment:

Gene Sequence (5' to 3') In eukaryotes, covalent modifications of histone tails are essential for the proper regulation of gene transcription within the chromatin context [START_REF] Zentner | Regulation of nucleosome dynamics by histone modifications[END_REF]. Among these modifications, the specific methylation of particular histone lysine residues is established by histone lysine methyltransferases (HKMTs). In Arabidopsis, all known HKMTs contain a conserved catalytic SET domain and are therefore referred as SET DOMAIN GROUP (SDG) proteins. SDGs can be divided into at least five classes based on their domain architectures and/or enzymatic activity [START_REF] Pontvianne | Arabidopsis Histone Lysine Methyltransferases[END_REF].

ACT7 (AT5G09810) CCCTCGTAGATTGGCACAGT GGCCGTTCTTTCTCTCTATGC PR1 (AT2G14610) A CGTCTTTGTAGCTCTTGTAGGTG TGAACCCTTAGATAATCTTGTGGGC B TGCAATGGAGTTTGTGGT CACCTCACTTTGGCACATCCGA C ATTTCAATAAGGAGCATCATATGCAGG GATTCTCGTAATCTCAGCTCTTATTTGT PR2 (AT3G57260) D CGGCCAATATTACCATGATCCAACC ATGAATCGCCCAAACCAATTTGGT E TTAGCCTCACCACCAATGTTGATG AACCTGTGTGGTTGAAGAAGGA F CCTATTCGACGCAAATCTCGACTC GACACCACGATTTCCAACGATCC NPR1 (AT1G64280) G ATGTAAACCGTGGGACGAGG GATCGAAGATAACCATTGACGAGCAG H GGAGATTGCCAAGGATTACGAAGT CCTTTAGGCGGCGGTCTCA I GTGCTCGACCAGATTATGAACTGTG TTTGTAGTCGTTTCTCAGCAGTGT WRKY70 (AT3G56400) J AGGACCCTAAGTTTGGATTTCAGCA ATGGTGAGCTTGACGTAAGCTCAAA K CCCATCTCCTCCTCCTCATCCCTCG CCGGAATCTTCAAACTTGCCGTCGT L CATCAGGCCAGTTACGTCAATGGGA
Among them, SDGs belonging to the ABSENT, SMALL OR HOMEOTIC DISCS1

(ASH1) and TRITHORAX (TRX) classes form together the Trithorax group (TrxG), which are involved in transcriptional activation through catalysis of H3K4 and/or H3K36 methylation. SDG26/ASHH1 is one of the 5 SDG genes belonging to the ASH1 subfamily.

SDG26 was involved through a yet unknown mechanism in DNA repair [START_REF] Campi | Participation of Chromatin-Remodeling Proteins in the Repair of Ultraviolet-B-Damaged DNA[END_REF][START_REF] Roitinger | Quantitative Phosphoproteomics of the Ataxia Telangiectasia-Mutated (ATM) and Ataxia Telangiectasia-Mutated and Rad3-related (ATR) Dependent DNA Damage Response in Arabidopsis thaliana[END_REF], but besides this, SDG26 has been primarily studied regarding the late-flowering phenotype caused by its mutation [START_REF] Xu | Di-and tri-but not monomethylation on histone H3 lysine 36 marks active transcription of genes involved in flowering time regulation and other processes in Arabidopsis thaliana[END_REF]. This phenotype is quite unusual because mutations in other ASH1 subfamily members, such as SDG8, its closest homolog [START_REF] Kim | Establishment of the vernalization-responsive, winter-annual habit in Arabidopsis requires a putative histone H3 methyl transferase[END_REF][START_REF] Soppe | The early-flowering mutant efs is involved in the autonomous promotion pathway of Arabidopsis thaliana[END_REF][START_REF] Zhao | Prevention of early flowering by expression of FLOWERING LOCUS C requires methylation of histone H3 K36[END_REF], or SDG7/ASHH3 [START_REF] Lee | A methyltransferase required for proper timing of the vernalization response in Arabidopsis[END_REF], as well as in TRX class members, such as ATX1/SDG27 [START_REF] Pien | ARABIDOPSIS TRITHORAX1 Dynamically Regulates FLOWERING LOCUS C Activation via Histone 3 Lysine 4 Trimethylation[END_REF], SDG2/ATRX3 [START_REF] Guo | SET DOMAIN GROUP2 is the major histone H3 lysine 4 trimethyltransferase in Arabidopsis[END_REF] or SDG25/ATXR7 [START_REF] Berr | SET DOMAIN GROUP25 Encodes a Histone Methyltransferase and Is Involved in FLOWERING LOCUS C Activation and Repression of Flowering[END_REF][START_REF] Tamada | ARABIDOPSIS TRITHORAX-RELATED7 Is Required for Methylation of Lysine 4 of Histone H3 and for Transcriptional Activation of FLOWERING LOCUS C[END_REF] and even in the repressive E(z) family member CURLY LEAF [START_REF] Jiang | Repression of FLOWERING LOCUS C and FLOWERING LOCUS T by the Arabidopsis Polycomb Repressive Complex 2 Components[END_REF] result in early-flowering plants. Indeed, SDG26 promotes flowering through a distinct genetic pathway. It was shown that SDG26 participates in the transcriptional activation of the floral pathway integrator SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1 (SOC1) through binding at SOC1 promoter region and depositing H3K4me3 and H3K36me3 along its chromatin [START_REF] Berr | The trxG family histone methyltransferase SET DOMAIN GROUP 26 promotes flowering via a distinctive genetic pathway[END_REF]. In addition to the decreased expression of SOC1 observed in sdg26, an increased expression of FLOWERING LOCUS C (FLC) was also detected [START_REF] Berr | The trxG family histone methyltransferase SET DOMAIN GROUP 26 promotes flowering via a distinctive genetic pathway[END_REF]Liu et al., 2016;[START_REF] Xu | Di-and tri-but not monomethylation on histone H3 lysine 36 marks active transcription of genes involved in flowering time regulation and other processes in Arabidopsis thaliana[END_REF]. It is well known that along the flowering-regulatory network the floral repressor FLC binds and represses SOC1. Therefore, considering the active role of SDG26 on SOC1, the question remains as to how FLC can be up-regulated in sdg26. Interestingly, in a previous study about Arabidopsis cold responses, SOC1 was proposed to repress FLC expression through the inhibition of cold-inducible genes such as COLD REGULATED (COR) or C-REPEAT/DREB BINDING FACTOR (CBF; [START_REF] Seo | Crosstalk between Cold Response and Flowering in Arabidopsis Is Mediated through the Flowering-Time Gene SOC1 and Its Upstream Negative Regulator FLC[END_REF]). An intriguing hypothesis was formulated that the SOC1 down-regulation in the sdg26 mutant may cause the FLC up-regulation [START_REF] Berr | The trxG family histone methyltransferase SET DOMAIN GROUP 26 promotes flowering via a distinctive genetic pathway[END_REF]. In addition, using the Stress Responsive Transcription Factor Database ( STIFDB; [START_REF] Naika | STIFDB2: An Updated Version of Plant Stress-Responsive TranscrIption Factor DataBase with Additional Stress Signals, Stress-Responsive Transcription Factor Binding Sites and Stress-Responsive Genes in Arabidopsis and Rice[END_REF], we found that SDG26 expression may be induced by different abiotic stresses (cold, drought and salt) and a W-box is present at its promoter region with a z-score of 1.89. W-box, with (C/T)TGAC(T/C) as a core sequence, acts as a binding site for WRKY transcription factors that play crucial roles in regulating stress responses under both biotic and abiotic stresses [START_REF] Phukan | WRKY Transcription Factors: Molecular Regulation and Stress Responses in Plants[END_REF]. Based on these different observations, we decided to investigate the involvement of SDG26 in plant abiotic stress responses.

III.2. Results

III.2.1. General features of the SDG26 gene

At first, we decided to better characterize the SDG26 gene (AT1G76710), starting with general features. Based on the information available in TAIR10, SDG26 contains 11 introns. While TAIR10 annotates only two representative transcripts (SDG26-a and SDG26-b that give after translation the same protein), AceView predicts four different mRNAs, with three alternatively spliced variants and one unspliced form (Figure 17A). 

III.2.1.1. SDG26-a/b is the main transcript of the SDG26 gene

RT-qPCR expression analysis was performed using primer pairs specific for the SDG26-a/b and SDG26-c isoforms using cDNA prepared by poly-T reverse transcription on total RNA extracted from different plant tissues and at different day-time points (Figure 18A andB). We observed SDG26-a/b being expressed higher in seedlings, roots, stem, rosette leaves, flower buds, mature flowers as well as siliques, and lower in cauline leaves.

Compared to SDG26-a/b, approximately ten times less SDG26-c was expressed in all analyzed tissues (Figure 18C). Moreover, SDG26-a/b and SDG26-c transcript levels in seedlings were found stably expressed during the day (Figure 18D). 

III.2.1.2. Cellular localization and function of the different SDG26 isoform proteins

To have a better idea of the cellular localization of the SDG26 proteins and because When transiently and heterologously expressed in tobacco epidermal cells after agroinfiltration, SDG26-a/b was detected in the nucleus, while SDG26-c mainly associate with the plasma membrane (Figure 19B). However, SDG26-a/b and SDG26-c share the same putative NLS (Figure 17B) and online tools (NetNES and LocNES) have failed to identify Nuclear Export Signals (NES). Therefore, the identified NLS is probably functional in SDG26-a/b, while the SDG26-c localization might be due to the conformational structure of this protein that prevents access of the NLS by the nuclear import machinery and/or the presence of a yet unknown motif for membrane association.

Next, constructs for both SDG26-a/b and SDG26-c were separately transformed into the sdg26 mutant, in which none of the two SDG26 transcripts can be detected (Figure 20B). Transformed sdg26 T1 progeny from T0 plants were Basta selected on soil and selfpollinated to produce T2 populations. Several T2 plants with 100% herbicide resistance in their progeny were selected and analyzed in detail as exemplified in Figure 20 the number of rosette leaves at bolting was reproducibly slightly higher than in the wildtype control (Figure 20C). The rescued flowering phenotype makes the sdg26 transgenic plants indistinguishable from wild type plants.

It's known that sdg26 exhibits a low SOC1 expression and a high FLC expression, which nicely explains its late-flowering phenotype [START_REF] Berr | The trxG family histone methyltransferase SET DOMAIN GROUP 26 promotes flowering via a distinctive genetic pathway[END_REF]Liu et al., 2016;[START_REF] Xu | Di-and tri-but not monomethylation on histone H3 lysine 36 marks active transcription of genes involved in flowering time regulation and other processes in Arabidopsis thaliana[END_REF]. We then tested in our transgenic lines the expression level of these genes.

Further supporting the rescued flowering phenotype of T2 plants expressing SDG26-a/b, the expression level of SOC1 was found back to wild-type level. However, the FLC expression was significantly higher than in the wild-type control but still lower than in sdg26 (Figure 20D). The same was true with other independent T2 transgenic lines displaying higher SDG26-a/b expression than the one presented in Figure 20. Also, further confirming the localization observed in the heterologous system, SDG26-a/b-GFP predominantly was found in the nucleus, with a uniform distribution within the nucleoplasm but excluded from the nucleolus. Concerning SDG26-c, T2 transformants with different level of transgene expression were not able to rescue the sdg26 lateflowering phenotype as exemplified in Figure 20 for one T2 line. Moreover, the SDG26c-GFP protein was localized at the plasma membrane in Arabidopsis sdg26 transgenic plants (Figure 20E), which is consistent with the results obtained in transient transformation assay in tobacco epidermal cells (Figure 19B). Regarding the localization of the fusion protein, as for transgenic lines expressing only SDG26-a/b, we observed an exclusively nuclear signal in lines expressing genomic constructs (Figure 21E, F, G and H). All these results together with the single protein detected in wild-type Col0 using the monoclonal SDG26 antibody (Figure 19A) suggest that the SDG26-c transcript is most likely not translated in the native SDG26 or tag-fused genomic SDG26.

III.2.1.3. Tissue-specific expression pattern of SDG26

RT-PCR analysis demonstrated that SDG26 is expressed ubiquitously but at varied levels in different organs of Arabidopsis plants (Figure 18C). Using in situ hybridization, we investigated in detail the tissue-specific expression pattern of SDG26. A pGEM-T Easy plasmid containing a 214 bp fragment including part of the 3′-end and the 3'-untranslated region (UTR) of the SDG26-a/b transcript was used to prepare sense (negative control) and antisense probes. In situ hybridization showed that SDG26-a/b transcripts are more abundant in young and actively dividing tissues, with hybridization signals (dark brown areas) detected at shoot and floral apical meristem, young embryo, pollen and ovule primordia with a non-uniform distribution in clusters of cells (Figure 22). Next, we visualized the expression patterns of SDG26 by using transgenic plants, expressing a GUS reporter gene driven by the SDG26 1772 bp promoter (pSDG26-GUS).

The T2 progeny from six independent homozygous primary transformants was examined for GUS expression by histochemical staining. All transgenic lines display a roughly similar expression pattern, and here we show the data from one representative line. GUS staining of plant organs at several developmental stages revealed that the SDG26 promoter was active in a wide range of plant organs (Figure 23). In adult plants, GUS staining was detected in leaf tissues (i.e. in primary, secondary, and tertiary veins; Figure 23A), and in inflorescence and siliques, more especially in cells at organ-stem junctions like at boundaries between peduncle-silique (Figure 23B), stem-petiole (Figure 23C) and peduncle-flower (Figure 23D). At the root, we never detected the GUS activity at the root cap but very strong in the vascular system, pericycle and endodermis at the meristematic zone and in the center of the base region of emergent lateral root primordia (Figure 23E).

In seedlings, we also detected GUS activity in the root, leaf and cotyledon vasculatures (Figure 23F and H), as well as at the leaf axillary meristem (Figure 23G). Finally, because SDG26 ubiquitously expressed in both aerial and root part, especially in vascular tissues, we addressed the question of the long-range movement of its protein. Wild-type scions fused onto sdg26 rootstocks presented a Col0-like flowering phenotype, while sdg26 scions fused on Col0 rootstocks presented an sdg26-like flowering phenotype (Figure 24A). Also, we did not observe fluorescence in sdg26 scion grafted on transgenic rootstock expressing a GFP tagged version of SDG26 and vice versa (Figure 24B).

Therefore, grafting experiments suggested that SDG26 is not capable of long-range movement. Interestingly, SDG26 GUS staining and in situ hybridization present some similarities (i.e. at the abscission zone or meristems) with data obtained with SDG8 (Berr et al., 2010) and ATX1 [START_REF] Saleh | The Arabidopsis homologs of trithorax (ATX1) and enhancer of zeste (CLF) establish 'bivalent chromatin marks' at the silent AGAMOUS locus[END_REF]. These similarities may reflect common functions between these histone methyltransferases, especially because a binding between these proteins was previously detected using a yeast two-hybrid assay [START_REF] Valencia-Morales | The Arabidopsis thaliana SET-domain-containing protein ASHH1/ SDG26 interacts with itself and with distinct histone lysine methyltransferases[END_REF]. 

III.2.2. SDG26 expression is induced by abiotic stresses

Based on our in-silico analyses, SDG26 could be involved in plant abiotic stress responses. We subsequently decided to test the inducibility of SDG26 expression in response to different treatments. Abiotic stresses such as cold, drought, or salt treatments cause a slight but significant transient increase in the transcript level of SDG26 (Figure 25A to C). While the response to abiotic stresses relies on various factors, phytohormones are considered as the essential endogenous substances for modulating physiological and molecular responses (for review see [START_REF] Wani | Phytohormones and their metabolic engineering for abiotic stress tolerance in crop plants[END_REF]. We next tested the induction of SDG26 transcription in response to several signaling molecules known to be involved in the adaptive response of plants to abiotic stresses: abscisic acid (ABA), the ethylene precursor 1-aminocyclopropane-1-carboxylic acid (ACC), the synthetic cytokinin kinetin, the volatile derivative of jasmonic acid methyl jasmonate (MeJA) and the phenolic compound salicylic acid (SA). Interestingly, while hormone application resulted in the strong induction of known responding genes (e.g. RD29A for ABA), the SDG26 transcription was unchanged (Figure 25D to H). Taken together, SDG26 appeared to be induced by stress but not by phytohormones, indicating that SDG26 is probably not part of a particular hormone signaling pathway in plant defense response. Supporting the transcriptional induction of SDG26 by different stresses, an increased GUS staining was observed after a cold treatment using the pSDG26-GUS transgenic lines above described (Figure 26A). In parallel to the increased transcription of SDG26 detected upon stress exposure, we also observed a gradual increase of the SDG26 protein quantity (Figure 26B).

Also, using our sdg26 p35S-gSDG26-GFP transgenic line, we found that the cellular localization of SDG26 was unchanged in the stressed plants, with an exclusively nuclear localization signal (Figure 26C). The level of the SDG26-Myc transgenic protein was measured by Western blot in the sdg26 transgenic line p+gSDG26-Myc above described before and after cold stress exposure using an anti-Myc antibody. Histone H3 was used as a loading control. Densitometry values ± SD were normalized to H3 and shown relative to time 0 (set as 1). Letters indicate significant differences among sample in Student's t-test followed by Benjamini-Hochberg FDR correction (P < 0.05). C) Using confocal microscopy, the nuclear localization of the florescent SDG26-GFP transgenic protein was compared between sdg26 p35S-gSDG26-GFP transgenic lines grown at room temperature (RT = 21°C) and treated or not with a 4h cold stress at 4°C.

III.2.2.1. SDG26 is involved in the regulation of cold-related genes

SOC1 was previously proposed to be involved in a crosstalk between floweringtime regulation and cold response [START_REF] Seo | Crosstalk between Cold Response and Flowering in Arabidopsis Is Mediated through the Flowering-Time Gene SOC1 and Its Upstream Negative Regulator FLC[END_REF]. Because SDG26 binds SOC1 chromatin and is required for H3K4me3 and H3K36me3 at this locus [START_REF] Berr | The trxG family histone methyltransferase SET DOMAIN GROUP 26 promotes flowering via a distinctive genetic pathway[END_REF], we decided to examine the SOC1 expression in wild-type plants (Col0) and sdg26 during a cold stress, as well as in soc1 and in the double homozygous mutant sdg26 soc1 obtained by crossing sdg26 with soc1 single mutants (Figure 27A). While in untreated plants SOC1

was stably expressed, we observed a progressive increase of SOC1 expression in Col0 and sdg26 plants upon cold treatment. Interestingly, despite the basally lower SOC1 expression level detected in sdg26 at room temperature (RT), the induction of SOC1 was weaker in cold treated sdg26 compare to cold treated Col0 plants. Because FLC is a SOC1

repressor, we also addressed its expression under cold stress. As shown in Figure 27A, FLC was stably high in sdg26 and sdg26 soc1 with or without cold treatment. Surprisingly and despite the SOC1 increase observed upon cold stress, FLC was reproducibly slightly increased in Col0 and soc1 cold-treated plants. Next, we addressed the level of some active chromatin marks at these two genes using chromatin immunoprecipitation coupled with q-PCR with gene-specific primers (Figure 27 B to D). In untreated plants, we observed both decreased H3K36me3 and H3K4me3 levels at SOC1 chromatin in sdg26 compared to Col0. Upon cold exposure, the level of H3K4me3 was increased in Col0 but also in sdg26, which correlate nicely with the transcriptional induction above described, while H3K36me3 was unchanged. In addition, using either our SDG26 monoclonal antibody in Col0 and sdg26 chromatin extracts or an MYC antibody in chromatin extracts from non-transformed Col0 plants and our p+gSDG26-Myc transgenic line (Figure 27 E and F), we found an enrichment of SDG26 at SOC1 chromatin that was unaffected by cold treatment. Together, SDG26 seems to act as a cofactor necessary for the induction of SOC1 transcription in response to cold. 

SOC1-1 SOC1-2 SOC1-3 SOC1-1 SOC1-2 SOC1-3 SOC1-1 SOC1-2 SOC1-3 SOC1-1 SOC1-2 SOC1-3 95
Previously, using a SOC1 over-expressing line, SOC1 was shown as involved in the negative regulation of several cold response genes along the CBF-COR pathway, including CBF1, CBF2, and CBF3 (for CRT/DRE binding factors) and their respective downstream cold-responsive (COR) gene-targets RD29A, COR15A, KIN1 and KIN2 [START_REF] Seo | Crosstalk between Cold Response and Flowering in Arabidopsis Is Mediated through the Flowering-Time Gene SOC1 and Its Upstream Negative Regulator FLC[END_REF]. Because SDG26 regulates SOC1 and is important for SOC1 transcriptional induction upon cold stress, we next decided to analyze the expression of several cold response genes (Figure 28 and Supplementary Figure 3). CBF1, CBF2 and CBF3, as well as CBF-target COR genes (RD29A, COR15A, KIN1 and KIN2) were all upregulated in soc1 compared to Col0 (Figure 28). Interestingly, we also observed that their basal transcript level was abnormally high in soc1 under normal conditions (Supplementary Figure 3). Surprisingly, we found less induced CBF1, CBF2 and CBF3 in both sdg26 single and sdg26 soc1 double mutant plants upon cold exposure. This result indicates that the downregulation of SOC1 detected in the sdg26 mutant is not sufficient to provoke an increase in the transcription of CBF-COR pathway-related genes and suggests a direct effect of SDG26 on these genes. Resulting from the less efficient transcriptional induction of CBF genes, RD29A, COR15A, KIN1, and KIN2 accordingly appeared less induced in sdg26 and sdg26 soc1 than in Col0. Also, in contrast to genes along the CBF-COR pathway, the ABA-dependent but CBF independent genes RD29B and RD22 were unchanged in soc1, while they were downregulated in sdg26 and sdg26 soc1 compared to Col0. Further supporting a direct role of SDG26 on the transcriptional regulation of CBF genes, our ChIP analysis revealed an enrichment of SDG26 at CBF1, CBF2 and CBF3 chromatin, which was further increased upon cold exposure (Figure 29A, B andC).

Concomitantly, the level of H3K36me3 at CBF1 chromatin was higher in Col0 plants compared to sdg26 mutants. And this chromatin file was enhanced upon cold exposure (Figure 29D). Together, SDG26 seems to promote the efficient transcriptional induction of both SOC1 and CBF genes upon cold-exposure. Considering the negative effect of SOC1 over CBF genes, SDG26 is thus regulating both the repressor and its targets. 

III.2.2.2. SDG26 is involved in ABA homeostasis

The ABA-dependent but CBF independent genes RD29B and RD22 were downregulated in sdg26 and sdg26 soc1 compared to Col0. Hence, to address whether sdg26 is defective in ABA biosynthesis, we measured ABA levels before and during cold stress. The phytohormone jasmonate (JA) involved in the regulation of cold stress response [START_REF] Hu | Jasmonate regulates leaf senescence and tolerance to cold stress: Crosstalk with other phytohormones[END_REF] was also quantified in our analysis. mutants after cold treatment (Figure 29).

De novo synthesis and transport of ABA is of primary importance for increasing 100 ABA levels in response to abiotic stress, and several studies have led to the identification of genes involved in ABA biosynthesis and metabolism, as well as transport [START_REF] Baron | Transcriptional response of abscisic acid (ABA) metabolism and transport to cold and heat stress applied at the reproductive stage of development in Arabidopsis thaliana[END_REF]. Based on previously published microarray analysis searching for mis-regulated genes in sdg26 (Liu et al., 2016), we identified several key genes involved in the regulation of ABA homeostasis in Arabidopsis thaliana (Figure 31A), of which the basal expression was either down-or up-regulated in the mutant. Using qRT-PCR, we further confirmed their basal mis-regulation and also found that other genes involved in the ABA metabolism and homeostasis were mis-regulated in sdg26 (Figure 31B; only genes misregulated in sdg26 are shown). In particular, biosynthetic genes (ABA1, ABA4, NCED5, NCED6, ABA2 and AAO3) were down-regulated in sdg26 further supporting the lower accumulation of ABA above described. As a response to the decreased ABA biosynthesis, we found the decreased transcript of the ABA exporter encoding gene ABCG25 in sdg26.

Also, we detected the up-regulation of the ABA importer encoding gene ABCG40 and AtBG1, which encodes an ABA-specific β-glucosidase involved in the production of bioactive ABA from the inactive pool of glucose-conjugated ABA. As previously reported [START_REF] Baron | Transcriptional response of abscisic acid (ABA) metabolism and transport to cold and heat stress applied at the reproductive stage of development in Arabidopsis thaliana[END_REF], indicating the importance of intracellular ABA homeostasis. Lastly, catabolic genes were also found induced under cold stress in Col0 plants. Among the four members of the CYP707A subfamily encoding ABA 8'-hydrolases playing a critical role for ABA degradation, CYP707A3 and CYP707A4 were found upregulated in sdg26, especially in non-stressed plants. Together, our results indicate that SDG26 is involved in controlling ABA homeostasis through the transcriptional regulation of several key genes. 

III.2.2.2.1. sdg26 is affected in several ABA related phenotypes

ABA is produced by plants under cold and drought stress conditions and plays a vital role in mediating plant adaptation to environmental stress [START_REF] Cutler | Abscisic Acid: Emergence of a Core Signaling Network[END_REF][START_REF] Finkelstein | Abscisic Acid Signaling in Seeds and Seedlings[END_REF][START_REF] Xiong | Regulation of Abscisic Acid Biosynthesis[END_REF]. Next, we tested whether sdg26 is affected in phenotypes related to ABA. Firstly, to test if SDG26 functions in modulating plant cold stress response, we performed electrolyte leakage analysis in leaves. Electrolyte leakage analysis is a standard test to understand the response of plants to cold stress and Arabidopsis plants with increased cold resistance typically show resistance to electrolyte leakage [START_REF] Uemura | Cold Acclimation of Arabidopsis thaliana[END_REF]. The comparative analyses of electrolyte leakage in wild-type Col0, sdg26, soc1 and sdg26 soc1 show distinct response patterns (Figure 32A).

Electrolyte leakage was increased rapidly in wild-type plants during exposure to stress.

Consistent with its known cold resistance [START_REF] Seo | Crosstalk between Cold Response and Flowering in Arabidopsis Is Mediated through the Flowering-Time Gene SOC1 and Its Upstream Negative Regulator FLC[END_REF], soc1 appeared less susceptible to ion leakage. Surprisingly, despite the lower induction of cold stress-related genes and the decreased accumulation of ABA in response to cold, sdg26 showed the same response as soc1, with less ion leakage at 4°C suggesting an enhanced tolerance to cold stress (Figure 32A). Moreover, the double mutant sdg26 soc1 presented a similar profile as the individual single mutant. Chilling temperatures (0∼10°C) also led to stomatal closure in many cold-tolerant plants such as Arabidopsis, thus limiting leaf dehydration when the water supply from the roots is restricted at low temperature [START_REF] Allen | Alteration of Stimulus-Specific Guard Cell Calcium Oscillations and Stomatal Closing in Arabidopsis det3 Mutant[END_REF][START_REF] Rohde | Heterosis in the freezing tolerance of crosses between two Arabidopsis thaliana accessions (Columbia-0 and C24) that show differences in non-acclimated and acclimated freezing tolerance[END_REF]. We subsequently explored stomatal characteristics in our mutants upon cold stress exposure (Figure 32B).

Despite the positive effect of SOC1 on the light-induced stomatal opening previously reported [START_REF] Kimura | A Flowering Integrator, SOC1, Affects Stomatal Opening in Arabidopsis thaliana[END_REF], we were not able to detect any significant difference between Col0 and soc1 plants grown at 21°C under normal conditions (RT; Figure 32B).

Also, while proportions of each of the three stomata categories were roughly similar between Col0, sdg26, soc1 and sdg26 soc1 at room temperature (RT), we observed a significant decrease in the proportion of "Close" and "Partially close" stomata in favor of "Open" ones in sdg26 and sdg26 soc1 upon cold stress treatment. Besides this, we did not observe significant differences between Col0 and our single and double mutants regarding stomatal characteristics (Figure 32C to F). These results suggest that the sdg26 mutant shows reduced cold-induced stomatal closing without affecting stomatal morphology and development.

Furthermore, soil-grown 2-weeks-old plants were subjected to water deficit, and it was found that sdg26 as well as sdg26 soc1 mutants appeared more sensitive than wildtype Col0 or soc1 mutant plants (Figure 33A). Because all plants were grown in the same conditions, they were exposed to similar water withdrawal, our results thus suggest that sdg26 and sdg26 soc1 are more sensitive to soil water deficit, probably because of a faster rate of transpiration. To test this hypothesis, we measured the rate of water loss from detached leaves and found that indeed, sdg26 and sdg26 soc1 leaves lost water at a faster rate than wild-type Col0 and soc1 mutant plants (Figure 33B). Also, after ten days of water withdrawal and three days of re-watering, the number of surviving plants was below 20% for sdg26 and sdg26 soc1, while it was around 80% for Col0 and soc1 (Figure 33C).

Altogether, because ABA plays an important role in inducing the cold stress response, in the process of stomatal closure and in drought resistance, the low ABA accumulation detected in sdg26 and sdg26 soc1 (Figure 30) could nicely explain the stress phenotypes displayed by the mutants. Cold induces the expression of many genes that are essential to enhance the tolerance of plants to freezing temperature. Lastly, we examined whether sdg26 exhibits differences in freezing tolerance. The soc1 mutant was used as a control since SOC1 was reported to regulate not only flowering but also freezing tolerance [START_REF] Seo | Crosstalk between Cold Response and Flowering in Arabidopsis Is Mediated through the Flowering-Time Gene SOC1 and Its Upstream Negative Regulator FLC[END_REF]. To address this question, we exposed the plants at -10°C for 2 hours and then transferred to 21°C for recovery (Figure 34). As expected, more soc1 mutants survived the freezing treatment compared to wild-type Col0 plants (Figure 34A). Remarkably, sdg26 appeared to be at least as tolerant as soc1 (Figure 34A). In contrast, sdg8 showed less tolerant than wild-type plants to freezing (Figure 34B). Together, our results demonstrated that SDG26

regulates not only flowering but also freezing tolerance. Because the SDG26 mutation impairs the induction of CBFs and COR genes while the soc1 mutant behaves opposite, SDG26 and SOC1 might interfere with freezing tolerance through distinct mechanisms. 

III.3. Discussion

In this study, we provide a profound characterization of the SDG26 gene and its involvement in response to abiotic stresses, with a particular focus on cold response. We identified two alternatively spliced mRNA transcribed from SDG26 (SDG26-a/b and SDG26-c), which are both ubiquitously detected at a relatively stable rate during the day (Figure 17 and 18). Interestingly, using transgenic Arabidopsis lines, we demonstrated that the shorter transcript (i.e. SDG26-c) resulting from the use of an alternative 3′ splice site in exon 10 is most likely not translated, while the other is (Figure 19 and 20).

Moreover, SDG26-a/b can complement the late-flowering phenotype of the sdg26 mutant, while SDG26-c cannot (Figure 20). In addition, the transcription of SDG26-a/b was induced by different abiotic stress treatments, while the level of SDG26-c was unchanged (Figure 25). Together, the function of the SDG26-c alternative transcript remains as yet unknown. Currently, it is estimated that more than 60% of multi-exon plant genes produce alternatively spliced variants under different developmental or environmental conditions, with many alternatively spliced events resulting from the appearance of premature termination codons [START_REF] Reddy | Complexity of the Alternative Splicing Landscape in Plants[END_REF]. Some of these truncated mRNA molecules are subjected to non-sense-mediated mRNA decay (NMD), an RNA surveillance mechanism that subjects targeted transcripts for degradation during the first round of translation [START_REF] Reddy | Complexity of the Alternative Splicing Landscape in Plants[END_REF]. According to Aceview and because it presents a premature termination codon, SDG26-c was a predicted target of NMD. Interestingly, the vast majority of NMD-targeted transcripts are associated with response to pathogens [START_REF] Rayson | A Role for Nonsense-Mediated mRNA Decay in Plants: Pathogen Responses Are Induced in Arabidopsis thaliana NMD Mutants[END_REF], and NMD represents a physiological gene regulatory mechanism contributing to plant innate immunity by controlling the threshold for activation of certain resistance pathways [START_REF] Gloggnitzer | Nonsense-Mediated mRNA Decay Modulates Immune Receptor Levels to Regulate Plant Antibacterial Defense[END_REF]. Because SDG26 (ASHH1) was found induced early following infection with Pseudomonas syringae [START_REF] Lewis | Transcriptional Dynamics Driving MAMP-Triggered Immunity and Pathogen Effector-Mediated Immunosuppression in Arabidopsis Leaves Following Infection with Pseudomonas syringae pv tomato DC3000[END_REF], it would be of interest to determine the function of both transcripts during pathogen infection.

Based on phylogenetic analyses, SDG26 belong to the TrxG family, which regroup 12 SET domain proteins [START_REF] Springer | Comparative Analysis of SET Domain Proteins in Maize and Arabidopsis Reveals Multiple Duplications Preceding the Divergence of Monocots and Dicots[END_REF]. Like other members of this TrxG family that have been analyzed so far, such as ATX1 to ATX5, SDG2, SDG25 or SDG8 [START_REF] Berr | SET DOMAIN GROUP25 Encodes a Histone Methyltransferase and Is Involved in FLOWERING LOCUS C Activation and Repression of Flowering[END_REF](Berr et al., , 2010;;Chen et al., 2017;[START_REF] Puig | Higher plants possess two different types of ATX1-like copper chaperones[END_REF][START_REF] Zhao | Prevention of early flowering by expression of FLOWERING LOCUS C requires methylation of histone H3 K36[END_REF], SDG26 localized in the nuclei, which is in accordance with its presumed chromatin function (Figure 19,20 and 21). Also, like other members of this TrxG family, SDG26 is ubiquitously expressed in different organs of Arabidopsis plants (Figure 18). However, in situ hybridization showed that the SDG26 transcript was more abundant in young tissues as well as in sporogenous/gametophytic cells in anthers and ovules (Figure 22). Interestingly, similar expression profiles were previously reported for SDG8 and SDG2 (Berr et al., 2010;[START_REF] Zhao | Prevention of early flowering by expression of FLOWERING LOCUS C requires methylation of histone H3 K36[END_REF]. Using a promoter-GUS fusion approach, we observed more nuanced similarities between the expression patterns of TrxG family members. Indeed, like ATX1

to 5 (Chen et al., 2017;[START_REF] Hayot | Viscoelastic properties of cell walls of single living plant cells determined by dynamic nanoindentation[END_REF][START_REF] Saleh | The Arabidopsis homologs of trithorax (ATX1) and enhancer of zeste (CLF) establish 'bivalent chromatin marks' at the silent AGAMOUS locus[END_REF], an intense GUS staining was observed in vascular tissues with the SDG26 promoter (Figure 23A andH), while such staining was absent when using the SDG7 [START_REF] Lee | A methyltransferase required for proper timing of the vernalization response in Arabidopsis[END_REF] or the SDG8 promoters (Berr et al., 2010;[START_REF] Kim | Establishment of the vernalization-responsive, winter-annual habit in Arabidopsis requires a putative histone H3 methyl transferase[END_REF]. Also, a strong GUS signal was detected in root tip for ATX1, ATX2, SDG7, SDG8 and SDG26 (Berr et al., 2010;[START_REF] Lee | A methyltransferase required for proper timing of the vernalization response in Arabidopsis[END_REF][START_REF] Saleh | The Arabidopsis homologs of trithorax (ATX1) and enhancer of zeste (CLF) establish 'bivalent chromatin marks' at the silent AGAMOUS locus[END_REF]; Figure 23E), but not with ATX3 to 5 (Chen et al., 2017). Finally, GUS staining patterns in flowers were roughly similar between ATX1 to 5, SDG8 and SDG26 (Berr et al., 2010;[START_REF] Cazzonelli | Potential implications for epigenetic regulation of carotenoid biosynthesis during root and shoot development[END_REF]Chen et al., 2017;[START_REF] Hayot | Viscoelastic properties of cell walls of single living plant cells determined by dynamic nanoindentation[END_REF][START_REF] Saleh | The Arabidopsis homologs of trithorax (ATX1) and enhancer of zeste (CLF) establish 'bivalent chromatin marks' at the silent AGAMOUS locus[END_REF] Figure 23D). It is also interesting to point out that some specificities were also reported, with a GUS staining in hydathodes at the leaf margin for SDG8 (Berr et al., 2010) or in trichomes for ATX3 to 5 (Chen et al., 2017). These results indicated that Arabidopsis TrxG proteins exhibit few unique but many similar expression patterns, thus suggesting some functional redundancies. In line with this assumption, some protein interactions were reported to occur between TrxG proteins, such as between SDG26 and ATX1 or SDG26 and SDG8 [START_REF] Valencia-Morales | The Arabidopsis thaliana SET-domain-containing protein ASHH1/ SDG26 interacts with itself and with distinct histone lysine methyltransferases[END_REF]. Taken together, our expression analysis suggests that SDG26 may have, in connection or not with its function in flowering time regulation, additional roles that will require further exploration.

In this work, we demonstrated that SDG26 is induced by different abiotic stresses (cold, drought and osmotic stresses), but not by stress-related phytohormones (ABA, ACC, Kinetin, SA and MeJA; Figure 25). Such differences in induction implicate that SDG26 may act upstream of phytohormone along the abiotic stress signaling pathway. This stressinduction was further confirmed at the protein level and also using a promoter-GUS fusion approach (Figure 26). Interestingly, among the up-regulated 3237 probe sets (i.e. out of 61,251 probe sets) in winter/dormancy stems over summer/active-growth stems in Populus trichocarpa trees, the SDG26 ortholog was found up-regulated more than thousand times [START_REF] Ko | Novel aspects of transcriptional regulation in the winter survival and maintenance mechanism of poplar[END_REF]. Together, these results suggest that the response to cold at the chromatin level might be a broadly conserved process in plants.

Additionally, the nuclear localization of SDG26 was found to be stable even after cold stress. Indeed, we were not able to detect any long-distance movement, as well as changes in cellular subcompartment localization upon stress treatment (Figure 24 and 26).

Previously SDG26 was proposed to regulate SOC1 in the course of flowering time regulation [START_REF] Berr | The trxG family histone methyltransferase SET DOMAIN GROUP 26 promotes flowering via a distinctive genetic pathway[END_REF]Liu et al., 2016) and SOC1 was found to mediate crosstalk between cold sensing and flowering [START_REF] Seo | Crosstalk between Cold Response and Flowering in Arabidopsis Is Mediated through the Flowering-Time Gene SOC1 and Its Upstream Negative Regulator FLC[END_REF]. In the model proposed by [START_REF] Seo | Crosstalk between Cold Response and Flowering in Arabidopsis Is Mediated through the Flowering-Time Gene SOC1 and Its Upstream Negative Regulator FLC[END_REF], SOC1 expression is supposed to be repressed by cold stress. However, such repression was not experimentally tested so far. Here, we found that while FLC was stably expressed, cold stress resulted in the rapid induction of SOC1 in wild-type Col0 plants (Figure 27A). In parallel, the loading of SDG26 and the level of H3K36me3 at SOC1 chromatin were unchanged upon cold stress, while H3K4me3 was increased (Figure 27 B to F). In sdg26, we found SOC1 less transcriptionally induced upon cold stress, which nicely correlates with the lower level of the two analyzed active histone marks detected at SOC1 chromatin in the mutant (Figure 27 B, C andD). Together, our results suggested that SDG26 play a role in the induction of SOC1 upon cold stress to promote flowering, thus enabling plants to complete their life cycles under stress condition rapidly.

ABA is an important stress hormone in plants, that has been demonstrated to be involved in the cold stress response (Shi and Yang, 2014). And, supporting our results, SOC1 was very recently found to be induced by ABA through the activity of the ABAresponsive element (ABRE)-binding factors ABF3 and ABF4 [START_REF] Hwang | Arabidopsis ABF3 and ABF4 Transcription Factors Act with the NF-YC Complex to Regulate SOC1 Expression and Mediate Drought-Accelerated Flowering[END_REF]. Still based on the model proposed by [START_REF] Seo | Crosstalk between Cold Response and Flowering in Arabidopsis Is Mediated through the Flowering-Time Gene SOC1 and Its Upstream Negative Regulator FLC[END_REF], SOC1 was assumed to be a repressor of CBF-COR genes. Here, we found that despite the lower induction of SOC1 observed in the sdg26 mutant, CBF-COR genes were less induced upon cold treatment (Figure 28).

In parallel, we demonstrated that SDG26 also bind some CBF genes and that this binding was enhanced upon cold stress (Figure 29). Similarly, as for SOC1, the level of H3K36me3 decreased in sdg26 compared to wild-type Col0 plants. Because SOC1 directly binds to the promoters of CBF genes in vivo to repress their expression [START_REF] Seo | Crosstalk between Cold Response and Flowering in Arabidopsis Is Mediated through the Flowering-Time Gene SOC1 and Its Upstream Negative Regulator FLC[END_REF], it would be interesting to test if SOC1 and SDG26 competitively bind these genes, possibly through similar cis-regulatory modules. Together, our results indicate that SDG26 is acting at the junction between flowering time regulation (i.e. through SOC1)

and cold response (i.e. through CBF-COR genes). Such an astride positioning is not new for a histone methyltransferase since SDG8 and ATX1 were also involved in the regulation of flowering time and stress responses [START_REF] Ramirez-Prado | Modify the Histone to Win the Battle: Chromatin Dynamics in Plant-Pathogen Interactions[END_REF] and it may represent an advantage in controlling the precise balance between development and stress response to maximize chances of survival and/or progeny establishment.

Finally, because sdg26 mutant presented down-regulated ABA-dependent but CBF-independent genes, we tested the level of endogenous ABA and found it reduced in the mutant before and after stress treatment (Figure 30). In parallel, several genes encoding key enzymes involved in ABA homeostasis were found mis-regulated in sdg26, and typical ABA-related phenotype such as the stomatal aperture or the drought sensitivity were found also affected in the mutant (Figure 31 to 33). Among the down-regulated genes we detected in the sdg26 mutant, ABA1 and ABA2 were proposed to promote flowering since their ABA-deficient mutants flowered later than control plants [START_REF] Riboni | ABA-dependent control of GIGANTEA signalling enables drought escape via up-regulation of FLOWERING LOCUS T in Arabidopsis thaliana[END_REF].

Therefore, the decisive role of ABA in accelerating flowering suggests that the lateflowering phenotype of sdg26 might be partially due to its low endogenous ABA level.

The functional link between ABA and SDG26 we described here may be relevant to future studies in other organisms, especially because ABA also promotes early flowering in rice [START_REF] Du | Integrative Regulation of Drought Escape through ABA-Dependent and -Independent Pathways in Rice[END_REF] and because the rice SDG26-homologue SDG708 is also involved in promoting plant flowering [START_REF] Sui | H3K36 Methylation Is Involved in Promoting Rice Flowering[END_REF]. A similarly impaired production of ABA was also reported for the histone methyltransferase mutant atx1, which also behaved a decreased drought tolerance and stomatal closure upon stress [START_REF] Ding | The Arabidopsis trithorax-like factor ATX1 functions in dehydration stress responses via ABA-dependent and ABAindependent pathways: ATX1 functions in dehydration stress responses[END_REF]. However, despite its decreased level of ABA, atx1 is known to flower earlier than wild type plants [START_REF] Alvarez-Venegas | ATX-1, an Arabidopsis homolog of trithorax, activates flower homeotic genes[END_REF]. The discrepancy between sdg26 and atx1 regarding the ABA level and the flowering time may reflect the broader impact of the ATX1 mutation on the whole genome expression compared to the SDG26 one (Shafiq et al., 2014c). Also, while the subcellular localization of SDG26 was unchanged in response to stress (Figure 26), ATX1 shifts its localization from the nucleus to the cytoplasm [START_REF] Alvarez-Venegas | The Arabidopsis homolog of trithorax, ATX1, binds phosphatidylinositol 5-phosphate, and the two regulate a common set of target genes[END_REF][START_REF] Ndamukong | Phosphatidylinositol 5-Phosphate Links Dehydration Stress to the Activity of ARABIDOPSIS TRITHORAX-LIKE Factor ATX1[END_REF]. Together with the protein interaction detected between ATX1 and SDG26 [START_REF] Valencia-Morales | The Arabidopsis thaliana SET-domain-containing protein ASHH1/ SDG26 interacts with itself and with distinct histone lysine methyltransferases[END_REF], a functional link may exist between these histone methyltransferases in regulating ABA homeostasis and abiotic stress response, but it awaits future clarification.

In conclusion, our data show the importance of SDG26 during the abiotic stress response. Other studies of mutants for histone methylation have also proven how histone methyltransferase can be considered as the central regulator of transcription under stress conditions [START_REF] Berr | Chromatin modification and remodelling: A regulatory landscape for the control of Arabidopsis defence responses upon pathogen attack[END_REF][START_REF] Bobadilla | Histone Methylation -A Cornerstone for Plant Responses to Environmental Stresses? Abiotic and Biotic Stress in Plants -Recent Advances and Future Perspectives[END_REF][START_REF] Ramirez-Prado | Modify the Histone to Win the Battle: Chromatin Dynamics in Plant-Pathogen Interactions[END_REF].

However, research is still limited for correlating transcription and histone methylation at few responsive genes during stress, unfortunately, which is not exhaustive. Identifying essential histone methyltransferases together with genome-wide approaches are indispensable, especially to define whether histone methylations are a cause or a consequence of the transcriptional changes triggered by stress.

regulation. Previously, the histone methyltransferase SDG26 was reported to promote flowering via a distinctive genetic pathway. Indeed, SDG26 was found required for 

IV.1. Introduction

A precise control of the floral transition, the phase transition from vegetative to reproductive development, ensures the reproductive success of seed-propagated plants [START_REF] Mylne | Epigenetic Regulation in the Control of Flowering[END_REF]. Flowering time control in Arabidopsis thaliana is finely tuned through different sophisticated genetic networks in response or not to environmental changes. Among these networks, some, such as the aging, gibberellin, and autonomous pathways, are responding to internal cues, while others, such as the photoperiod, circadian clock, ambient temperature, and vernalization pathways, are responding to exogenous signals [START_REF] Fornara | SnapShot: Control of Flowering in Arabidopsis[END_REF]Ó'Maoiléidigh et al., 2014). All these six pathways converge to regulate the expression of a small set of floral pathway integrator genes to govern flowering [START_REF] Fornara | SnapShot: Control of Flowering in Arabidopsis[END_REF]Simpson and Dean, 2002).

FLOWERING LOCUS T(FT) and SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1), commonly known as floral integrators, and the floral repressor

FLOWERING LOCUS C (FLC) plays essential roles in flowering time control in

Arabidopsis (Kardailsky et al., 1999;[START_REF] Lee | The AGAMOUS-LIKE 20 MADS domain protein integrates floral inductive pathways in Arabidopsis[END_REF]Michaels and Amasino, 1999). FT encodes a mobile florigen, synthesized in the phloem and able to promote flowering by moving to the shoot apical meristem (SAM) under inductive day length conditions [START_REF] He | Control of the Transition to Flowering by Chromatin Modifications[END_REF]Shim et al., 2016;[START_REF] Wagner | Key developmental transitions during flower morphogenesis and their regulation[END_REF]. FT physically associates with the bZIP transcription factor FD to promote floral initiation by inducing downstream flowering identity genes such as LEAFY(LFY), APETALA 1(AP1), SEPALLATA3 (SEP3) and FRUITFULL (FUL) either directly, or through the induction of SOC1 [START_REF] Yamaguchi | TWIN SISTER OF FT (TSF) Acts as a Floral Pathway Integrator Redundantly with FT[END_REF][START_REF] Jang | Genetic and spatial interactions between FT, TSF and SVP during the early stages of floral induction in Arabidopsis[END_REF]Teper-Bamnolker, 2005;[START_REF] Yoo | CONSTANS Activates SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 through FLOWERING LOCUS T to Promote Flowering in Arabidopsis[END_REF]. Both FT and SOC1 are repressed by the MADS-box transcription factor FLC, which regulates their expression by binding the first intron of FT and the CArG-motif of SOC1 (Helliwell et al., 2006). Apart from this, the FLC homologs named MAF1 to MAF5 act more or less redundantly in Arabidopsis to regulate flowering time. Indeed; it has been shown that FLC and its homologs MAFs interact with SHORT VEGETATIVE PHASE (SVP) to repress SOC1

and FT [START_REF] Gu | Photoperiodic Regulation of Flowering Time through Periodic Histone Deacetylation of the Florigen Gene FT[END_REF]Lee et al., 2013;[START_REF] Li | A Repressor Complex Governs the Integration of Flowering Signals in Arabidopsis[END_REF][START_REF] Mateos | Combinatorial activities of SHORT VEGETATIVE PHASE and FLOWERING LOCUS C define distinct modes of flowering regulation in Arabidopsis[END_REF][START_REF] Posé | Temperature-dependent regulation of flowering by antagonistic FLM variants[END_REF][START_REF] Sureshkumar | Nonsensemediated mRNA decay modulates FLM-dependent thermosensory flowering response in Arabidopsis[END_REF].

Analysis of mutants with late-flowering phenotype under both long-days (LDs) and short-days (SDs) has previously helped to define the autonomous pathway (Koornneef et al., 1998). These mutants produce a high level of FLC mRNA, and their late-flowering phenotype is reverted either when combined with FLC mutation or after vernalization treatment [START_REF] Michaels | Loss of FLOWERING LOCUS C Activity Eliminates the Late-Flowering Phenotype of FRIGIDA and Autonomous Pathway Mutations but Not Responsiveness to Vernalization[END_REF]Simpson et al., 2002). So far, many components of the autonomous pathway have been identified, defining an epistatic group: FLOWERING CONTROL LOCUS A (FCA), FLOWERING LOCUS Y (FY), cleavage stimulation factor 64 (CstF64), CstF77, Pcf11p-similar protein 4 (PCFS4), pre-mRNA processing protein 8 (PRP8), cyclin-dependent kinase C;2 (CDKC;2), FLOWERING LOCUS PA (FPA), FLOWERING LATE KH MOTIF(FLK), TBP-associated factor 15b (TAF15b),

LUMINIDEPENDEN (LD), MULTIPLE SUPPRESSOR OF IRA14/FLOWERING

LOCUS VE (MSI4/FVE), FLOWERING LOCUS D (FLD; [START_REF] Ausín | Regulation of flowering time by FVE, a retinoblastoma-associated protein[END_REF]Eom et al., 2018;Liu et al., 2010;Koornneef et al., 1998;Lee et al., 1994;[START_REF] Lim | A New Arabidopsis Gene, FLK, Encodes an RNA Binding Protein with K Homology Motifs and Regulates Flowering Time via FLOWERING LOCUS C[END_REF][START_REF] Liu | The Arabidopsis RNA-Binding Protein FCA Requires a Lysine-Specific Demethylase 1 Homolog to Downregulate FLC[END_REF][START_REF] Marquardt | Functional Consequences of Splicing of the Antisense Transcript COOLAIR on FLC Transcription[END_REF][START_REF] Quesada | Autoregulation of FCA pre-mRNA processing controls Arabidopsis flowering time[END_REF]Wang et al., 2014;[START_REF] Xing | Arabidopsis PCFS4, a homologue of yeast polyadenylation factor Pcf11p, regulates FCA alternative processing and promotes flowering time[END_REF]. The RNA recognition motif (RRM) proteins FCA and FPA, the RNA cleavage and polyadenylation factors FY, CstF64 and CstF77, the core spliceosome component PRP8, and the P-TEFb transcription elongation factor CDKC;2 trigger FLC sense strand transcriptional silencing by affecting the formation of a FLC antisense transcript COOLAIR (cod long non-coding RNA), which is produced from the 3'-end of the FLC gene (Henderson, 2005;[START_REF] Manzano | Altered interactions within FY/AtCPSF complexes required for Arabidopsis FCAmediated chromatin silencing[END_REF][START_REF] Marquardt | Additional targets of the Arabidopsis autonomous pathway members, FCA and FY[END_REF][START_REF] Quesada | Autoregulation of FCA pre-mRNA processing controls Arabidopsis flowering time[END_REF][START_REF] Simpson | FY Is an RNA 3′ End-Processing Factor that Interacts with FCA to Control the Arabidopsis Floral Transition[END_REF][START_REF] Swiezewski | Cold-induced silencing by long antisense transcripts of an Arabidopsis Polycomb target[END_REF]. FY, CstF64, CstF77, PCFS4, PRP8 and CDKC;2 regulate FLC expression in a FCA-dependent manner, although FPA acts independently from FCA in the repression of FLC [START_REF] Bäurle | Differential Interactions of the Autonomous Pathway RRM Proteins and Chromatin Regulators in the Silencing of Arabidopsis Targets[END_REF]Liu et al., 2010;[START_REF] Manzano | Altered interactions within FY/AtCPSF complexes required for Arabidopsis FCAmediated chromatin silencing[END_REF][START_REF] Marquardt | Functional Consequences of Splicing of the Antisense Transcript COOLAIR on FLC Transcription[END_REF]Wang et al., 2014).

FLD profound function in the autonomous pathway has been extensively studied in the past years. FLOWERING LOCUS D (FLD) shares high identity with the human H3K4 demethylase LSD1 (LYSINE-SPECIFIC HISTONE DEMETHYLASE), which contains a SWIRM (SWI3p, Rsc8p, Moira) domain, commonly found in enzymes involved in chromatin remodeling [START_REF] He | Regulation of Flowering Time by Histone Acetylation in Arabidopsis[END_REF]Simpson, 2004). FLD represses FLC through direct binding at FLC intron 1, altering the chromatin environment at FLC, as well as association with long non-coding RNAs processing [START_REF] He | Regulation of Flowering Time by Histone Acetylation in Arabidopsis[END_REF]Jin et al., 2008;[START_REF] Liu | The Arabidopsis RNA-Binding Protein FCA Requires a Lysine-Specific Demethylase 1 Homolog to Downregulate FLC[END_REF][START_REF] Wu | Quantitative regulation of FLC via coordinated transcriptional initiation and elongation[END_REF][START_REF] Yu | HISTONE DEACETYLASE6 Interacts with FLOWERING LOCUS D and Regulates Flowering in Arabidopsis[END_REF]. Both FCA-dependent and FPA-dependent FLC transcriptional silencing require FLD-mediated H3K4me2 removal across FLC gene body [START_REF] Bäurle | Differential Interactions of the Autonomous Pathway RRM Proteins and Chromatin Regulators in the Silencing of Arabidopsis Targets[END_REF][START_REF] Liu | The Arabidopsis RNA-Binding Protein FCA Requires a Lysine-Specific Demethylase 1 Homolog to Downregulate FLC[END_REF][START_REF] Wu | Quantitative regulation of FLC via coordinated transcriptional initiation and elongation[END_REF]. Further analyzing fld-3 and fca-9 mutants suggest that FLD and FCA repress FLC expression through reduced transcriptional initiation, attenuated RNAPII elongation, as well as promoted antisense transcript processing [START_REF] Wu | Quantitative regulation of FLC via coordinated transcriptional initiation and elongation[END_REF]. In addition to the increased level of H3K4 methylation, H3 and H4 acetylation was also found increased at FLC chromatin in fld-3 mutant [START_REF] He | Regulation of Flowering Time by Histone Acetylation in Arabidopsis[END_REF][START_REF] Wu | Quantitative regulation of FLC via coordinated transcriptional initiation and elongation[END_REF]. Such link between demethylation and deacetylation at FLC chromatin was later explained by the identification of a complex including FLD, the histone deacetylase (HDAC) HDA6 and FVE [START_REF] Yu | Genome-Wide Analysis of Gene Regulatory Networks of the FVE-HDA6-FLD Complex in Arabidopsis[END_REF]. FVE is one of the five Arabidopsis MSI1-like genes, a homolog of the mammalian retinoblastoma associated protein and a homolog of yeast protein MSI (multicopy suppressor of IRA1). FVE is often found in histone deacetylase (HDAC) complex participating in transcription repression [START_REF] Ausín | Regulation of flowering time by FVE, a retinoblastoma-associated protein[END_REF][START_REF] Jeon | FVE, an Arabidopsis homologue of the retinoblastoma-associated protein that regulates flowering time and cold response, binds to chromatin as a large multiprotein complex[END_REF]Simpson, 2004). Also, the Polycomb Repressive Complex 2 (PRC2) subunit CLF was reported to repress FLC through H3K27me3 deposition at FLC chromatin in the absence of vernalization [START_REF] Jiang | Repression of FLOWERING LOCUS C and FLOWERING LOCUS T by the Arabidopsis Polycomb Repressive Complex 2 Components[END_REF][START_REF] Pazhouhandeh | MSI4/FVE interacts with CUL4-DDB1 and a PRC2-like complex to control epigenetic regulation of flowering time in Arabidopsis[END_REF][START_REF] Tian | PRC2 recruitment and H3K27me3 deposition at FLC require FCA binding of COOLAIR[END_REF]. Moreover, Tian et al. found FCA binding at COOLAIR directly CLF to deposit H3K27me3 along FLC chromatin, creating a link between the PRC2-mediated FLC silencing and the autonomous pathway components-mediated FLC transcriptional silencing. All results together suggest COOLAIR processing, the FLD-dependent histone H3K4 demethylation, the histone deacetylation, and the CLF-dependent histone H3K27 tri-methylation maintain FLC transcript at the low level, thus ultimately promoting flowering. As a classical autonomous pathway component, LD encodes a homeobox domain transcription factor which localizes in the nucleus [START_REF] Lee | A site to remember: H3K36 methylation a mark for histone deacetylation[END_REF]. LD transcriptionally repress FLC through association with H3K4 demethylation, H3 deacetylation, as well as H3K27 trimethylation [START_REF] Domagalska | Attenuation of brassinosteroid signaling enhances FLC expression and delays flowering[END_REF][START_REF] Doyle | A Single Amino Acid Change in the Enhancer of Zeste Ortholog CURLY LEAF Results in Vernalization-Independent, Rapid Flowering in Arabidopsis[END_REF]. Also, LD was found to physically interact with the zinc-finger-containing transcription factor SUPPRESSOR of FRI 4 (SUF4), thus probably limiting its ability to bind FLC promoter [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, how LD function as a transcriptional repressor of FLC requires further investigation.

Histone modifications play a profound role in flowering time regulation. Previously, in vitro histone methyltransferase assay demonstrated that SDG26 was able to methylate Histone H3 and H4. SDG26 shares high identity limited to the catalytic SET domain and the AWS domain with SDG8, the major histone H3K36 methyltransferase in Arabidopsis.

Nevertheless, while the mutation of SDG8 leads to the specific global loss of H3K36me2 and H3K36me3 in Arabidopsis seedlings, the mutation of SDG26 did not alter the global level of any histone methylation marks [START_REF] Xu | Di-and tri-but not monomethylation on histone H3 lysine 36 marks active transcription of genes involved in flowering time regulation and other processes in Arabidopsis thaliana[END_REF]. sdg26 mutant plants present a late flowering phenotype, while mutants for other SET-domain histone methyltransferases, such as sdg8, or clf are early flowering [START_REF] Berr | SET DOMAIN GROUP25 Encodes a Histone Methyltransferase and Is Involved in FLOWERING LOCUS C Activation and Repression of Flowering[END_REF]Scott et al., 2002;[START_REF] Zhao | Prevention of early flowering by expression of FLOWERING LOCUS C requires methylation of histone H3 K36[END_REF]. Using a genetic approach by combining sdg26 with other histone methylation enzyme mutants, including atx1, sdg25, clf and sdg8, as well as the demethylase double mutant lsd1-like1 lsd1-like2 (ldl1 ldl2), it was found that sdg25, atx1, and clf interact antagonistically with sdg26, ldl1 ldl2 synergistically and sdg8 epistatically [START_REF] Berr | The trxG family histone methyltransferase SET DOMAIN GROUP 26 promotes flowering via a distinctive genetic pathway[END_REF]Liu et al., 2016). In addition, the molecular analysis of the sdg26 late-flowering phenotype led to suppose that SDG26 promotes flowering by binding SOC1 promoter and enriching H3K4me3 and H3K36me3 at its chromatin, thus explaining the downregulation of SOC1 in sdg26 [START_REF] Berr | The trxG family histone methyltransferase SET DOMAIN GROUP 26 promotes flowering via a distinctive genetic pathway[END_REF]. However, the reason for the significant upregulation of FLC in sdg26 remained still unclear and highly hypothetic.

Using a genetic and a proteomic approach, combined with molecular analyses, we here decided to better understand SDG26 functions in flowering time control, especially at FLC. Firstly, we clarified the genetic position of SDG26 in the autonomous pathway by crossing sdg26 with flc, ft and soc1 mutants. We next found that SDG26 physically interacts with LD, FLD and a putative COMPASS component APRF1/S2La to repress FLC and activate SOC1. This complex seems to be recruited at both FLC and SOC1 chromatin, to repress FLC by association with transcription initiation as well as COOLAIR processing and to induce SOC1. Although, how the complex activates SOC1 transcription is not clear yet, we presume this complex may serve to balance the transcriptional regulation between FLC and SOC1 to properly regulate flowering time.

IV.2. Results

IV.2.1. soc1 and ft mutations are additive to sdg26 whereas flc is epistatic to sdg26

To better understand the genetic positioning of SDG26 along the flowering time pathways, we crossed sdg26, and also sdg8 and sdg25, with the late-flowering mutants soc1-2 and ft-10, as well as with the flc-3 null mutant (hereafter shortened as soc1, ft, and flc, respectively). Flowering time analyses by counting the rosette leaves number or days to bolting under long days (LDs), medium days (MDs) or short days (SDs) were conducted for all mutants (Figure 35 and Supplementary Figure S4). Because FLC is weakly expressed in rapid-cycling accession Columbia [START_REF] Gan | Jumonji demethylases moderate precocious flowering at elevated temperature via regulation of FLC in Arabidopsis[END_REF], the flowering time of flc was almost indistinguishable from that of wild-type (Col0) plants, except under LDs where we observed a weak early flowering phenotype. Previously, SDG8 and SDG25

were proposed to repress flowering by activating the transcription of FLC [START_REF] Berr | SET DOMAIN GROUP25 Encodes a Histone Methyltransferase and Is Involved in FLOWERING LOCUS C Activation and Repression of Flowering[END_REF][START_REF] Zhao | Prevention of early flowering by expression of FLOWERING LOCUS C requires methylation of histone H3 K36[END_REF]. In agreement, both flc sdg8 and flc sdg25 double mutants showed a similarly early-flowering phenotype as sdg8 and sdg25 single mutants, respectively, under all photoperiod conditions (Figure 35). These results are consistent with an epistasy of SDG8 and SDG25 over FLC concerning the early-flowering phenotype. were not available). Indeed, independently of photoperiods, the soc1 sdg8 and soc1 sdg25 double mutants flowered later than sdg8 and sdg25 but earlier than soc1, respectively.

Then, when crossed with sdg8 or sdg25, the strong mutant ft flowered earlier, but later than the sdg8 or sdg25 single mutants, respectively. Interestingly, under SDs, although FT does not play a major role under these conditions [START_REF] Corbesier | FT Protein Movement Contributes to Long-Distance Signaling in Floral Induction of Arabidopsis[END_REF]Yanovsky and Kay, 2002), an intermediate flowering phenotype was also observed in the double mutant ft sdg25 (Supplementary Figure S4). Together, the intermediate flowering phenotypes compared to single mutants observed with the double mutants soc1 sdg8, ft sdg8 or soc1 sdg25 and ft sdg25 are likely due to the direct regulation of SDG8 and SDG25 on FLC.

Also, the relative effect of the mutation of SOC1 or FT was similar in the sdg8 or sdg25 mutant backgrounds, but the introduction of sdg8 or sdg25 mutations produced additive early flowering in each line commensurate with the extent of late flowering in every single mutant. We conclude from these results that SDG8 and SDG25 act as bona fide floral repressors that delay flowering in Arabidopsis under both inductive and non-inductive photoperiods.

The sdg26 mutant was known to flower later than Col0 in both LDs and SDs, and it also showed a response to vernalization, which is characteristic of autonomous-pathway mutants [START_REF] Berr | The trxG family histone methyltransferase SET DOMAIN GROUP 26 promotes flowering via a distinctive genetic pathway[END_REF][START_REF] Xu | Di-and tri-but not monomethylation on histone H3 lysine 36 marks active transcription of genes involved in flowering time regulation and other processes in Arabidopsis thaliana[END_REF]. Interestingly, when crossed with the earlyflowering mutant flc, the late-flowering phenotype of sdg26 was offset entirely, and the flc sdg26 double mutant displayed a flowering phenotype similar to that of the flc single mutant (Figure 35 and Supplementary Figure S4). This observation indicates that the mutation of FLC is epistatic to the mutation of SDG26, suggesting that SDG26 acts in the same genetic pathway as FLC. Flowering time analyses of double mutants between sdg26 and soc1 or ft demonstrated that these mutations have additive effects, resulting in an aggravation of late-flowering phenotypes. Further supporting the complexity of the genetic interactions between flowering genes, the delay in flowering time in the ft soc1

double mutant was also reported to be additive [START_REF] Yoo | CONSTANS Activates SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 through FLOWERING LOCUS T to Promote Flowering in Arabidopsis[END_REF], despite the known function of FT as a major activator of SOC1. It is also worth noting that this was true except with ft under SD where FT does not play a significant role under this non-inductive photoperiod.

Together, our results further confirmed that SDG26 belongs to the autonomous pathway. Previously, SDG26 was proposed to promote the transcription of SOC1 directly [START_REF] Berr | The trxG family histone methyltransferase SET DOMAIN GROUP 26 promotes flowering via a distinctive genetic pathway[END_REF]. Here, our results with the sdg26 soc1 double mutant (Figure 35 and (i.e. similarly as in sdg8; Figure 36). Likewise, as for soc1 sdg8, the contribution of both mutations was visible in the soc1 sdg25 double mutant, with transcript levels being decreased for SOC1 like in soc1 and increased for FLC like in sdg25. Supporting the above-mentioned positive effect of SOC1 on FT transcription, FT transcript level was attenuated in the soc1 sdg25 double mutant compared to the sdg25 single mutant. The difference observed between soc1 sdg8 and soc1 sdg25 regarding the level of FT upregulation may reflect the broader impact of the SDG8 mutation on FT repressors ( i.e. in addition to FLC, MAF4 and MAF5 were found down-regulated in sdg25, while MAF1, MAF4 and MAF5 were reported down-regulated in sdg8; [START_REF] Berr | The trxG family histone methyltransferase SET DOMAIN GROUP 26 promotes flowering via a distinctive genetic pathway[END_REF][START_REF] Shafiq | Combinatorial functions of diverse histone methylations in Arabidopsis thaliana flowering time regulation[END_REF]. In ft sdg25, we observed FT and SOC1 were down-regulated like in ft, supporting the crucial role of FT as SOC1 inducer, while FLC was downregulated like in sdg25

(Figure 36). Together, our results reinforced the positioning of SDG8 and SDG25 as FLC transcriptional inducers.

In sdg26 single mutant, as previously published, SOC1 was downregulated, FT unchanged and FLC up-regulated, which nicely explains the late-flowering phenotype of sgd26 ( Figure 35 and 36; [START_REF] Berr | The trxG family histone methyltransferase SET DOMAIN GROUP 26 promotes flowering via a distinctive genetic pathway[END_REF]Liu et al., 2016). When combining sdg26 with flc, FLC appeared logically down-regulated, while SOC1 was not anymore downregulated as in sdg26 (Figure 36). This result confirmed that the FLC mutation is epistatic to the sdg26 mutant. It also further indicates that a decrease in FLC expression is enough to increase the transcript level of SOC1 resulting from the sdg26 mutation, thus reinforcing the multiple regulatory functions of SDG26 on SOC1 and FLC loci. Regarding the enhanced late-flowering phenotype in ft sdg26 and soc1 sdg26 double mutants compared to single mutants, we observed the contribution of sdg26 regarding the upregulation of FLC, while FT and SOC1 were down-regulated similarly as in ft and soc1, respectively (Figure 36). These results reinforce a mutual of transcription enhancement between FT and SOC1. Furthermore, the unchanged FT expression detected in sdg26 despite the SOC1 downregulation and the stronger effect of the FT mutation on SOC1 expression than the SOC1 mutation on FT expression points to a powerful balance in this mutual stimulation, with FT being stronger than SOC1, which also nicely correlate with ft being more late flowering than soc1, especially under LDs (Figure 35). 

IV.2.1.2. Analysis of H3 methylation at flowering genes in different mutant combinations between sdg26 and soc1, ft and flc

To better understand the role of SDG26 in regulating flowering genes, we next investigated histone methylation levels at FLC, SOC1, and FT in the sdg26 mutant combinations (Figure 37). Two active marks (i.e. H3K4me3 and H3K36me3) and a repressive one (i.e. H3K27me3) were analyzed using chromatin immunoprecipitation (ChIP) assay at four regions of FLC (FLC-1, FLC-2, FLC-3, and FLC-4), three of SOC1 (SOC1-1, SOC1-2 and SOC1-3) and three of FT (FT-1, FT-2 and FT-3).

In agreement with its unchanged expression, no clear and apparent variations in levels of H3K4me3, H3K36me3, and H3K27me3 were detected at FLC chromatin in soc1

and ft compared to WT. Interestingly, we detected a decrease of H3K27me3 at FLC in sdg26, which correlate nicely with its increased expression level and suggest a functional link between H3K27me3 at FLC and SDG26. However, despite the similarly increased expression of FLC detected in sdg26, ft sdg26 or soc1 sdg26, the decrease of H3K27me3

was not detected in the double mutants (Figure 37), a result currently without explanation.

In agreement with the repressive role of FLC on SOC1 and with the increased SOC1 expression detected in flc (Figure 36), we observed a decreased level of H3K27me3, together with increased levels of H3K4me3 and H3K36me3 at SOC1 in flc. Similar antagonism between active and repressive histone methylation marks was previously reported at some flowering genes using different histone methyltransferase mutants [START_REF] Buzas | Transcriptiondependence of histone H3 lysine 27 trimethylation at the Arabidopsis polycomb target gene FLC: Transcription dependence of FLC H3K27me3[END_REF][START_REF] Schmitges | Histone Methylation by PRC2 Is Inhibited by Active Chromatin Marks[END_REF][START_REF] Shafiq | Combinatorial functions of diverse histone methylations in Arabidopsis thaliana flowering time regulation[END_REF][START_REF] Tamada | ARABIDOPSIS TRITHORAX-RELATED7 Is Required for Methylation of Lysine 4 of Histone H3 and for Transcriptional Activation of FLOWERING LOCUS C[END_REF][START_REF] Yun | ARABIDOPSIS TRITHORAX-RELATED3/SET DOMAIN GROUP2 is Required for the Winter-Annual Habit of Arabidopsis thaliana[END_REF][START_REF] Zhao | Interactive and noninteractive roles of histone H2B monoubiquitination and H3K36 methylation in the regulation of active gene transcription and control of plant growth and development[END_REF]. Moreover, consistent with the positive effect of FT on the expression of SOC1 and with the decreased SOC1 transcript level detected in the ft mutant, the active histone marks were enriched at SOC1 chromatin in ft, while the repressive mark was reduced. As previously published, we found that decreased active histone marks while increased repressive mark at SOC1 in sdg26, which nicely explain up-regulation of SOC1 in the mutant [START_REF] Berr | The trxG family histone methyltransferase SET DOMAIN GROUP 26 promotes flowering via a distinctive genetic pathway[END_REF]. Interestingly, even if flc appeared epistatic to sdg26 in our flowering phenotype and qRT-PCR analyses, histone mark changes at SOC1 were largely similar between sdg26 and flc sdg26 (Figure 36). Thus, the increased level of active marks detected at SOC1 in flc might be related to the SDG26 methyltransferase activity, which further supports a direct regulatory role of SDG26 on SOC1 and also indicates that FLC may limit the SDG26 accessibility to SOC1 chromatin. Finally, consistent with the absence of additive effect between ft and sdg26 regarding the downregulation of SOC1 (Figure 36), H3K4me3 and H3K36me3 appeared decreased and H3K27me3 increased at SOC1 in the ft sdg26 double mutant similarly as in the ft and sdg26 single mutants.

Like SOC1, FT transcription is also known as being directly repressed by FLC (Helliwell et al., 2006;[START_REF] Searle | The transcription factor FLC confers a flowering response to vernalization by repressing meristem competence and systemic signaling in Arabidopsis[END_REF]. However, SOC1 and FT chromatins were found differently affected by the mutation of FLC. Indeed, while H3K27me3 was decreased at both SOC1 and FT chromatin in flc, the active histone marks were enriched at SOC1 but largely unchanged at FT (Figure 37). Also, in agreement with the positive effect of SOC1

on FT expression previously reported [START_REF] Searle | The transcription factor FLC confers a flowering response to vernalization by repressing meristem competence and systemic signaling in Arabidopsis[END_REF] and supporting the downregulation of FT we detected in the soc1 mutant, levels of active histone marks were reduced at FT in soc1. Together with the above-reported impact of the mutation of FT on the chromatin and the transcription of SOC1, our results underpin the existence of a positive reciprocal regulation between FT and SOC1 in the course of flowering time regulation that involves the deposition of active histone methylation marks at both genes.

Finally, in sdg26 and flc sdg26, no significant changes were detected at FT, while H3K4me3, H3K36me3 and H3K27me3 levels were similar between soc1 and soc1 sdg26 (Figure 37). Taken together, our data further highlighted the complexity of the regulation of flowering genes and supported the regulatory roles of SGD26 at the interface between SOC1 and FLC. 

IV.2.2. SDG26 forms a protein complex with LD, FLD and APRF1/S2La

To identify protein partners of SDG26, tandem affinity purification combined with mass spectrometry method (TAP-MS) was used in GS-tagged SDG26 Arabidopsis cell cultures. Among the different peptides identified, several ones were corresponding to the transcription factor LD, the H3K4 demethylase FLD and the putative COMPASS component APRF1/S2La (Table 1 & Supplementary Figure S5). In another independent assay, we conducted immunoprecipitation (IP) followed by LC-MS/MS with 2-week-old

Arabidopsis seedlings expressing a C-terminal FLAG-tagged APRF1 driven by 35S

promoter [START_REF] Kapolas | APRF1 promotes flowering under long days in Arabidopsis thaliana[END_REF] and a C-terminal FLAG-tagged FLD driven by its native promoter. Peptides corresponding to LD, FLD, and APRF1 were detected using each transgenic line, while peptides corresponding to SDG26 were only detected using the FLAG-tagged FLD line (Table1). The difference we observed may suggest a much more labile interaction between SDG26 and APRF1. Next, we investigated whether SDG26 colocalizes with its putative partners. Firstly, the following gene fusions p35S-gSDG26-GFP, p35S-FLD-EGFP, and p35S-APRF1-EGFP were constructed and separately expressed in Nicotiana benthamiana (tobacco) leaves. As depicted in Figure 38A, all fusion proteins were found predominantly localized in the cell nucleus. Then, SDG26-RFP was co-expressed with either FLD-EGFP or APRF1-EGFP in tobacco leaves. As exemplified in Figure 4B, SDG26 colocalized with FLD and APRF1, suggesting that they may coordinately function in the nucleus (Figure 38B). To further validate the interactions obtained from TAP-MS and IP/LC-MS/MS experiments, co-immunoprecipitation assays were performed in Arabidopsis using 2week-old seedlings of wild-type (WT) as negative control and of transgenic plants bearing the functional FLAG-tagged FLD. After immunoprecipitation using a FLAG antibody, SDG26 was detected using a monoclonal SDG26 antibody [START_REF] Berr | The trxG family histone methyltransferase SET DOMAIN GROUP 26 promotes flowering via a distinctive genetic pathway[END_REF] , thus confirming the FLD and SDG26 interaction in vivo (Figure 39A). Analogously, the in vivo interaction between APRF1 and SDG26 was also observed (Figure 39A). Also, we confirmed the interaction between LD and SDG26 by transient co-expression in tobacco and also found that APRF1 and FLD can also interact with LD (Figure 39A). In contrast, interaction between SDG26 and FLD or APRF1 was not detected using this assay. By using the yeast two-hybrid assay, we were able to detect an interaction between LD and APRF1, FLD, or SDG26, and again no direct interaction was detected between SDG26 and APRF1 or FLD, or between FLD and APRF1 (Figure 39B). Furthermore, a direct interaction was confirmed using biomolecular inflorescence complementation (BiFC) assay between SDG26 and LD (Figure 39C). Taken together, our data indicate that LD is a central element to bring APRF1 and/or FLD and/or SDG26 together in multiprotein complex formation. Our qRT-PCR analysis revealed that the transcript levels of SDG26, LD, FLD and APRF1 were unchanged in their reciprocal mutants (Supplementary Figure S6), indicating that the SDG26-LD/FLD/ARF1 complex is not involved in transcription regulation of these genes. The T-DNA insertion lines ld-1 [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], fld-6 [START_REF] Liu | The Arabidopsis RNA-Binding Protein FCA Requires a Lysine-Specific Demethylase 1 Homolog to Downregulate FLC[END_REF] and aprf1-7 and aprf1-9 [START_REF] Kapolas | APRF1 promotes flowering under long days in Arabidopsis thaliana[END_REF] were obtained and separately crossed with sdg26. Then, were not yet finalized). LD and FLD are "classic" autonomous-pathway genes, and their corresponding mutants are known to be late-flowering [START_REF] He | Regulation of Flowering Time by Histone Acetylation in Arabidopsis[END_REF]Lee et al., 1994). Also, in agreement with previously published data, bolting was found delayed in aprf1 under both LDs and MDs [START_REF] Kapolas | APRF1 promotes flowering under long days in Arabidopsis thaliana[END_REF]. However, under MDs, we observed that both aprf1-7 and aprf1-9 mutants presented a later flowering phenotype than sdg26, while under LDs, both arpf1 and sdg26 mutants flowered similarly late. These observations suggest that a stronger photoperiod response happened in aprf1 mutants compared to sdg26. When combined with sdg26, aprf1 mutants flowered even later than the corresponding single mutants, suggesting an additive or even synergistic effects between both mutations. When combined with fld, sdg26 exhibited a late flowering phenotype similar to the fld single mutant, suggesting the epistatic grouping of these genes in the autonomous pathway. To go further in characterizing these genetic interactions, expression levels of FLC, MAF4 and MAF5, SOC1 and FT were analyzed by qRT-PCR in 2-week-old seedlings grown on MS medium under LDs (Figure 41). In all single mutants, we observed the increased levels of FLC, MAF4, and MAF5. In agreement with FLC and MAF4/MAF5 in repressing the expression of the floral integrators FT and SOC1 [START_REF] Gu | Photoperiodic Regulation of Flowering Time through Periodic Histone Deacetylation of the Florigen Gene FT[END_REF], transcript levels of FT and SOC1 were inversely decreased. Supporting the later flowering phenotype of the aprf1 sdg26 double mutant compared to the single mutants, we detected a synergistic increase of FLC expression. For MAF4 and MAF5, the results were less clear since these genes were not similarly up-regulated in the two aprf1 allelic mutants, despite their similarly late-flowering phenotypes.

Bait

Interestingly, the SOC1 expression in aprf1-9 sdg26 and aprf1-7 sdg26 was similar as in aprf1-9 and aprf1-7, respectively, while a synergistically decreased FT expression was detected in aprf1 sdg26. Thus, we suggest that SDG26 and APRF1 may redundantly inhibit FLC transcription. Regarding the genetic interaction between sdg26 and fld, transcript levels of all tested genes in fld sdg26 were similarly affected as in the fld single mutant. This result indicates that FLD strongly dominates the autonomous pathway and further support the epistatic effect of its mutation over sdg26. Future analysis of ld sdg26

will further help to evaluate the importance of LD in this complex as a potential central element in flowering time control. Because FLD and LD were previously related to changes in histone marks at FLC chromatin [START_REF] Domagalska | Attenuation of brassinosteroid signaling enhances FLC expression and delays flowering[END_REF][START_REF] Jiang | Repression of FLOWERING LOCUS C and FLOWERING LOCUS T by the Arabidopsis Polycomb Repressive Complex 2 Components[END_REF] and because SDG26 interacts with both FLD and LD, we next investigated the chromatin state of FLC in our different single and double mutants. First, we tested SDG26 binding at FLC in our different mutant combinations. Chromatin extracts from wild-type Col0 plants and sdg26, aprf1-9, fld, and ld mutants were separately immunoprecipitated using an SDG26 monoclonal antibody [START_REF] Berr | The trxG family histone methyltransferase SET DOMAIN GROUP 26 promotes flowering via a distinctive genetic pathway[END_REF]. After recovery, DNA was used for qRT-PCR experiments with primers covering the FLC chromatin. Confirming the binding of SDG26 to FLC, we observed a significant enrichment of SDG26 at FLC in Col0 compared to sdg26. Interestingly, SDG26 enrichment was drastically reduced in the aprf1-9, fld and ld mutants (Figure 42A), suggesting that the SDG26 binding at FLC requires APRF1, FLD, and LD.

Next, we evaluated the levels of two active histone marks (H3K4me3 and H3 

IV.2.2.2.b. Ratio of COOLAIR isoforms is affected in sdg26 similarly as in fld

The COOLAIR is a set of non-coding antisense RNAs transcribed from the 3'-end of FLC and involved in the FLC transcriptional repression [START_REF] Swiezewski | Cold-induced silencing by long antisense transcripts of an Arabidopsis Polycomb target[END_REF]. In addition, the FLD activity was found coupled with COOLAIR splicing and polyadenylation for FLC sense transcription regulation [START_REF] Marquardt | Functional Consequences of Splicing of the Antisense Transcript COOLAIR on FLC Transcription[END_REF].

Interestingly, in our ChIP analyses, the histone mark changes were spread from the FLC transcriptional start site to the 3'-end downstream region where the promoter of COOLAIR is located. These distributions urged us to measure COOLAIR transcripts in our mutants using qRT-PCR with specific primers (Figure 43A). Consistent with the positive correlation previously described between total FLC and total COOLAIR production [START_REF] Swiezewski | Cold-induced silencing by long antisense transcripts of an Arabidopsis Polycomb target[END_REF], we observed an increased level of total COOLAIR in sdg26. To further understand roles of SDG26 in COOLAIR regulation, we undertook a thorough analysis of the accumulation of COOLAIR isoforms, termed COOLAIR class I, when the proximal polyadenylation (poly(A)) site is used, and class II, when the distal poly(A) site is used, and the ratio between class I and class II helps stabilize inactive or active chromatin states [START_REF] Liu | The Arabidopsis RNA-Binding Protein FCA Requires a Lysine-Specific Demethylase 1 Homolog to Downregulate FLC[END_REF][START_REF] Liu | The Arabidopsis RNA-Binding Protein FCA Requires a Lysine-Specific Demethylase 1 Homolog to Downregulate FLC[END_REF]. Loss of any of the autonomous pathway components, like with the fld mutant, reduces usage of the proximal poly(A) site, thus resulting in a higher ratio of class II to class I which positively correlated with higher FLC transcription and higher level of active histone marks at FLC chromatin [START_REF] Liu | The Arabidopsis RNA-Binding Protein FCA Requires a Lysine-Specific Demethylase 1 Homolog to Downregulate FLC[END_REF][START_REF] Marquardt | Functional Consequences of Splicing of the Antisense Transcript COOLAIR on FLC Transcription[END_REF]. Interestingly, we detected a similar ratio as fld in the sdg26 mutant, with a similarly high level of class II between sdg26, fld and fld sdg26 (Figure 43B and 43C). Overall, our analyses indicate that, within the autonomous pathway, SDG26 might participate together with FLD to coordinate the COOLAIR poly(A) site decision necessary for the transcriptional regulation of FLC. H3K36me3 [START_REF] Berr | The trxG family histone methyltransferase SET DOMAIN GROUP 26 promotes flowering via a distinctive genetic pathway[END_REF]. We then investigated if the function of SDG26 at SOC1 require one or other of the SDG26 protein partners we identified by extending our chromatin analyses to aprf1, fld and ld mutants. Due to the enrichment of SDG26 was decreased in aprf1, fld, and ld, we concluded that the SDG26 binding at SOC1 chromatin requires FLD, LD, and APRF1, thus further reinforcing their interaction (Figure 44A).

Next, we analyzed the chromatin state of SOC1 similarly as we did for FLC. In contrast to FLC chromatin where active marks were found increased, all mutants displayed decreased levels of H3K4me3 and H3 acetylation at SOC1 chromatin (Figure 44B & 44C &Supplementary Figure S8). Nicely correlated with the most dramatic SOC1 downregulation observed in fld, the decrease in H3K4me3 was found to be more severe in fld compared to other single mutants. Owing to the mutual exclusion between active and repressive histone marks, the sharpest increase in H3K27me3 was found in fld and fld sdg26 (Figure 44D). Because FLD was identified as a H3K4 demethylase involved in FLC repression [START_REF] Liu | The Arabidopsis RNA-Binding Protein FCA Requires a Lysine-Specific Demethylase 1 Homolog to Downregulate FLC[END_REF] and because FLC represses directly SOC1, this result indicates that the repression of SOC1 by FLC may occur through the loading of repressive histone marks and the removal of active ones at SOC1 chromatin. Also, further supporting that FLD overrides SDG26, the decreases in H3K4me3 and H3 acetylation, as well as the increase in H3K27me3 were similar between fld and fld sdg26. In general chromatin changes were similar between sdg26 and aprf1 single mutants. Active marks were found decreased in sdg26 and aprf1-9, and the repressive one increased, but at lower levels compared to fld. Even if the level of H3K36me3 was only measured in fld and ld single mutants, a similar tendency as that of H3K4me3 was observed (Supplementary Figure S8). Also, changes in aprf1 sdg26 were similar as in sdg26 or aprf1 single mutants. To conclude, our observations of histone marks at SOC1 chromatin further support the downregulation of SOC1 in all our late-flowering mutants. 

IV.3. Discussion

In this study, we investigated the function of SDG26 in regulating flowering genes using various approaches. To have a better idea about the positioning of SDG26 along the flowering pathways, we firstly undertook genetic crosses between the late-flowering sdg26 mutant and mutants of key flowering genes, including the weak early-flowering mutant flc and the late-lowering ones soc1 and ft. We compared double mutants with single ones regarding their flowering phenotype, the expression of critical flowering genes, as well as the level of histone methylation marks known to be essential for regulating these flowering genes. Crosses with the two early flowering histone methyltransferase mutants sdg8 and sdg25 were used as genetic interaction benchmarks. Results obtained with sdg8 and sdg25 were consistent with previous reports and confirmed their role as FLC inducers and flowering repressors under both inductive and non-inductive photoperiods (Berr et al., 2010;[START_REF] Dong | The histone methyltransferase SDG8 regulates shoot branching in Arabidopsis[END_REF][START_REF] Grini | The ASH1 HOMOLOG 2 (ASHH2) histone H3 methyltransferase is required for ovule and anther development in Arabidopsis[END_REF][START_REF] Shafiq | Combinatorial functions of diverse histone methylations in Arabidopsis thaliana flowering time regulation[END_REF][START_REF] Zhao | Prevention of early flowering by expression of FLOWERING LOCUS C requires methylation of histone H3 K36[END_REF].

Regarding the sdg26 mutant combinations, our analyses revealed that flc is epistatic to sdg26 and that sdg26 and ft or soc1 presented an additive effect. Using this approach, we also confirmed SDG26 being an autonomous pathway member [START_REF] Berr | The trxG family histone methyltransferase SET DOMAIN GROUP 26 promotes flowering via a distinctive genetic pathway[END_REF][START_REF] Xu | Di-and tri-but not monomethylation on histone H3 lysine 36 marks active transcription of genes involved in flowering time regulation and other processes in Arabidopsis thaliana[END_REF]. Moreover, the absence of a simple linear relationship between sdg26 and other mutants suggested the involvement of SDG26 in regulating several gene targets.

Besides this, we observed that the repression of FLC on FT and SOC1 was H3K27me3dependent. Our data also confirmed the existence of a mutual transcriptional stimulation between FT and SOC1 involving the deposition of active histone marks. Indeed, FT was previously reported to directly activate SOC1 expression by binding its promoter region (Helliwell et al., 2006), while in the leaf vasculature, high expression of SOC1 can enhance the expression levels of FT in a CO-independent manner [START_REF] Searle | The transcription factor FLC confers a flowering response to vernalization by repressing meristem competence and systemic signaling in Arabidopsis[END_REF].

Together, our genetic approach further underlines the complexity of the regulatory network controlling the floral transition Gene transcription is the result of the combined effects of multiple actors including the RNA polymerase II (RNAPII), several transcription factors, DNA methylation, histone structure and remodeling, histone modifications and long non-coding RNA (Chen et al., 2017;[START_REF] Durairaj | Eukaryotic Gene Expression by RNA Polymerase II[END_REF]. The transcriptional regulation of FLC does not escape this rule since it was reported to be under the control of several histone modifications, histone remodeling, transcription factor, RNA processing factors and the antisense transcript COOLAIR [START_REF] Berry | Environmental perception and epigenetic memory: Mechanistic insight through FLC[END_REF][START_REF] Bloomer | Fine-tuning timing: Natural variation informs the mechanistic basis of the switch to flowering in Arabidopsis thaliana[END_REF][START_REF] Wang | Long Noncoding RNAs in Plants[END_REF].

Here, we identified several protein-protein interactions involving SDG26, giving rise to a possible new protein complex comprising the homeobox-domain transcription factor LD, the histone methyltransferase SDG26, the histone demethylase FLD and a putative COMPASS component APRF1/S2La. Using mutants for the different protein partners, we have undertaken a genetic interaction analysis and revealed that FLD is epistatic to SDG26 in the regulation of flowering, while SDG26 and APRF1 act redundantly/synergistically.

Still under progress, the analysis of the genetic interaction between ld and sdg26 will soon further help to gain insight into the functional role of these interactions in regulating flowering time. Additionally, we confirmed that SDG26 binds FLC chromatin [START_REF] Berr | The trxG family histone methyltransferase SET DOMAIN GROUP 26 promotes flowering via a distinctive genetic pathway[END_REF], and we found that this binding requires the protein partners we identified, namely LD, FLD, and APRF1. LD was characterized as an autonomous pathway component (Lee et al., 1994), which mutation resulted in alteration of histone modifications along FLC chromatin [START_REF] Domagalska | Attenuation of brassinosteroid signaling enhances FLC expression and delays flowering[END_REF][START_REF] Doyle | A Single Amino Acid Change in the Enhancer of Zeste Ortholog CURLY LEAF Results in Vernalization-Independent, Rapid Flowering in Arabidopsis[END_REF]. Based on our results, we proposed that LD may work as a scaffold protein recruiting several protein partners.

Among them, FLD was also previously identified as an autonomous pathway member broadly investigated in the past years [START_REF] He | Regulation of Flowering Time by Histone Acetylation in Arabidopsis[END_REF][START_REF] Jiang | Arabidopsis Relatives of the Human Lysine-Specific Demethylase1 Repress the Expression of FWA and FLOWERING LOCUS C and Thus Promote the Floral Transition[END_REF]Jin et al., 2008;[START_REF] Liu | The Arabidopsis RNA-Binding Protein FCA Requires a Lysine-Specific Demethylase 1 Homolog to Downregulate FLC[END_REF][START_REF] Wu | Quantitative regulation of FLC via coordinated transcriptional initiation and elongation[END_REF][START_REF] Yu | Genome-Wide Analysis of Gene Regulatory Networks of the FVE-HDA6-FLD Complex in Arabidopsis[END_REF]. Beside its H3K4 demethylase activity, especially at FLC chromatin, FLD lacks DNA-binding domains, suggesting that it may require other factors to enable its association with FLC DNA/chromatin. Here, we found that FLD is interacting directly with the transcription factor LD (i.e. and most likely indirectly with SDG26) for the regulation of FLC transcription. Hence, we believe that this interaction may contribute to the FLD binding on DNA.

We also demonstrate that APRF1, an Arabidopsis homolog of the yeast Swd2 COMPASS-associated subunit, was involved in the regulation of FLC transcription through the autonomous pathway. In yeast, animal, and plants, the COMPASS complex is conservatively responsible for H3K4 methylation (Miller et al., 2001;Roguev et al., 2001).

H3K4 methylation is highly enriched at gene promoter and TSS and positively correlates with transcription initiation [START_REF] Chandrasekharan | Histone H2B ubiquitination and beyond: Regulation of nucleosome stability, chromatin dynamics and the trans-histone H3 methylation[END_REF][START_REF] Worden | Activation and regulation of H2B-Ubiquitindependent histone methyltransferases[END_REF].

Recently, the paralog of APRF1/S2La, S2Lb was identified as a COMPASS complex component in Arabidopsis since it co-purifies with the main COMPASS subunit WDR5a .

The mutation of S2Lb resulted in the global loss of H3K4me2/me3 and caused pleiotropic phenotypes, including small leaf size, shorter roots, decreased fertility, deficient dormancy, and early flowering. On the contrary to s2lb mutant, the aprf1/s2la mutant we analyzed here presented subtle phenotypic changes, including an inversely late-flowering phenotype, and no drastic changes in global H3K4 methylation level [START_REF] Fiorucci | Arabidopsis S2Lb links AtCOMPASS-like and SDG2 activity in H3K4me3 independently from histone H2B monoubiquitination[END_REF][START_REF] Kapolas | APRF1 promotes flowering under long days in Arabidopsis thaliana[END_REF]. Despite the absence of global changes, we found in our chip analyses that H3K4me3 and H3 acetylation were enriched towards the coding region and 3'-end of FLC in the aprf1-9 mutant (Figure 42B & 42C). Together, whether APRF1 is also working as a COMPASS component will require further investigation, but in any case, APRF1

functions differentially then its paralog S2Lb. In yeast, Swd2 is a component of two very different complexes: the COMPASS complex and also the cleavage and polyadenylation factor (CPF), suggesting a role not only in H3K4 methylation, but also during transcription termination for the cleavage and subsequent polyadenylation during 3' processing of messenger RNA precursors (Cheng et al., 2004;Dichtl et al., 2004;Lee et al., 2007;Vitaliano-Prunier et al., 2008). Whether APRF1 function like Swd2 as a component of CPF remains an open question in Arabidopsis.

COOLAIR, a group of long antisense RNAs expressed from the FLC locus, has a vital role in mediating FLC expression in non-vernalized plants (Liu et al., 2010;[START_REF] Marquardt | Functional Consequences of Splicing of the Antisense Transcript COOLAIR on FLC Transcription[END_REF]Wang et al., 2014). Interestingly, in addition to the enrichment of active marks observed around the TSS, we also detected an enrichment of active marks The sdg26 mutant displayed a decrease in H3K27me3 at FLC chromatin, which is in line with the decrease observed in most autonomous pathway mutants [START_REF] Doyle | A Single Amino Acid Change in the Enhancer of Zeste Ortholog CURLY LEAF Results in Vernalization-Independent, Rapid Flowering in Arabidopsis[END_REF][START_REF] Tian | PRC2 recruitment and H3K27me3 deposition at FLC require FCA binding of COOLAIR[END_REF][START_REF] Wu | Quantitative regulation of FLC via coordinated transcriptional initiation and elongation[END_REF][START_REF] Yu | The Arabidopsis Paf1c Complex Component CDC73 Participates in the Modification of FLOWERING LOCUS C Chromatin[END_REF]. The H3K27 methyltransferase CLF was recently found to interact with the autonomous pathway protein FCA to deposit H3K27me3 along FLC chromatin, further supporting PRC2 and autonomous pathway components acting together for the repression of FLC transcription [START_REF] Tian | PRC2 recruitment and H3K27me3 deposition at FLC require FCA binding of COOLAIR[END_REF]. Also related to the autonomous pathway, the late-flowering phenotype resulting from the mutation of FLD was found suppressed when combined with the clf-59 mutant [START_REF] Doyle | A Single Amino Acid Change in the Enhancer of Zeste Ortholog CURLY LEAF Results in Vernalization-Independent, Rapid Flowering in Arabidopsis[END_REF]. Likewise, introgressing clf-59 into ld-3 or fca also suppressed the late-flowering phenotype of ld-3 or fca [START_REF] Jiang | Repression of FLOWERING LOCUS C and FLOWERING LOCUS T by the Arabidopsis Polycomb Repressive Complex 2 Components[END_REF][START_REF] Doyle | A Single Amino Acid Change in the Enhancer of Zeste Ortholog CURLY LEAF Results in Vernalization-Independent, Rapid Flowering in Arabidopsis[END_REF]. ChIP analyses further showed that the mutation of FLD partially hinder the enrichment of CLF at FLC chromatin mutant [START_REF] Doyle | A Single Amino Acid Change in the Enhancer of Zeste Ortholog CURLY LEAF Results in Vernalization-Independent, Rapid Flowering in Arabidopsis[END_REF] and similarly as for clf fca, clf fld or clf ld, FLC was found synergistically increased in sdg26-1 clf-29 [START_REF] Berr | The trxG family histone methyltransferase SET DOMAIN GROUP 26 promotes flowering via a distinctive genetic pathway[END_REF]. Because we found that FLD and SDG26 genetically and molecularly contribute together with LD to repress FLC transcription, all these data suggest that the complex we identify, including at least LD, FLD, and SDG26, may cooperatively regulate FLC together with the PRC2 methyltransferase CLF.

In conclusion, our work provides pivotal information about the role of SDG26 together with other autonomous pathway components in regulating FLC transcription via COOLAIR. Based on our results we propose that LD, as a potential central scaffolding protein, may recruit FLD, SDG26, as well as APRF1, to coordinate COOLAIR processing and establish a repressive chromatin environment at the FLC locus, thus promoting the flowering transition. Surprisingly, the binding of SDG26 to SOC1 was also found, like the binding of SDG26 to FLC, to be dependent on APRF1 and FLD. Furthermore, this dependence was correlated with changes in histone marks at SOC1, with a decrease in active marks observed in the different mutant combination between sdg26, aprf1, fld, and ld, while the H3K27me3 repressive mark was enriched. Even if further work will be required to determine whether APRF1, FLD and LD bind SOC1 chromatin, our work emphasizes that SDG26, together with its protein partners regulates both FLC and SOC1

transcription. The positioning of the LD complex we identified in between two genes playing opposite roles on flowering may serve to properly balance the transcriptional regulation between them in order to precisely control flowering time. (SDG8 and SDG26) to gene transcription regulation in response to developmental and environmental cues in Arabidopsis.

Firstly, by discovering the hypersensitivity to the hemibiotrophic pathogen Pseudomonas syringae and the changes in salicylic acid (SA) accumulation in sdg8 mutant, we further characterized the involvement of the H3K36-methyltransferase SDG8 in the SA-mediated defense pathway. We demonstrated that SDG8, through its methyltransferase activity, positively control the transcript level of NPR1, a central player in the SA-related signaling pathways, and cooperates with the RNAPII to enable the efficient transcriptional induction of the defense genes PR1 and PR2 upon stimulation.

However, whether H3K36me3 serves as an epigenetic memory mark in immune priming requires more investigations in future. SDG8 is known to regulate multiple developmental processes, such as flowering time [START_REF] Zhao | Prevention of early flowering by expression of FLOWERING LOCUS C requires methylation of histone H3 K36[END_REF] and the endogenous SA level was reported to affect flowering time (Jin et al., 2008;[START_REF] Wang | Multiple roles of WIN3 in regulating disease resistance, cell death, and flowering time in Arabidopsis[END_REF][START_REF] Villajuana-Bonequi | Elevated salicylic acid levels conferred by increased expression of ISOCHORISMATE SYNTHASE 1 contribute to hyperaccumulation of SUMO1 conjugates in the Arabidopsis mutant early in short days 4[END_REF]. Given the abnormally high basal endogenous SA level and the mis-regulation of several SA related-genes in sdg8, we speculate that SDG8 might be involved in controlling the balancing between development and immunity for the long-term fitness.

However, how SDG8 is specifically targeted to one or another process remains so far unknown and may constitute a future investigation point.

Secondly, we have focused on SDG26, another methyltransferase grouped by phylogenetic analysis in a clade together with the H3K36-specific histonemethyltransferases so far found in fungi and mammals [START_REF] Xu | Di-and tri-but not monomethylation on histone H3 lysine 36 marks active transcription of genes involved in flowering time regulation and other processes in Arabidopsis thaliana[END_REF]. Using Arabidopsis, we found that SDG26 is involved in response to abiotic stresses such as cold, drought, or salt, again highlighting the contributions of histone methyltransferases in response to stresses in plants. By focusing on cold stress, we discovered that SDG26

regulates the cold stress response by directly activating the transcription of SOC1 and CBF genes through binding their chromatin and depositing H3K36me3. We also found that SDG26 controls the accumulation of ABA by regulating the expression of ABA homeostasis-related genes. Cold acclimation has been extensively investigated and can result in increased freezing tolerance in Arabidopsis. Surprisingly, while SDG26 seems to regulate the cold stress response positively, we found that the sdg26 mutant was more tolerant to freezing. This finding indicates a decoupling between these two processes in the sdg26 mutant. Because several metabolites (including polyamines, polyols, and soluble sugars) are known to contribute to freezing tolerance [START_REF] Krasensky | Drought, salt, and temperature stress-induced metabolic rearrangements and regulatory networks[END_REF][START_REF] Tarkowski | Cold tolerance triggered by soluble sugars: A multifaceted countermeasure[END_REF], it would be interesting to analyze the sdg26 metabolome. SOC1 was previously proposed to act as a repressor of CBF genes in cold stress [START_REF] Seo | Crosstalk between Cold Response and Flowering in Arabidopsis Is Mediated through the Flowering-Time Gene SOC1 and Its Upstream Negative Regulator FLC[END_REF]. In this part, we found that SDG26 can bind at both SOC1 and CBFs chromatin. Interestingly, in the third part of my thesis, SDG26 was also found to be able to bind the chromatin of the floral repressor FLC, which is known to repress the transcription of SOC1 directly. Together, these results may reflect a more complex regulatory process than the simple linear interaction between a repressor and its gene targets. Hence, it would be highly informative to investigate the genome-wide targets of SDG26 with or without stress. Finally, the phytohormone ABA is known to mediate the adaptation to environmental stress in plants, and ABA was reported to accelerate flowering [START_REF] Hwang | Arabidopsis ABF3 and ABF4 Transcription Factors Act with the NF-YC Complex to Regulate SOC1 Expression and Mediate Drought-Accelerated Flowering[END_REF][START_REF] Wani | Phytohormones and their metabolic engineering for abiotic stress tolerance in crop plants[END_REF]. Thus, the low abundance of ABA in sdg26 and the positive function of SDG26 on flowering may indicate the involvement of SDG26 at the junction between abiotic stress and flowering.

Lastly, using a genetic approach, we confirmed SDG26 as a component of the autonomous pathway. Using different protein-protein interaction approaches, together with genetic and molecular analysis in different flowering mutants, we demonstrated the involvement of SDG26 in a multi-protein complex including the histone demethylase FLD (known as a classical autonomous pathway component), the homeobox-domain transcription factor LD (also known as a classical autonomous pathway component), as well as a putative COMPASS component APRF1. This complex was proposed to coordinate the COOLAIR processing to establish a repressive chromatin environment necessary for the transcriptional repression of the central flowering repressor FLC. Apart from regulating FLC transcription, SDG26 is known to directly regulate the transcription of floral activator SOC1, a downstream target of FLC, by binding its chromatin and deposit H3K4me3 and H3K36me3 [START_REF] Berr | The trxG family histone methyltransferase SET DOMAIN GROUP 26 promotes flowering via a distinctive genetic pathway[END_REF]. Surprisingly, we found that the SDG26 enrichment at SOC1 chromatin requires the same protein partners as for its enrichment at the FLC chromatin. However, whether the transcription of SOC1 is controlled mostly through SDG26 or the whole complex is not clear yet and further ChIP analyses will be required to test the binding of LD, FLD and APRF1 at SOC1 chromatin.

Based on our data available, we propose that SDG26 may control the transcription of both FLC and SOC1 to precisely regulate the floral transition.

Through my PhD, I got useful insights about the contribution of two different histone methyltransferases at the junction between stress and flowering time regulation.

This work thus perfectly illustrates the position of histone methyltransferases at the junction between stress response and developmental transition to control the balance between these 'external' and 'internal' processes for the long-term fitness of the plant.

VI.1. Materials

VI.1.1. Plant Materials and growth conditions

All Arabidopsis seeds I used in my study are from Columbia ecotype background.

Mutants sdg26-1 [START_REF] Xu | Di-and tri-but not monomethylation on histone H3 lysine 36 marks active transcription of genes involved in flowering time regulation and other processes in Arabidopsis thaliana[END_REF], sdg25-1 [START_REF] Berr | SET DOMAIN GROUP25 Encodes a Histone Methyltransferase and Is Involved in FLOWERING LOCUS C Activation and Repression of Flowering[END_REF], sdg8-1 [START_REF] Xu | Di-and tri-but not monomethylation on histone H3 lysine 36 marks active transcription of genes involved in flowering time regulation and other processes in Arabidopsis thaliana[END_REF], soc1-2 [START_REF] Lee | The AGAMOUS-LIKE 20 MADS domain protein integrates floral inductive pathways in Arabidopsis[END_REF] and clf-29 [START_REF] Xu | Di-and tri-but not monomethylation on histone H3 lysine 36 marks active transcription of genes involved in flowering time regulation and other processes in Arabidopsis thaliana[END_REF] 

VI.1.2. Bacterial strains

Escherichia coli strain TOP10 was used for plasmid construction and Agrobacterium tumefaciens strain GV3101 was used for plant transformation.

VI.1.3. Vectors and plasmid constructs

The vectors used in this thesis are listed in Table 

VI.1.5. Antibodies

All antibodies used in this thesis are listed in Table1-5. 

Sequence SDG26.1-LP 5'-TTTACATGCTTTGCCGGTTAC-3' SDG26.1-RP 5'-CTTTCTCGCAAGATCCATGAC -3' SDG8.1-LP 5'-CCTTCATCGCAATCGTAAATC-3' SDG8.1-RP 5'-TTTTGCGCTAAACTAGTTGGG-3' SDG25.1-LP 5'-TCTTGTGACAGGTGCAACTTG -3' SDG25.1-RP 5'-AAACAAAGCTAGGCACAAGGC-3' SDG8.2-LP 5'-GCTGGGGGTTTATGTAGGAAG-3' BAK1-R 5'-ACTTGTAGCGTCAGGACAGC-3' Table 1-6-3 Name Sequence FLC1-F FLC1-R FLC2-F FLC2-R FLC3-F FLC3-R FLC4-F FLC4-R FLC5-F FLC5-R SOC1-1-F SOC1-1-R SOC1-2-F SOC1-2-R SOC1-3-F SOC1-3-R SOC1-4-F SOC1-4-R FT-1-F FT-1-R FT-2-F FT-2-R FT-3-F FT-3-R CBF1-P1-F CBF1-P1-R CBF1-P3-F CBF1-P3-R

VI.2. Methods

VI.2.1. Plant Methods

VI.2.1.1. Seeds sterilization

Arabidopsis seeds were surface-sterilized by steaming with chlorine gas: seeds in the opened 1.5 ml Eppendorf tubes were placed in a desiccator, and a beaker with 200 ml JAVEL was put beside Eppendorf tubes. Next, 5 ml 37% hydrochloric acid was added to the beaker and closed the lid quickly. The closed desiccator was kept in a fume hood for 5 hours.

Alternatively, by submerging with ethanol: seeds in 2 ml Eppendorf tubes were placed on the rotating wheel with 70% ethanol for 10 min, followed by rinsing twice with 96% ethanol. Then, ethanol was removed and seeds were placed in the super clean hood to dry.

VI.2.1.2. Plant growth conditions

Plants were grown in soil under long days (LDs; in 16 h light: 8 h dark), medium days (MDs; 12 h light: 12 h dark) or short days (SDs; 8 h light: 16 h dark) photoperiod conditions in the greenhouse. For in vitro plant growth, seeds were spread on plates containing MS (Murashige and Skoog) medium (MS salts, 1% sucrose, pH5.8, 0.8% agar). After 3 days stratification at 4°C, the plates were transferred to a growth chamber at 22°C under long-day photoperiod conditions.

VI.2.1.3. Seed germination test

About 100 seeds were sown on MS medium plates supplemented with or without indicated hormones, and stratified at 4°C for 3 days. Then the plates were incubated in the LDs growth chamber at 21°C (16 hours light/8 hours dark). Germination rate was tracked by daily counting the number of seeds within radicle protruded beyond the testa. Three replicates were performed.

VI.2.1.4. Root growth test

Seeds were sown on MS medium plates. After stratification at 4°C for 3 days, the plates were incubated in the LDs growth chamber at 21°C for 3-4 days. Then the seedlings were transferred to new MS medium plates supplemented with or without a particular concentration of ABA, and the root length was marked. Next, the plates were incubated vertically, and the root length was measured 10 days after.

VI.2.1.5. Genetic crossing of Arabidopsis plants

Anthers in the selected flowering buds from a "recipient" plant were removed using forceps. Two days after emasculation, stigmas were pollinated with pollens from a donor plant. Pistils/siliques will become lengthen with successful pollination. Seeds (F1) were harvested after silique dried.

VI.2.1.6. Arabidopsis transformation

The binary vectors were introduced into Agrobacterium tumefaciens GV3101, then the bacteria were used to transform Arabidopsis thaliana by using a slight modified floral-dip protocol, previously described [START_REF] Zhang | Agrobacteriummediated transformation of Arabidopsis thaliana using the floral dip method[END_REF]. Briefly, the first bolts of Arabidopsis plants grown under LDs were removed to make more secondary inflorescences. When plants generated several flower buds, they are ready for Agrobacterium-mediated transformation. Agrobacterium cells were prepared from a single colony inoculated in 4 ml LB containing appropriate antibiotics and grown at 28 °C for two days. The culture was then amplified in 400 ml LB with the same antibiotics and continued the growth at 28°C for 16-24 hours. The bacteria cells were collected by centrifugation at 4000g for 10 min at room temperature. The pellet was resuspended in the inoculation buffer and centrifuge again at 4000g for 10 min. Lastly, the pellet was resuspended in the inoculation buffer and adjusted to an OD600 of 0.8. 2 hours later, plant inflorescences were dipped in the bacteria solution for 15 seconds. The dipping was repeated once more 15 min later.

The plants were subsequently placed in an incubator chamber at dark and high humidity for 24 hours. Afterward, plants were grown in the greenhouse under normal growth conditions.

Inoculation buffer: 1/2 MS medium, 5% sucrose, 0.02% Silwet L-77, pH5.8

VI.2.1.7. Genotyping

Small pieces of leaves from individual plants were collected into 96-well plate with 500 ul extraction buffer and metal beads. Then, materials were crushed for (2×1 min, 25 rmp) with tissue lyser machine. After centrifugation for 15 min at 3700 rpm, the supernatants containing genomic DNA were ready to be used as DNA template for PCR.

DNA extraction buffer: 50mM Tris-HCl pH7.5; 300mM NaCl; 300mM sucrose

VI.2.1.8. In situ hybridization

Digoxigenin labeling of RNA probes, tissue preparation, and in situ hybridization was performed as previously described [START_REF] Zhao | Prevention of early flowering by expression of FLOWERING LOCUS C requires methylation of histone H3 K36[END_REF]. Tissue sections were 8 µm thick. A fragment containing the 214 bp of the 3′-end and of the 3'-untranslated region (UTR) of SDG26 was obtained by PCR amplification using specific primers, cloned into the pGEM-T Easy vector (Promega) and used for the preparation of the SDG26 sense and antisense probes.

VI.2.1.9. GUS staining

The 1772 bp promoter region of SDG26 was PCR amplified and cloned into the donor vector pDONR207, and subsequently sub-cloned into the Gateway pGWB633 binary vector carrying the GUS gene. The construct was introduced in Agrobacterium and transgenic Arabidopsis plants were generated. The T2 progeny from six independent homozygous primary transformants was examined for GUS expression by histochemical staining. Briefly, freshly harvested plant materials were collected and immediately fixed in 80% cold acetone for 20 min on ice. After two washes with sterile water and one with 50 mM sodium phosphate buffer (pH 7.0), the plant materials were placed in the GUS staining solution [START_REF] Jefferson | GUS fusions: Bglucuronidase as a sensitive and versatile gene fusion marker in higher plants[END_REF]. Samples were then vacuum infiltrated for 10 min and incubated in the dark at 37°C overnight. Plant material was cleared in 70% ethanol and images were taken with a differential interference contrast (DIC) microscope (Leica).

GUS staining solution

Note: Prepare fresh and keep in the dark. 

VI.2.1.10. Plant micrografting

Micrografting between hypocotyls of rootstocks and scions were carried out without collars on 6-day-old seedlings, as previously described [START_REF] Turnbull | Micrografting techniques for testing long-distance signalling in Arabidopsis[END_REF]. Successful grafts were transferred into MS medium (for root growth analyses) or soil (for shoot growth analyses) and grown under LDs at 22 °C.

VI.2.1.11. Hormone or cold treatment

For hormone treatment: 10-day-old seedlings grown on MS under LDs were preincubated in liquid MS medium plate supplement with or without corresponding phytohormones for indicated hours. For cold treatment, 10-day-old seedlings grown on MS under LDs were put at 4°C cold chamber or kept at the growth chamber for indicated hours. The seedlings were then harvested after treatment, frozen by liquid nitrogen and stored at -80°C.

VI.2.1.12. Hormone quantification

Abscisic acid (ABA) and Jasmonate were identified and quantified by UPLC-MS/MS as described previously [START_REF] Smirnova | Jasmonic Acid Oxidase 2 Hydroxylates Jasmonic Acid and Represses Basal Defense and Resistance Responses against Botrytis cinerea Infection[END_REF] 

VI.2.1.13. Electrolyte leakage assay

Electrolyte leakage was conducted on detached leaves according to Thalhammer et al., 2014(Thalhammer et al., 2014) using an electrical conductivity meter (Mettler Toledo Seven Compact equipped with an InLab Sensors). Briefly, rosettes leaves were cut and separately placed in a glass containing ddH2O at room temperature or 4°C in a cooling bath for the duration of the experiment. After inserting the electrodes carefully into the sample tubes, the electrical conductivity of each sample was measured after mixing the solution thoroughly by moving the electrodes up and down. Each sample was measured three times, with swaying in ddH2O between each measure, and the average of the three measures was latterly used. At the end of the experiment, the total electrolyte content was determined by boiling the leaves for 30 min. The percentage of electrolyte leakage was calculated relative to the conductivity of the boiled samples as follow: %EL=Conductivity (sample) / Conductivity (boiled sample)

VI.2.1.14. Stomata analysis

Epidermal strips from 2-week-old plants were fixed in 1% glutaraldehyde, 10 mM PIPES pH 7.0, 5 mMgCl2 and 5 mM EGTA for 1h. Then samples were cleared overnight in chloral hydrate and stomata were examined under a Nikon Eclipse 800 microscope.

Scanning electron microscopy images were taken using a Hitachi S-3400N (Hitachi High-Technologies Europe). All images were processed using ImageJ.

VI.2.1.15. Drought stress analysis

Soil dehydration was conducted on plants grown at 22°C with a 12 h light photoperiod in a growth chamber. After 10 days, plants were grown under the same conditions with or without additional watering for a week. Plants were then re-watered for 3 days and the number of survival plants was counted based on their color and leaf turgidity.

The water loss was estimated on detached leaves from 10-day-old plants by measuring their weight at each time point.

VI.2.1.16. Freezing tolerance test

2-week-old plants grown in soil under LDs at 22 0 C were placed in -20 0 C freezer for 2 hours or stayed in the growth chamber. After treatment, the plants were grown in the growth chamber for recovery. After one-week incubation, the survival rates were scored.

VI.2.1.17. Arabidopsis total RNA extraction

Step 1: Plant materials were pooled with liquid nitrogen and ground; the crude powder was put to 1.5 ml Safe-lock Eppendorf tubes and 1ml TRI Reagent was immediately added to tubes.

Step 2: Vortex the tubes and incubate at room temperature (RT) for 10 min.

Step 3: Add 0.2 ml chloroform, shake vigorously for 15 seconds and incubate for 3 min at RT.

Step 4: Centrifuge the samples at 4 0 C for 15 min with 11000 g and transfer 500 ml of supernatants to new 1.5ml microcentrifuge tubes followed by adding 500ml isopropanol.

Incubate for 10 min at RT.

Step 5: Centrifuge the samples at 4°C for 10 min with 11000 g to get pellets.

Step 6: Remove supernatant and wash pellets with 1ml 75% EtOH, vortex once to suspend the pellets and centrifuge at 4°C for 5mins with 7500 g.

Step 7: Remove supernatant and centrifuge again at 4°C for 5mins with 7500 g.

Step 8: Gently discard supernatant with a pipette and dry the pellet in the hood for 10 min.

Step 9: Dissolve pellets in sterilized milli-Q water and measure the concentration with Nanodrop2000.

VI.2.1.18. Reverse transcription

DNase treatment (Promega, http://www.promega.com) was followed by first-strand cDNA synthesis using a reverse transcription kit (Promega) according to the manufacturer's recommendation.

For COOLAIR transcript analysis, first-strand cDNA was synthesized using specific primers or oligo dT primer and the kit from SuperScript® IV Reverse Transcriptase (Invitrogen) according to manufacturer's instructions

VI.2.1.19. Quantitative PCR

Quantitative PCR was performed in 384 wells optical plate in a light cycler 480 II (Roche) machine, according to the manufacturers' instructions. The reaction mixture is made up of 5µl SYBR Green master mix, 2 µl primer mix, 2 µl H2O and 1 µl Template. Each sample was conducted qPCR with three replicates. GAPDH, EXP, Tub2 and Tip4.1 were used as the internal reference controls.

VI.2.1.20. Bimolecular Fluorescence Complementation

To generate the constructs for BiFC, full-length coding sequences of FLD, APRF1, LD, 

VI.2.1.21. Total protein extraction

Step 1: Preheat 2×SDS loading buffer with DTT (50 µl DTT/1ml 1×SDS)

Step 2: Use tissue lyser machine to grind Arabidopsis seedlings or tobacco leaves in satelock tubes within glass beads (15s×2) Note: Do not thaw the tissues, before processing 2 nd grinding, keep them in liquid nitrogen once after grinding.

Step3: Add hot 2×SDS loading buffer to tubes (200 ul/100 mg tissue), vortex few seconds.

Step4: Heat samples at 95°C for 5min with shaking at 800 rpm.

Step5: Centrifuge for 5 min at RT with maximum speed.

2×SDS loading buffer (20ml)

1M Tris-HCl pH6.8 2ml

10% SDS 8ml

Glycerol 4ml

β-Mercaptoethanol 2.5ml 1% bromophenol blue little ddH2O up to 20 ml 2.1.22 SDS (sodium dodecyl sulfate)-polyacrylamide gel electrophoresis (PAGE)

Step 1: Prepare PAGE gel

Step 2: Protein samples (in SDS loading buffer) were heated at 95 °C for 5 min and then centrifuged at maximum speed for 5 min.

Step 3: Load protein samples and pre-stained protein ladder (4 µl) to a PAGE gel.

Step 4: Run the gel in 1x SDS electrophoresis buffer at 70 volt (V) about 10 min until the ladder becomes clearly differentiable.

Step 5: Change to 120V to finish running when the certain protein being separate.

Step 6: Incubate the gel in a Coomassie solution with shaking for 20 min at 25 °C.

Remove Coomassie solution and incubate the gel with shaking in the distaining solution until the proteins on the gel can be visualized.

A PAGE gel includes two parts, resolving gel and stacking gel.

Resolving gel: 10-15% Acrylamide/ Bis-acrylamide (29: 

VI.2.1.23. Western blot analysis

Step1: Protein samples were separated on 6% or 8% or 10% or 15% percentage gel by SDS-PAGE, and then the gel was equilibrated in transferring buffer for at least 5mins before transference.

Step 2: Proteins on the gel were transferred to the PVDF membrane in transferring buffer at constant 300 milliampere (mA) for 2 hours at 4 °C. PVDF membrane (Roche) was pretreated with absolute methanol for 15 seconds, followed by washing with milli-Q water for 1mins and then the membrane was equilibrated for at least 5 min.

Step 3: Washed the membrane in 1×TTBS (1×TBS buffer with 0.1% Triton-X100) buffer for 10 mins.

Step 4: Blocked the membrane in milk-TTBS (5% non-fat milk in 1×TTBS) buffer for 1 hour

Step 5: Incubated the membrane in the diluted primary antibody at 4 °C overnight.

Step 6: Rinsed the membrane 3 times with the milk-TTBS buffer and each time for 10 min.

Step 7: Incubated the membrane in the diluted secondary antibody (1/2 concentration of primary antibody) for 1 hour at RT.

Step 8: Rinsed the membrane with milk-TTBS buffer for 5mins, followed by 1×TTBS for 3 times and each time for 10 min.

Step 9: Put the membrane in ECL western blot detection reagents for 5 min at RT.

Step 10: Capture WB image on the film.

Transferring buffer: 25 mM Tris pH 8.0; 192 mM glycine; 15% methanol TBS buffer: 20 mM Tris-HCl pH7.4; 150 mM NaCl

VI.2.1.24. Co-immunoprecipitation

Step 1: 1g plants tissues (2-week-old seedlings of transgenic plants or tobacco leaves)

were finely ground in liquid nitrogen in the mortar.

Step 2: Then the tissues were thawed in 3ml lysis buffer A: 50 mM HEPES, pH 7.6, 100 mM of NaCl, 2 mM MgCl2, 1mM DTT, 0.5% Nonidet P-40 (74385, Sigma-Aldrich) and 10% glycerol supplemented with cOmplete™, EDTA-free Protease Inhibitor Cocktail (5056489001, Roche).

Step 3: Lysates were incubated with 0.5 µl/ml of the nonspecific endonuclease Benzonase (E1014, Sigma-Aldrich,1:1000) during 45 min ~1h at 4°C on a rotating wheel.

Step 4: Clear supernatants without pellet were obtained for the subsequent immunoprecipitation after centrifugation for 15 min with 11000×g at 4°C.

Step 5: If not clean, the supernatants should be centrifugated again with 10 min.

Step 6: 1.7ml supernatant was incubated with 50 µl FLAG antibody with magnetic beads at 4°C with moderate speed about 6 rpm. The FLAG antibody with magnetic beads is from the µMACS DYKDDDDK (FLAG) isolation kit according to the manufacturer's instructions Miltenyi Biotec). And, the left supernatants were added the identical volume of the pre-heated EB buffer from the kit with DTT and incubated 95°C for 5 min. Then centrifuge samples for 5 min at maximum speed and store -20°C.

Step 7: The MACS M columns from Miltenyi Biotec were fixed at the MACS separator and were rinsed with 200 µl lysis buffer provided by the kit once and with two times rinse of 200 µl buffer B: 50 mM HEPES, pH 7.6, 100 mM of NaCl, 2 mM MgCl2

Step 8: After incubation, the lysates were flowed through pre-rinsed M columns with 200 µl per time.

Step 9: Then, wash the columns with 200 µl buffer B for 4 times.

Step 10: Rinse the columns with 100 µl wash buffer from Kit.

Step 11: Take out the separator with columns to room temperature and wash the columns with 20 µl, keep still at RT for 5mins followed by 3×30 µl. Push out the elution to 1.5 safe-lock microcentrifuge tubes with a pump.

Step 12: Incubate samples at 95 °C for 5mins and centrifuge for 5mins with maximum speed followed by storing at -20°C for subsequent Western blot analysis.

VI.2.1.25. Chromatin immunoprecipitation (ChIP)

Day1

Step 1: 2-week-old seedlings grown on MS medium under LDs were immediately frozen in liquid nitrogen and stored at -80 °C.

Step 2: 1-1.5g frozen seedlings were finely ground in liquid nitrogen within a chilled mortar. Transfer fine powders to 20ml Fixation buffer (without formaldehyde) at room temperature (RT) in a 50 ml Falcon tube. Homogenize samples well with vortex 3×10s and quickly add 540 𝜇l fresh formaldehyde (1% final concentration) and incubate at RT for 7 min on a rotating wheel with 6 rpm. Terminate the crosslinking reaction by adding 1.2 ml 2.5M Glycine (150mM final) and incubate 5 min at RT.

Step 3: Filter the solution through one layer of Miracloth and centrifuge the filtered solution for 20 min at 3000g (with a swing bucket rotor) at 4°C. Gently remove the supernatant without disturbing the pellet and resuspend pellet with pipette in 40 ml of chilled Extraction buffer 1 and incubate for 10 min on a rotating wheel with 12 rpm at 4°C. Following centrifugation for 20 min at 3000 g at 4°C, remove supernatant and resuspend pellet gently with 1ml+0.3ml of chilled Extraction buffer 2.

Step 4: Transfer the solution to 1.5 ml microcentrifuge tube and centrifuge for 10 min at 12000g at 4°C. Discard the supernatant without disturbing the pellet with pipette followed by resuspending pellets in 300 𝜇l of cold nuclei lysis buffer (place on ice right before the step) by gently pipetting the solution up and down. Incubate on ice for 10 min.

Step 5: Using pre-chilled Bioruptor sonicator, sonicate samples for 5×5 min with a 30s

ON and 30s OFF cycle at high setting. Centrifuge the sonicated chromatin solution for 10 min at 12000 g at 4°C and transfer the supernatant to a new 2 ml microcentrifuge tube.

Take 40 𝜇l for sonication e analysis and keep 10 𝜇l for input control, and others at -80°C.

Day2

Step 6: Add 400 𝜇l of Elution buffer to 40 𝜇l sample after sonication and add 20 𝜇l of NaCl 5 M. Incubate the samples at 65°C with vigorous shaking for 5-6 hours. Then precipitate DNA process is followed: add an equal volume of Phenol: Chloroform (1:1), vortex vigorously for 15s and centrifuge at maximum speed for 5mins. Transfer supernatant to a new tube and add first 1/10 volume of 3M sodium Acetate, 2 volumes of 100% EtOH, place at -20°C for at least 20 min. Centrifuge the mixture at 10000 rpm for 15 min at 4°C. Wash DNA with cold EtOH 70%. Lastly, pellets are resuspended in 30 𝜇l of H2O. Mix 10𝜇l with 1 𝜇l of RNase, incubate 10mins at RT and lead on an agarose gel.

Step 7: Following the finished sonication analysis, 30 𝜇l chromatin is mixed with 270 𝜇l of a preincubated mixture at 4°C for 1hour, which containing ChIP dilution buffer, 2 𝜇l antibody and magnetic Protein A beads. The prepared mixture is used for immunoprecipitation overnight at 4°C with a rotating wheel at 8rpm. In parallel, chromatin without any antibody was used as a negative control.

Day 3

Step 8: Place IP sample on a magnetic stand for 2mins and remove the supernatant carefully with a pipette. Wash the beads with 500 𝜇l of each wash buffer. For each buffer, incubate beads in the buffer for 10 min at 4°C with a rotating wheel at 12 rpm. Then, place the magnetic stand still for 2 min and discard the supernatant with a pipette, and add the next buffer:

1) Low Salt Wash Buffer 2) High Salt Wash Buffer 3) LiCl Wash Buffer 4) TE Wash Buffer

The whole process is performed at 4°C.

Step 9: Keep the magnetic stand for 2 min at room temperature and remove TE Wash Buffer. Elute samples with 100 𝜇l freshly prepared ChIP elution buffer and add 1 𝜇l Proteinase K. Process a short centrifugation and incubate samples at 65°C 5-6 h with 900 rpm rotation.

Step 10: Cool the samples down to room temperature, separate beads using the magnetic stand and remove supernatant to new 1.5 ml microcentrifuge tubes. Recover DNA by NucleoSpin® Gel and PCR Clean-up kit (MACHEREY-NAGEL, Germany) and

Resuspend in 50 𝜇l milli-Q H2O and stored at -20°C.

Nuclear isolation buffer: 10mM HEPES pH 7.6; 0.5M sucrose; 5mM KCl; 5mM MgCl2; 5mM EDTA (pH 8); Proteinase inhibitor 1 tablet per 50 ml solution.

Fixation buffer for 100ml: nuclear isolation buffer 95ml; 14mM β-mercaptoethanol; 0.6% 

. Preparation of competent cells for heat shock transformation

A single bacterial colony was inoculated in 1 ml LB medium and incubated with shaking at 37°C overnight. The culture was diluted in 100 ml LB and incubated by shaking at 37°C until OD600 value reaches 0.4-0.6. The cell culture was chilled on ice for 10 min and harvested by centrifugation at 3000 g for 10 min at 4°C. After removing the supernatant, the pellet was resuspended gently in 10 ml of ice-cold 50 mM CaCl2 solution and kept still on ice for 30 min. After centrifugation at 3000 g for 10 min at 4°C, the pellet without supernatants was resuspended gently in 4 ml of ice-cold 50 mM CaCl2 (15% glycerol) on ice. The competent cells were subsequently aliquoted into microcentrifuge tubes with a volume of 50 µl, immediately frozen in liquid nitrogen and stored in -80°C.

LB medium: 10 g/ L Tryptone; 5 g/ L Yeast extract; 10 g/ L NaCl, autoclave for 15 min at 121°C

VI.2.2.2. Preparation of Agrobacterium competent cells for electroporation

A single colony of the Agrobacterium strain was inoculated in 2 ml LB with the antibiotics (rifampicin 40 mg/L, gentamycin 50mg/L) and incubated with shaking at 30°C overnight.

The culture was diluted in 400 ml SOB medium and incubated by shaking at 30°C until OD600 value reaches 0.5 to 1.0. Cells were harvested in ice-cold flask by centrifugation at 3600 rpm for 10 min at 4°C and resuspended in 40 ml ice-cold 10% glycerol, followed by repeating resuspension in 18ml ice-cold 10% glycerol. After centrifugation at 3600 rpm for 10 min at 4°C, cells without supernatants were resuspended gently in 1 ml icecold 10% glycerol. The competent cells were then dispensed into 50 µl aliquots and frozen immediately in liquid nitrogen and stored at -80°C.

SOB medium: Tryptone 20 g/L, Yeast extract 5 g/L, NaCl 0.5 g/L, autoclave for 15 min at 121°C.

VI.2.2.3. Heat shock transformation

After 10 min still on ice, a mixture of DNA and 50 µl competent cells were incubated at 42°C for 45 seconds and then kept on ice for 2 min. Following the addition of 0.5ml LB liquid medium and incubation the cells at 37°C for 1 hour with agitation. Spin the cell culture with few seconds of centrifugation. The supernatant was mostly removed with 100 µl left one. Lastly, the resuspended cell culture was spread on LB agar medium with the antibiotics. The inverted plates were then incubated at 37°C overnight.

VI.2.2.4. Transformation of Agrobacterium via electroporation

Agrobacterium GV3101 competent cells were thawed in ice and 0.5 µl (6-10 ng/µl) DNA was added gently. The mixture was placed in the chilled electroporation cuvette, and 2.5

V was stetted using the Gene Pulse (Bio red). Following the pulse, the cells were removed to microcentrifuge tubes and mixed with LB liquid medium. The transformed cells were incubated at 28°C for 1.5-2 hours. 300 µl cell culture was spread on LB agar medium with corresponding antibiotics. The inverted plates were incubated at 28 °C for 2 days.

VI.2.2.5. Yeast two-hybrid (Y2H)

To generate the constructs for Y2H, full-length coding sequences of FLD, APRF1, LD, and SDG26 were PCR amplified. The PCR products were sub-cloned into the pDONR207 and then recombined into pGADT7 and pGBKT7 vectors. The constructs bearing empty vectors were used as negative controls. The different constructs were co-transformed into the yeast strain AH109 (Clontech). Transformants were selected on synthetic (SD)/-Leu/-Trp (-LW) medium for 3 days at 30°C. Weak and strong interactions were tested by transferring transformants on SD/-Leu/-Trp/-His (-LWH) and SD/-Leu/-Trp/-Ade/-His (-LWAH) media, respectively, allowing growth for 4 days at 30°C.

Introduction Générale

Chez les eucaryotes, l'ADN portant l'information génétique s'associe aux protéines histones pour former la chromatine dans le noyau et renforcer la stabilité du génome tout en veillant à sa bonne transcription. Les modifications post-traductionnelles covalentes des histones jouent un rôle important dans la modulation de la structure de la chromatine et ont été impliquées dans le contrôle de multiples processus développementaux chez les plantes. Ces modifications sont mises en place par différentes enzymes dites de modification des histones. Parmi elles, les membres du groupe Trithorax (TrxG) responsables de la méthylation de l'histone H3 sur la lysine 4 (H3K4) et / ou 36 (H3K36), deux marques corrélées à la transcription active, ont été impliqués dans le contrôle de divers processus cellulaires tels que la transcription [START_REF] Berr | Reciprocity between active transcription and histone methylation][END_REF].

Au cours de mon projet de thèse, je me suis concentré sur l'étude de deux membres 

Figure 1 :

 1 Figure1: The nucleosome core particle. About 147-bp of DNA are wrapped around an octamer complex comprising two copies of each of histones H2A, H2B, H3 and H4[START_REF] Luger | Crystal structure of the nucleosome core particle at 2.8 A resolution[END_REF].

Figure 2 :

 2 Figure 2: Histone methylation and demethylation. Schematic representation of histone methylation and histone demethylation processes by adding or removing one, two or three methyl group at ε-amine group of a particular histone lysine residue.

Figure 3 :

 3 Figure 3: Histone lysine methylation distribution in animals (top) and plants (Adapted from Xiao et al., 2016). The definition of 'promoter' is different in animals and plants. In animals, promoter include about 100 bp upstream of the TSS. In Arabidopsis, promoter was located about the upstream intergenic region (1-2 kb or more) and includes the core promoter as well as enhancers. TSS: transcription start site; TTS: transcription termination site.

Figure 4 :

 4 Figure 4: Histone 'Writers' in Arabidopsis, TrxG and PcG proteins. TrxG proteins methylate histone H3 at lysine 4 or 36 and contribute to gene activation; PcG proteins methylate histone H3 at lysine 27 and contribute to gene repression.

Figure 5 :

 5 Figure 5: Reported histone methylation 'erasers' at euchromatin in Arabidopsis. Demethylases for the removal of H3K27me contribute to gene activation while ones for the removal of H3K4me and H3K36me contribute to gene repression.

Figure 6 :

 6 Figure 6: Model of stress etching on chromatin. Plants use a wide range of different sensing and signaling mechanisms to induce dynamic responses when challenged by a type of abiotic and biotic stresses (a).Signaling mainly goes through different plant stress hormones (b), including abscisic acid (ABA) in case of biotic stress, and salicylic acid (SA), jasmonic acid (JA) and ethylene (ET) upon biotic stress. Stress signaling then leads to stress-adapted gene expression by directly or indirectly affecting chromatin structure via DNA methylation, histone tail modifications such as methylation or acetylation (indicated in red and green, respectively), histone variant replacements or nucleosome addition/loss leading to chromatin condensation/de-condensation at responsive genes (c, d). These changes will modify metabolic or morphologic plant features under stress conditions, enabling the plant to resist or tolerate stressful conditions. (Adapted from Gutzat and Mittelsten Scheid, 2012).

Figure 7 :

 7 Figure 7: A simplified model for the regulation of plant defense networks in response to biotrophic and necrotrophic pathogenic infection. Upon infection, accumulation of plant defense hormones like ET, JA or SA further activates the expression of specific plant defense genes such as PDF1.2 (PLANT DEFENSIN1.2), VSP2 (VEGETATIVE STORAGE PROTEIN 2) and PR1 (PATHOGENESIS-RELATED-1) through selective transcription factor dependent pathways. Positive (arrows) and negative (bars) regulations are depicted. (Adapted from[START_REF] Berr | Chromatin modification and remodelling: A regulatory landscape for the control of Arabidopsis defence responses upon pathogen attack[END_REF] 

Figure 8 :

 8 Figure 8: Simplified model for the involvement of histone methylation in establishing a transcriptional response to different kind of stress. Methylation changes can be classified in three different but related categories:

Figure 9 :

 9 Figure 9: RNA processing, transcriptional regulation and Histone modifications mediate FLC silencing in autonomous pathway. RNA processing contains PCFS4, FY, FCA, PRP8, FPA, FLK, CstF64 and CstF77; Transcriptional regulation group contains CDKC;2 and LD; Histone modifications group contains FLD and FVE.

Figure 10 :

 10 Figure 10: FLC epigenetic silencing in vernalization (before cold, upon cold exposure and return to warmth) and FLC reactivation set up in offspring after vernalization. Before cold exposure, FLC sense transcript is highly expressed, and its chromatin nucleation region is deposited by active markers H3K4me3, H3K36me3, H3 acetylation. Upon cold exposure, at 1-2 weeks, FLC mRNA expression gradually decreased, accompanying the induced COOLAIR and slowly addition of repressive marker H3K27me3 recruited by PRC2 to the nucleation region. At 3-4 weeks, and the recruitment of COLDAIR, HDA19 and ASAP to the FLC nucleation region and VAL1/2 binding to cold memory element (CME) act redundantly to engage PHD-PRC2 to establish H3K27me3 deposition at nucleation region, ultimately shut down FLC sense transcription. Return to warmth, the silenced FLC transcription maintains and H3K27me3 spread to cover whole FLC locus, and this process still needs VAL1/2 binding to CME. The silenced FLC transcription and the H3K27me3 silencing are reset in the next generation. It requires LEC2 and FUS3 binding CME, disrupting PRC2-mediated H3K27me3 silencing, and requires FRIGIDA and SDG8 set up and maintain an active chromatin environment to activate FLC transcription.

  ) serves as a scaffold protein recruiting different histone methyltransferases during establishment and maintenance of FLC activation (Whittaker

  As sessile organisms, plants are challenged by many pathogens in nature. Beside preformed physical barriers such as cuticle or cell wall and constitutive antimicrobial compounds, plant immunity relies on two layers of defense. Firstly, surface membrane-anchored receptors named pattern-recognition receptors (PRRs) can perceive conserved pathogen structures called pathogen-associated molecular patterns (PAMPs), thereby activating PAMP-triggered immunity (PTI). To inhibit/interfere with PTI, pathogens secrete effectors or avirulence (Avr) proteins into host cells which in turn can be recognized by cellular plant receptors inducing effector-triggered immunity (ETI), resulting in much stronger defense responses. In contrast to PTI, ETI is accompanied by a rapid and local programmed cell death at the infection site termed the hypersensitive response (HR) and by the activation of systemic acquired resistance (SAR) in distal tissues

Figure 11 :

 11 Figure 11: Pathogen-responsive phenotypes in WT and sdg8-1 mutant plants upon Pseudomonas syringae infection. (A) Representative leaves of 5-week-old Arabidopsis WT and sdg8-1 mutant plants showing disease symptoms after infiltration with Pst DC3000 or Pst avrRpm1 at 5.10 5 colony-forming units (cfu/ml). The control treatment (mock) was inoculated with 10 mM MgCl2. Photographs were taken at 3 days post-inoculation (dpi). (B) Growth of virulent Pst DC3000 (left) or avirulent Pst DC3000 expressing avrRpm1 (right) at 1 and 3 dpi in WT and sdg8-1 leaves of 5-week-old plants. Log transformed data shown are means ± SD (n=12). Letters indicate significant differences among sample in Student's t-test followed by Benjamini-Hochberg FDR correction (P < 0.05)

Figure 12 :

 12 Figure 12: SA accumulation and expression levels of SA pathway-associated genes in WT and sdg8-1 mutant plants upon Pseudomonas syringae infection. (A) Quantification of free SA concentrations at the indicated time points in WT and sdg8-1 leaves of 5-week-old plants after Pst DC3000 or Pst avrRpm1 inoculation. (B) Simplified model for the SA signaling network in Arabidopsis thaliana depicting genes (in italic) analyzed in the present study. (C) Expression levels of SA pathway-associated genes quantified by qRT-PCR in WT (black) and sdg8-1 (white) mutant 5-week-old plants in response to Pst DC3000 inoculation. Expression values for each gene are presented relative to the corresponding WT level at 0 dpi (set as 1) as means ± SD (n=3). Inserts on the right are highlighting differential basal expressions observed between WT and sdg8-1 for PR1 and PR2. Letters indicate significant differences among sample in Student's t-test followed by Benjamini-Hochberg FDR correction (P < 0.05).

Figure 13 :

 13 Figure 13: Expression levels of SA pathway-associated genes in WT and sdg8-1 mutant plants in response to exogenous SA treatment. Expression levels of SA pathway-associated genes in WT (black) and sdg8-1 (white) mutant 10-day-old seedlings grown in soil and sprayed with 1 mM of SA. Expression values for each gene are presented relative to the WT level at time point 0 (i.e. just before spraying) as means ± SD (n=3). Inserts on the right are highlighting differential basal expressions observed between WT and sdg8-1 for PR1 and PR2. Letters indicate significant differences among sample in Student's t-test followed by Benjamini-Hochberg FDR correction (P < 0.05).

Figure 14 :

 14 Figure 14: Western-blot analysis of global H3K4me3, H3K36me3 and H3K27me3 in WT plants in response to exogenous SA treatment. (A) Amounts of H3K4me3, H3K36me3 and H3K27me3 were determined on nuclear protein enriched fractions extracted from WT 10-day-old seedlings during exogenous SA exposure using indicated antibodies. Histone H3 total protein and coomassie staining were used as a loading control. (B) Mean densitometry values ± SEM for H3K4me3, H3K36me3 and H3K27me3 were calculated from at least 3 independent experiments, normalized to H3 and presented relative to WT. Letters indicate significant differences among sample in Student's t-test followed by Benjamini-Hochberg FDR correction (P < 0.05).

Figure 15 :

 15 Figure 15: Chromatin immunoprecipitation analyses of H3K4me3, H3K36me3 and total RNAPII at PR genes in WT and sdg8-1 mutant plants in response to exogenous SA treatment. ChIP analyses were used to determine relative levels of H3K4me3, H3K36me3 and total RNAPII during treatment with exogenous SA of 10-day-old WT (grey background) and sdg8-1 mutant (white background) seedlings at the indicated regions of PR1 (regions A, B and and C) and PR2 (regions D, E and F). Genomic structures of the 2 genes and regions analysed by ChIP assays are indicated. Black boxes represent exons, arrows indicate TSS and bars labeled from A to F represent regions amplified. The anti-histone H3 was used to normalize H3K4me3 and H3K36me3 levels to nucleosome occupancy. For total RNAPII, the DNA enrichment was calculated relative to the input DNA. Mean values ± SD are presented based on results from two biological replicates. Letters indicate significant differences among sample in Student's t-test followed by Benjamini-Hochberg FDR correction (P < 0.05).

Figure 16 :

 16 Figure 16: Protein interaction between SDG8 and different phosphorylated forms of RNAPII. (A)Proteins were extracted from wild-type (WT) and plants expressing a functional FLAG-tagged SDG8 protein in a sdg8 mutant background (SDG8-FLAG). An anti-FLAG antibody was used to detect the tagged SDG8 protein (black arrowhead) in the input and after immunoprecipitation using anti-FLAG beads (IP). Total RNAPII (@RNAPII), the Ser5P form of the CTD of RNAPII (@Ser5P) or the Ser2P form of the CTD of RNAPII (@Ser2P) in input and after IP are indicated by white arrowheads. (B) The two-hybrid system used to identify protein-protein interactions requiring post-translational modifications was tested for the phosphorylation of the CTD. An anti-HA antibody was used to detect fusion protein in untransformed yeast (Ctrl) and in yeast transformed with the protein kinase Kin28 alone (white arrowhead) or with the CTD fused to either Kin28 (CTD-Kin28) or the inactive Kin28 (CTD-mKin28). Phosphorylation of the CTD detected by antibodies against the Ser5P form of the CTD (@Ser5P) or the Ser2P form of the CTD (@Ser2P) occurs mainly with the tethered wild-type Kin28 but not with the mutated one. (C) Yeast two-hybrid analysis of the interaction between SDG8 and the phosphorylated or non-phosphorylated form of the RNAPII CTD. Full-length SDG8 and SDG26 were separately fused to the Gal4 Activation domain (AD), while Kin28, CTD-Kin28 and CTD-mKin28 were fused to the Gal4 DNA Binding domain (BD). Yeast cells cotransformed with the different recombinant vectors were spotted though a series of tenfold dilutions onto control (SD-LW) and selection media of increasing stringency (SD-LWH+3-AT and SD-LWAH).

  The unspliced form covering 954 base pairs (bp) has a single exon (corresponding to intron 8 and exon 9) and is hypothetically translated in a 115 amino acid (aa) putative protein. The spliced variants SDG26-a (1752 bp) and SDG26-b (1847 bp) differ regarding their 5'UTR region since an alternative promoter was predicted. Despite this difference, their coding sequences (CDS) were identical, producing a unique 492 aa SET-domain protein (about 55 kDa). Interestingly, the third alternatively spliced variant named SDG26-c was so fare omitted from the literature. This variant is the result of the use of an alternative 3' splice junction, also named acceptor site, that change the 5' boundary of the downstream exon. SDG26-c results in a 1613 bp mRNA translated in a 253 aa protein (about 29 kDa). SDG26-a/b and SDG26-c proteins contain domains typically found in SET-domains proteins, the conserved SET lysine methyltransferase catalytic domain surrounded on its N-terminal side by the AWS (Associated With SET) motif and on its Cterminal side by the Post-SET domain (Figure17B). A putative Nuclear Localization Signal (NLS) was also identified.Because we were not able to detect by neither semi-quantitative RT-PCR nor Realtime quantitative PCR the predicted unspliced mRNA form and because the corresponding predicted protein contains no known protein domain or characteristic motif, we decided to focus our work only on the SDG26-a/b and SDG26-c transcripts.

Figure 17 :

 17 Figure 17: General features of the SDG26/ASHH1 gene and protein. (A) The SDG26 gene and mRNA (named SDG26-a to c) are presented with exon as colored boxes, 5' and 3' UTR as grey boxes and intron as black lines. The STOP codon (TGA) for mRNA SDG26-a and -b is indicated as well as the corresponding PolyA site. The alternative promoter sequence which cause the SDG26-a variant is indicated, as well as the alternative STOP codon and PolyA site of the SDG26-c variant. (B) Proteins corresponding to SDG26-a/b and SDG26-c were aligned using Clustal O (1.2.4). Domains classically found in SET-domain proteins are highlighted in yellow for the AWS domain, in green for the SET domain and in blue for the Post-SET domain. The putative Nuclear Localization Signal (NLS) is framed in red.

Figure 18 :

 18 Figure 18: Expression analysis of the SDG26 isoforms. (A) Primer pairs were designed to specifically quantify the two SDG26 transcripts we were interested in using a reverse primer spanning the junction between exon 8 and 9 for SDG26-a/b and a reverse primer spanning the junction between exon 8 and 10 for SDG26-c. (B) Primer pairs were validated by semi-quantitative RT-PCR based on the size of their respective product (99 bp for SDG26a/b and 114 bp for SDG26-c) and the presence of a single band. Real-time quantitative PCR (qPCR) analysis of SDG26 isoforms (C) in different tissues of Arabidopsis plants and (D) in 10-day-old seedlings grown under LDs (16h light/8 h dark). Transcript levels are expressed relative to the transcript level of SDG26-a/b in seedlings at time 0 h after dawn. Values are the means ±SD of three replicates. Tip4.1 and Exp were used for normalization. Letters indicate significant differences among sample in Student's t-test followed by Benjamini-Hochberg FDR correction (P < 0.05).

  our anti-SDG26 monoclonal antibody can recognize only the protein resulting from the translation of the SDG26-a/b mRNA (either as a result of its high specificity or because the SDG26-c protein is under detection limit; Figure19A), we generated two different constructs including C-terminal GFP-tagged SDG26-a/b or SDG26-c, all driven by the CaMV35S promoter, and they were named p35S-SDG26-a/b-GFP and p35S-SDG26-c-GFP, respectively.

Figure 19 :

 19 Figure 19: Transient expression of SDG26 protein in tobacco leaves. (A) Western blot analysis using an anti-SDG26 monoclonal antibody on total protein extracts from wild-type Col0 and sdg26-1 detected SDG26-a/b in Col0 only. (B) Cellular localization of SDG26-a/b and SDG26-c fused to GFP and under the control of the 35S promoter transiently expressed in tobacco leaves. Representative images of GFP fluorescent and DIC are shown. Scale bar represents 50 µm. (C) Western blot analysis of leaves agroinfiltrated with the different SDG26 constructs compared to not agroinfiltrated one (Ctrl for control). The arrow indicates SDG26-a/b-GFP (82.3 kDa), and the arrow head SDG26-c-GFP (55.8 kDa).

  for a T2 plant expressing C-terminal GFP-tagged either SDG26-a/b or SDG26-c driven by the CaMV35S promoter. As shown in Figure 20, T2 plants expressing SDG26-a/b almost entirely rescued the sdg26 late-flowering phenotype. Nevertheless, for unknown reasons,

Figure 20 :

 20 Figure 20: Analyses of two representative T2 plants expressing p35S-SDG26-a/b-GFP or p35S-SDG26-c-GFP. (A) Western blot analysis of stably expressed GFP fused SDG26-a/b and SDG26-c in sdg26 transgenic plants detected with anti-GFP antibody on total protein extracts. Untransformed sdg26 mutants and Col0 plants expressing p35S-GFP were used as control. The arrow indicates SDG26-a/b-GFP (83.3 kDa), the arrow head SDG26-c-GFP (55.8 kDa) and the asterisk GFP alone (28.7 kDa). (B) SDG26-a/b and SDG26-c transcript levels were quantified by qPCR and compared between transgenic plants, untransformed sdg26 mutants and wild-type Col0 plants. (C) The complementation analysis was conducted in T2 plants by measuring flowering time under long days (LDs; 16 h light/8 h dark). Mean values are shown (± SD) based on two independent biological replicates with each replicate comprising over 20 plants for each genotype. (D) The complementation analysis was further conducted by quantifying transcript levels of flowering genes known to be affected in the sdg26 mutant. Expression analyses in (B) and (D) were determined in 2-weeks-old plantlets grown under LDs. Mean values of at least three biological replicates (± SD) are presented relative to the Col0 level (set as 1) and were normalized using EXP and TIP4.1 as internal control. (E) Cellular localizations of SDG26-a/b and SDG26-c fused to GFP in sdg26 T2 transformants roots. Representative images of GFP fluorescent and DIC are shown. Scale bar represents 100 µm. Letters indicate significant differences among sample in Student's t-test followed by Benjamini-Hochberg FDR correction (P < 0.05).

Figure 21 :

 21 Figure 21: Analyses of sdg26 transgenic plants expressing p35S-gSDG26-GFP or p+gSDG26-Myc. (A) The expression of each transgenic SDG26 protein was detected in indicated transgenic lines by western blot using either an anti-GFP or anti-c-Myc antibodies. the sdg26 mutant was used as a negative control. (B) The transcript level of each of the two detectable SDG26 transcripts was quantified by qPCR in different transgenic lines and compared to their respective levels in wild-type Col0 and sdg26 mutant plants. (C) Measures of flowering time, either as the number of rosette leaves or the number of days at bolting, of each transgenic line are presented as mean ± SD. (D) Transcript levels of flowering genes affected in sdg26 were quantified in sdg26 transgenic lines. Expression analyses in (B) and (D) were determined in 2-weeks-old plantlets grown under LDs and are presented relative to the Col0 level (set as 1) as mean ± SD of at least three biological replicates. EXP and TIP4.1 were used as internal controls. for normalization Confocal images of transgenic root (E), transgenic leaves (F), transgenic stomata cells (G) and transgenic pavement cells (H). Scale bar represents 100 µm in (E) and (F) or 25 µm in (G) and (H). Letters indicate significant differences among sample in Student's t-test followed by Benjamini-Hochberg FDR correction (P < 0.05) (P < 0.05).

Figure 22 :

 22 Figure 22: In situ hybridization analysis of SDG26 expression. (A) Longitudinal section through a floral apex with (fl) for flower primordia and (am) for apical meristem. (B) Longitudinal section through a vegetative apex with the Shoot Apical Meristem (SAM) in the center. (C) Longitudinal section through an embryo at mid-torpedo stage. (D) and (E) Longitudinal section of anthers at stage 9 with (ms) for microspore. (F) Longitudinal section of gynoecium with (o) for ovule. (G) Transverse section of a leaf dissected from a 15-day-old seedling with at the center the mid-vein. Bars = 100 µm.

Figure 23 :

 23 Figure 23: GUS staining in transgenic Arabidopsis plants harboring the pSDG26-GUS construct. (A) Mature (left) and cauline (right) leaves from 6-week-old plants. (B) Siliques at different developmental stages, 3 to 4 Days Post Anthesis (DPA; left) and 9 to 11 DPA. (C) Base of shoot branches and cauline leaf petiole. (D) Total inflorescence and different flower details, from young flower buds (top left), young flower (top middle), open flower (top right), stigma after pollination (bottom left), young silique (bottom middle) and anther (bottom right). (E) Root tip with the root cap (RC) and the meristematic zone (MZ; left) and maturation zone with emerging lateral root (LR; right). (F) 15-day-old seedling. (G) Closeup of the lateral leaf axillary meristem (LAM) of a 10-day-old seedling. (H) Cotyledon of a 10-day-old seedling.

Figure 24 :

 24 Figure 24: Analyses of the SDG26 protein mobility by different grafting combinations on sdg26 mutant plants. (A) The flowering phenotypes of Col0 scions grafted on sdg26 rootstocks (Col0 / sdg26) and vice versa (sdg26 / Col0) were compared to Col0 scions grafted on Col0 rootstock (Col0 / Col0) and sdg26 scions grafted on sdg26 rootstocks (sdg26 / sdg26). Ten days after grafting, successfully grafted plants were transferred to soil and the flowering time was latter measured on at least 10 plants from each grafting combination grown under MDs. Representative plants of each of the four grafting combinations are presented with emerging inflorescence indicated with a white arrow. Mean (± SD) are presented and letters indicate significant differences among sample in Student's t-test followed by Benjamini-Hochberg FDR correction (P < 0.05). (B) Detection of SDG26-GFP fluorescent signals by confocal microscopy in leaf (left) or root (right) from sdg26 scion grafted on p35S-SDG26-a/b-GFP sdg26 transgenic rootstock (top) or p35S-SDG26-a/b-GFP sdg26 scion grafted on sdg26 rootstock. Scale bar represents 100 µm.

Figure 25 :

 25 Figure 25: Analyses of the SDG26 expression during different abiotic stresses and in response to stress-related phytohormones. (A to H) The SDG26 transcript (SDG26-a/b) level was quantified in 2weeks-old plantlets Col0 plants grown at 21°C under LDs and transferred to 4°C (A), not watered (B), watered with a salt solution (C; NaCl 100mM) or treated with different stress-related-phytohormones (D) ABA, (E) ACC, (F) Kinetin, (G) SA or (H) MeJA.For each condition, a reference gene known to be transcriptionally induced was used as a control. The expression levels of each gene are presented relative to their level before treatment (set as 1) as mean ± SD of at least three biological replicates. EXP and TIP4.1 were used as internal controls. Letters indicate significant differences among sample in Student's t-test followed by Benjamini-Hochberg FDR correction (P < 0.05). Not shown here, the level of the SDG26-c transcript was unchanged in all tested conditions.

Figure 26 :

 26 Figure26: The SDG26 expression increases in response to cold. A) Two-weeks-old plantlets expressing a GUS reporter gene driven by the SDG26 promoter (pSDG26-GUS) were exposed to a 4°C stress during 4h. Stressed and non-stressed (RT for Room Temperature) transgenic lines were similarly fixed in 80% acetone and stained at 37°C for 6h. B) The level of the SDG26-Myc transgenic protein was measured by Western blot in the sdg26 transgenic line p+gSDG26-Myc above described before and after cold stress exposure using an anti-Myc antibody. Histone H3 was used as a loading control. Densitometry values ± SD were normalized to H3 and shown relative to time 0 (set as 1). Letters indicate significant differences among sample in Student's t-test followed by Benjamini-Hochberg FDR correction (P < 0.05). C) Using confocal microscopy, the nuclear localization of the florescent SDG26-GFP transgenic protein was compared between sdg26 p35S-gSDG26-GFP transgenic lines grown at room temperature (RT = 21°C) and treated or not with a 4h cold stress at 4°C.

Figure 27 :

 27 Figure 27: Expression and histone methylation levels of SOC1 and FLC in response to cold stress. (A)The dynamic expression analyses were determined in 2-weeks-old plantlets grown on MS under LDs and treated (Cold) or not (RT for Room Temperature) with a cold stress at 4°C. Data are presented relative to the non-treated Col0 level (set as 1) as mean ± SD of at least three biological replicates. EXP and TIP4.1 were used as internal controls for normalization (B) Schematic structure of SOC1 represented as black boxes for exons and black lines for promoter and introns, with an arrow for the transcription start site. Amplified regions are indicated below by grey lines. (C and D) Levels of H3K36me3 and H3K4me3 along different regions of SOC1 were measured by ChIP using 2-weeks-old plantlets grown on MS under MD photoperiod conditions and treated (Cold) or not (RT) with a cold stress at 4°C. (E and F) ChIP analysis of SDG26 enrichment at the SOC1 loci using an anti-SDG26 monoclonal antibody or a transgenic sdg26 line expressing SDG26-MYC and an anti-MYC antibody. Data are presented as the ratio of H3K36me3, H3K4me3, SDG26 and SDG26-MYC for each primer. Mean values ± SD are presented based on results from two biological replicates.

Figure 28 :

 28 Figure 28: Expression analyses of cold-inducible genes in wild-type Col0, and sdg26, soc1 and sdg26 soc1 mutant plants in response to cold. The dynamic expression analyses were determined in 2-weeksold plantlets grown on MS under LDs and treated with a cold stress at 4°C for 4 and 8 hours (h). Data are presented relative to the non-treated Col0 level at 0h (set as 1) as mean ± SD of at least three biological replicates. EXP and TIP4.1 were used as internal controls for normalization.

Figure 29 :

 29 Figure 29: ChIP analyses of SDG26 enrichment and H3K36me3 at CBF genes. (A) Schematic diagrams adapted from Shi et al., 2012 showing the promoter structures of the CBF1, CBF2 and CBF3. The 1.0-kb upstream regions and coding regions are shown, with the translational start site (ATG) at position +1. P1, P2, P3 and C1 present the fragments used in qChIP. (B) ChIP analysis of SDG26 enrichment at CBF genes using an anti-SDG26 monoclonal antibody. (C) ChIP analysis of SDG26 enrichment at CBF1 using a transgenic sdg26 line expressing SDG26-MYC and an anti-MYC antibody. (D) The level of H3K36me3 along different regions of CBF1 was measured by ChIP using 2-weeks-old plantlets grown on MS under LDs and treated (Cold) or not (RT) with a cold stress at 4°C. Data are presented as the ratio of SDG26, SDG26-MYC and H3K36me3 / H3 for each primer. Mean values ± SD are presented based on results from two biological replicates.

Figure 30 :

 30 Figure 30: Endogenous levels of phytohormones related to cold stress in wild-type Col0, and sdg26, soc1 and sdg26 soc1 mutant plants in response to cold. The content of ABA (A) and JA (B) was determined using UHPLC-MS/MS on methanolic extracts prepared from 2-weeks-old wild-type Col0, sdg26, soc1 and sdg26 soc1 plants grown on MS under LDs and treated (Cold) or not (RT) with a cold stress at 4°C. Hormonal content is expressed as area of the peaks obtained by UHPLC-MS/MS analysis. Error bars represent SD. ABA, abscisic acid; SA, salicylic acid; JA, jasmonic acid. Letters indicate significant differences among sample in Student's t-test followed by Benjamini-Hochberg FDR correction (P < 0.05)

Figure 31 :

 31 Figure 31: Expression analyses of key genes involved in regulation of ABA homeostasis in wild-type Col0 and sdg26 plants in response to cold. A) Schematic representation of key genes involved in regulation of ABA homeostasis in Arabidopsis thaliana adapted from Baron et al., 2012. B) Expression analyses were determined in 2-weeks-old plantlets grown on MS under LDs before (0h) and during (4h) a cold stress at 4°C. Data are presented relative to Col0 level at 0h (set as 1) as mean ± SD of at least three biological replicates. EXP and TIP4.1 were used as internal controls for normalization. Letters indicate significant differences among sample in Student's t-test followed by Benjamini-Hochberg FDR correction (P < 0.05)

Figure 32 :

 32 Figure 32: Electrolyte leakage and stomatal characteristics in wild-type Col0 plants and sdg26, soc1 and sdg26 soc1 mutants. A) Electrolyte leakage was assessed on at least 10 leaves from two-week-old plants during chilling treatment at 4°C. This experiment was repeated three time with similar results. B) Stomatal closure was estimated by counting the number of stomata falling into each of the three categories (Open, Partially open and Close) before (RT) and during a chilling treatment at 4°C. This experiment was repeated twice with similar results. C) to E) Stomatal density (the number of stomata per area), stomatal index (the number of stomata per total epidermal cells), stomata size was analyzed in the leaf abaxial

Figure 33 :

 33 Figure 33: Tolerance of sdg26 to a drought stress. A) Representative pictures of plants phenotype after a week without water are shown (No Water), as well as following a 3-day re-watering recovery period (Rewater). Wild-type Col0 and sdg26, soc1 and sdg26 soc1 mutant plants were soil-grown for 10 days under MDs and then subjected to a dehydration stress and latter rewatered. B) Water lost was measured every hour for 6h from 5 detached leaves of 3 plants of the indicated genotypes. Data are the mean ± SD. A representative experiment is shown and two other independent experiments have given similar results. C) The percentage of survival was measured for the indicated genotypes after 10 days without water followed by 3 days of re-watering. Data are the mean ± SD of 20 plants. Experiments were reproduced three times with similar results.

Figure 34 :

 34 Figure 34: Tolerance of sdg26 to freezing. (A) and (B) Representative pictures showing plants subjected to freezing tolerance assays. The percentage of plants that survived after freezing (survival rate) was calculated by counting the number of living plants before and after 2h at -10°C. Data are the mean ± SEM of three experiments.

  histone H3 lysine 4 trimethylation (H3K4me3) and H3 lysine 36 trimethylation (H3K36me3) at the critical flowering integrator SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1/AGAMOUS-LIKE 20 (SOC1/AGL20), thus explaining the downregulation of SOC1 in the loss-of-function mutant sdg26. By contrast, the critical flowering repressor FLOWERING LOCUS C (FLC) was found upregulated in sdg26.Because FLC is known to repress SOC1 expression directly, the reason of its upregulation in sdg26 is still not clear. Using a genetic approach, we here demonstrate that SDG26 is involved in flowering time regulation, specifically through the autonomous pathway, since the mutation of FLC suppressed the late flowering and the downregulation of SOC1 in sdg26. Also, a new complex containing the homeobox domain transcription factor LUMINIDEPENDEN (LD), the H3K4 demethylase FLOWERING LOCUS D (FLD), the putative COMPASS subunit APRF1 and SDG26 was characterized. Our protein and genetic interaction analyses indicated that LD might recruit FLD, APRF1, and SDG26 at FLC chromatin and coordinate COOLAIR processing to establish a repressive chromatin landscape necessary for FLC repression. Meanwhile, this LD complex acts also in the transcriptional activation of SOC1. Together, our results indicate that an LD complex containing SDG26 may serve to balance the transcriptional regulation between FLC and SOC1 to regulate flowering timely.

Figure 35 :

 35 Figure 35: Flowering time analyses of various histone methyltransferase mutants (sdg8, sdg25 and sdg26) alone or in combination with flowering mutant flc, soc1, ft. (A) Representative wild-type plants (Col0) and single or double mutants grown under long days (LDs; 16 h light: 8 h dark). (B and C) Flowering time analysis presented as rosette leaf number and days to bolting in wild-type plants and single or double mutants grown under LDs. Values are means ± SD of three biological replicates. At least 20 plants were analyzed for each biological experiment.

Figure 36 :

 36 Figure 36: Relative expression analysis of flowering time regulatory genes in various histone methyltransferase mutants (sdg8, sdg25 and sdg26) alone or in combination with flowering mutant flc, soc1, ft. Relative expression levels were measured by qRT-PCR using 2-week-old seedlings grown on MS under LDs. Data were normalized to reference genes EXP and Tip 4.1 and relative values were obtained by setting expression level in Col0 as 1. Mean values are shown together with standard deviation bars based on value of three biological replicates.

Figure 37 :

 37 Figure 37: Chromatin immunoprecipitation (ChIP) analysis of H3K4me3, H3K36me3 and H3K27me3 levels at FLC, SOC1 and FT in various histone methyltransferase mutants (sdg8, sdg25 and sdg26) alone or in combination with flowering mutant flc, soc1, ft. Schematic diagram of FLC, SOC1 and FT with black boxes for exons; black lines for promoters and introns; arrows for transcription start sites. Grey bars beneath the gene indicate DNA regions amplified by q-PCR. Chromatin was extracted from 2-week-old seedlings grown on MS plates under LDs. Data were normalized to Tub2 and presented relative to the value of Col0 at each amplified region. Means values ± SD from two biological replicates are presented.

  of several proteins identified by MS in TAP eluates of Arabidopsis cell cultures with GS tagged SDG26 or by LC-MS/MS in 2-week-old Arabidopsis transgenic seedlings expressing a FLAG tagged FLD or APRF1 proteins. Numbers indicate the number of corresponding peptides detected in each experiment.

Figure 38 :

 38 Figure 38: Subcellular localization of SDG26, FLD and APRF1 in tobacco epidermal leaves. (A) Transient expression of SDG26-EGFP, FLD-EGFP, APRF1-EGFP in 3-week-old tobacco leaves. (B) Nuclear colocalization between FLD-EGFP and SDG26-RFP and between ARPF1-EGFP and SDG26-RFP in 3-week-old tobacco leaves. Two days after infiltration, epidermal leaves were used to observe fluorescence signal under microscope. Scale bars = 40 µm.

Figure 39 :

 39 Figure 39: LD, FLD and APRF1 proteins interact with SDG26. (A and B) Protein extracts were immune-precipitated from 2-week-old wild-type plants (Col-0), FLAG tagged FLD transgenic lines or FLAG tagged APRF1 transgenic lines with anti-FLAG beads. Immunoprecipitated samples (IP) were then analyzed using anti-SDG26 or anti-FLAG antibodies by western-blot. (C) A FLAG-LD transgene was transiently expressed alone or co-expressed with either a GFP-APRF1, GFP-SDG26 or a GFP-FLD transgene in tobacco leaves. Two days after infiltration, proteins were extracted and immunoprecipitated using anti-FLAG Miltenyi beads. Input and immunoprecipitation (IP) samples were then analyzed with anti-FLAG and anti-GFP antibodies separately by western-blot. (D) Yeast two-hybrid assays between LD, FLD, APRF1 and SDG26. AD is for the GAL4 activation domain fusion and BD for the GAL4 DNA-binding domain fusion. (E) Biomolecular fluorescence complementation (BiFC) analysis between LD and FLD or SDG26. From left to right: YFP channel, bright field channel and merge of YFP and bright field channel. Scar bars=40 µm.

  analyzed under LDs and MDs for each double mutant and compared to single ones (Figure 40; at the time of writing my thesis the flowering time analyses for ld sdg26

Figure 40 :

 40 Figure 40: Flowering time analysis in sdg26 in combination or not with different late-flowering mutants. (A) Representative flowering phenotype of plants grown under LDs. Flowering time measured as the number of rosette leaves and days at bolting under LDs (B and C) or under MDs (D and E). The mean values ± SD from two biological experiments are shown. At least 15 plants were analyzed in each experiment. Letters indicate significant differences among sample in Student's t-test followed by Benjamini-Hochberg FDR correction (P < 0.01).

Figure 41 :

 41 Figure 41: Expression analysis of flowering-time related genes in sdg26 in combination or not with different late-flowering mutants. Relative expression levels of FLC, MAF4 and MAF5, SOC1 and FT were quantified by qRT-PCR using two-week-old seedlings grown on MS under LDs and presented relative to Col0 (set as 1). Letters indicate significant differences among sample in Student's t-test followed by Benjamini-Hochberg FDR correction (P < 0.01).

  acetylation) and a repressive histone mark (H3K27me3) in all single and double mutants (Figure42B, C and D; at the time of writing my thesis ChIP data for H3K36me3 at FLC were only available in fld, ld mutants and Col0 plants, see Supplementary FigureS7). In agreement with previously published data[START_REF] Wu | Quantitative regulation of FLC via coordinated transcriptional initiation and elongation[END_REF], FLD mutation caused increased levels of H3K4me3, H3K36me3 and H3 acetylation while decreased H3K27me3 at FLC chromatin. The mutation of LD also resulted in similar chromatin alterations. Because H3K4me3, H3K36me3, and H3 acetylation positively and H3K27me3 negatively correlate with transcription[START_REF] Roudier | Integrative epigenomic mapping defines four main chromatin states in Arabidopsis[END_REF][START_REF] Sequeira-Mendes | The Functional Topography of the Arabidopsis Genome Is Organized in a Reduced Number of Linear Motifs of Chromatin States[END_REF], the chromatin profiles we obtained in fld and ld nicely explained the transcriptional up-regulation of FLC. Compared to fld and ld, the mutation of SDG26 did not cause any change in H3K4me3, H3K36me3 or H3 acetylation levels, since their levels remained similar as in wild-type Col0 plants. However, we detected a significant reduction in the level of H3K27me3. Then, mutation of the putative COMPASS component APRF1 caused an increase in H3K4me3 and H3 acetylation, especially towards the 3'-end of FLC, combined with a decrease in H3K27 me3 across the whole gene body. Confirming the epistatic effect of fld over sdg26 as to the flowering phenotype, we found the same chromatin profiles in fld sdg26 as in fld. Finally, chromatin profiles were identical between the aprf1-9 single mutant and the aprf1-9 sdg26 double one.Overall, our chromatin analyses indicate that at FLC chromatin APRF1 and FLD override SDG26.

Figure 42 :

 42 Figure 42: ChIP analysis at FLC chromatin in sdg26 in combination or not with different lateflowering mutants. On top is a schematic diagram of FLC with black boxes for exons; black lines for promoters and introns; arrows for transcription start sites. Grey bars beneath the gene indicate DNA regions amplified by q-PCR. Chromatin was extracted from 2-week-old seedlings grown on MS plates under LDs. (A) ChIP analysis of SDG26 enrichment at the FLC chromatin using an anti-SDG26 monoclonal antibody. (B to D) Relative H3K4me3, H3 acetylation and H3K27m3 enrichment. Means value ± SD from two biological replicates are presented Letters indicate significant differences among sample in Student's t-test followed by Benjamini-Hochberg FDR correction (P < 0.01).

Figure 43 :

 43 Figure 43: Expression analysis of COOLAIR in WT and the indicated mutants. On top is a schematic diagram of the FLC; the broken line with the arrow indicates the TSS of COOLAIR, Class I and II COOLAIR transcripts are diagrammatically illustrated. (A, B and C) COOLAIR analysis in indicated flowering mutants. COOLAIR analysis is performed by qRT-PCR using 10-day-old seedlings grown on MS under LDs. The transcript of COOLAIR Class I and Class II are representative as relative to total COOLAIR and normalized to Tub2. Letters indicate significant differences among sample in Student's t-test followed by Benjamini-Hochberg FDR correction (p<0.01).

Figure 44 :

 44 Figure 44: ChIP analysis at SOC1 chromatin in sdg26 in combination or not with different lateflowering mutants. On top is a schematic diagram of SOC1 with black boxes for exons; black lines for promoters and introns; arrows for transcription start sites. Grey bars beneath the gene indicate DNA regions amplified by q-PCR. Chromatin was extracted from 2-week-old seedlings grown on MS plates under LDs. (A) ChIP analysis of SDG26 enrichment at the SOC1 chromatin using an anti-SDG26 monoclonal antibody. (B to D) Relative H3K4me3, H3 acetylation and H3K27m3 enrichment. Means value ± SD from two biological replicates are presented. Letters indicate significant differences among sample in Student's t-test followed by Benjamini-Hochberg FDR correction (P < 0.01).

  (i.e. especially of H3K4me3) close to the transcription termination site (TTS) of FLC, nearby the COOLAIR promoter. Also, COOLAIR transcript analyses in sdg26, fld and fld sdg26 further indicate the involvement of SDG26, similarly as FLD, in coordinating the COOLAIR poly(A) decision necessary for the transcriptional regulation of FLC. Together, in addition to being involved in the repression of FLC sense transcription by promoting H3K27me3, we proposed SDG26 and FLD being involved, probably inside a complex with LD, in regulating the usage of proximal COOLAIR CLASS I transcript. Involving LD in this process will require further experiments, including the measurement of COOLAIR transcript and COOLAIR splicing in the ld mutant in combination or not with sdg26 and fld.

Figure S4 :

 S4 Figure S4: Flowering time analyses of various histone methyltransferase mutants (sdg8, sdg25 and sdg26) alone or in combination with flowering mutant flc, soc1, ft. Flowering time analysis presented as rosette leaf number and days to bolting in wild-type plants and single or double mutants grown under medium-days (MDs) and short-days (SDs). (A-B) MDs, (C-D) SDs. Values are means ± SD of three biological replicates. At least 20 plants were analyzed for each biological experiment.

Figure S5 :

 S5 Figure S5: Volcano plot of the observed protein abundance changes quantified by NSAF. The data represents two independent experiments. The proteins significantly enriched with the bait SDG26 are marked by green dots.

Figure S5 :

 S5 Figure S5: FLD, APRF1 and SDG26 transcript level in WT, sdg26, fld and aprf1-9 mutant plants. The transcript level of FLD, APRF1 and SDG26 were measured by qRT-PCR with 2-week-old seedlings of all genotypes grown on MS medium under long days. The representative mean values ± standard deviation from two biological experiments were normalized to reference genes EXP and Tip 4.1 and relative to Col0 (set as 1). Letters indicate significant differences among sample in Student's t-test followed by Benjamini-Hochberg FDR correction (P < 0.01).

Figure S7 :

 S7 Figure S7: ChIP analysis of H3K4me3, H3K36me3, H3 acetylation and H3K27me3 levels at FLC chromatin in WT, fld, ld plants. Chromatin was extracted from 2-week-old seedlings grown on MS plates under LDs. Data were normalized to Tub2 and presented relative to the value of Col0 at each amplified region. Means value ± SD from two biological replicates are presented. Letters indicate significant differences among sample in Student's t-test followed by Benjamini-Hochberg FDR correction (P < 0.01).

Figure S8 :

 S8 Figure S8: ChIP analysis of H3K4me3, H3 acetylation and H3K27me3 levels at SOC1 chromatin in WT, fld, ld plants. Chromatin was extracted from 2-week-old seedlings grown on MS plates under LDs. Data were normalized to Tub2 and presented relative to the value of Col0 at each amplified region. Means value ± SD from two biological replicates are presented. Letters indicate significant differences among sample in Student's t-test followed by Benjamini-Hochberg FDR correction (P < 0.01).

  and SDG26 were PCR amplified. The PCR products were sub-cloned into the pDONR207 and then recombined into pYFC43 and pYFN43 vectors (Belda-Palazón et al., 2012). The constructs bearing empty vectors were used as negative controls. The different constructs were introduced in Agrobacterium and the resulting strains were used to transform 3-or 4-week-old tobacco leaves by infiltration. After 2 days, leaves were examined for fluorescence signals and imaged by using LSM 780 Confocal Microscope Imaging System.

  de la famille TrxG chez Arabidopsis thaliana, dénommés SET DOMAIN GROUP 8 (SDG8) et SDG26 au travers de trois aspects :• Comment SDG8 en relation avec l'ARN polymérase II contribue à l'immunité inerte de la plante par la régulation de gènes liés à la voie de signalisation de l'acide salicylique (SA) ?• Comment SDG26 est impliqué dans la réponse au stress abiotique en lien avec l'acide abscissique (ABA) ?• Comment SDG26 régule certains gènes essentiels de la floraison au nombreux articles se sont intéressés aux rôles joués par les histones méthyltransférases dans le contrôle d'étapes importantes liées au développement des plantes (i.e. la gamétogenèse, le développement des graines, la germination, la détermination du devenir cellulaire, l'induction de la floraison et la vernalisation ;[START_REF] Fletcher | State of the Art: TrxG Factor Regulation of Post-embryonic Plant Development[END_REF], il existe encore relativement peu d'études portant sur leur implication dans la réponse aux stress[START_REF] Ramirez-Prado | Modify the Histone to Win the Battle: Chromatin Dynamics in Plant-Pathogen Interactions[END_REF]. En utilisant sdg8-1, un mutant de perte de fonction de l'histone méthyltransférase SDG8 impliquée dans la di-et triméthylation en H3K36 (H3K36me2 et H3K36me3), nous avons mis en évidence la contribution de la méthylation en H3K36, en relation avec l'ARN polymérase II, dans l'immunité d'Arabidopsis. En effet, nous avons montré que même si sdg8-1 présentait une sensibilité plus élevée aux différentes souches du pathogène bactérien Pseudomonas syringae, le mécanisme de défense gène-contre-gène semblait toujours opérationnel chez le mutant, mais avec une efficacité moindre par rapport à des plantes sauvages. Par des analyses de métabolomique, nous avons démontré que le taux d'acide salicylique (SA), une hormone de défense des plantes, était anormalement élevé dans des conditions de croissance normales chez le mutant, que son augmentation en début d'infection était similaire à celle observée chez les plantes sauvages, mais que son taux chutait rapidement à un stade ultérieur d'infection. De manière concomitante, la transcription de plusieurs gènes liés à la défense le long de la voie de signalisation SA n'était pas induite de manière efficace. En utilisant du SA exogène comme stimulus, nous avons en outre remarqué que l'inefficacité d'induction de ces gènes n'était pas strictement due à la non-accumulation de SA observée chez sdg8-1 à des stades avancés d'infection. Au regard de la chromatine, les niveaux globaux de certaines marques de méthylation H3 dites activatrices (H3K4me3 et H3K36me3) ou répressives (H3K27me3) au regard de la transcription se sont révélés stables après un traitement SA chez des plantes sauvages, alors qu'au niveau de certains gènes de défense, leur induction par du SA était corrélée à une augmentation de la quantité d'ARN polymérase II (ARNPII) et de méthylation en H3K4 et H3K36. Fait intéressant, de tels changements étaient absents chez le mutant sdg8-1. Enfin, confirmant la corrélation entre l'augmentation du recrutement de ARNPII et l'augmentation de la méthylation en H3K4 et H3K36, nous avons constaté que la protéine SDG8 pouvait interagir physiquement avec les différentes formes phosphorylées du domaine C-terminal de l'ARNPII. Nous proposons donc que le couplage physique entre SDG8, par son activité d'histone méthyltransférase, et l'ARNPII soit fonctionnellement crucial pour permettre l'induction transcriptionnelle forte de certains gènes de défense. En résumé, nos résultats démontrent le rôle fondamental joué par SDG8 chez Arabidopsis pour assurer une immunité durable. SDG26 participe à la régulation de la réponse aux stress abiotiques par l'intermédiaire de la voie de la biosynthèse et du catabolisme de l'acide abscissique chez Arabidopsis SDG26 est un autre membre de la famille TrxG chez Arabidopsis qui a jusqu'à maintenant principalement été étudié au regard du phénotype de floraison tardive causé par sa mutation (Xu et al., 2007). Cependant, des analyses in silico nous ont permis de mettre en évidence son implication potentielle dans la réponse aux stress abiotiques (e.g. dans des donnés publiques de microarray SDG26 apparaît transcriptionnellement induit par divers stress abiotiques; la séquence promotrice de SDG26 contient des éléments cisrégulateurs reconnus par des facteurs de transcription liés aux stress abiotiques). Sur la base de ces informations, nous avons décidé d'explorer l'implication de SDG26 dans la réponse au stress abiotiques. Avant tout nous avons décidé de mieux caractériser le gène SDG26. En plus du transcrit classique SDG26 nommé SDG26-a/b étudié jusqu'ici et codant une protéine de 492 aa (55,3 kDa), nous avons identifié un second transcrit appelé SDG26-c codant pour une protéine putative de 253 aa (28,8 kDa). Nous avons détecté les deux transcrits dans différents tissus d'Arabidopsis, bien que SDG26-c soit environ dix fois moins exprimé que SDG26-a/b. De plus, la protéine correspondant à SDG26-a/b est principalement retrouvée dans le noyau, alors que celle correspondant à SDG26-c est retrouvée au niveau de la membrane plasmique. Des tests de complémentation nous ont permis de constater que seul SDG26-a/b permettait de complémenter le phénotype de partenaires protéiques de SDG26 ont été identifiés. Sur cette base, un complexe a été construit autour de SDG26, contenant le facteur de transcription LD (LUMINIDEPENDENS), l'histone H3K4 déméthylase FLD (FLOWERING LOCUS D), un composant du complexe transcriptionnel COMPASS, APRF1/S2La. Par une approche génétique et après l'analyse du phénotype de floraison, nous avons constaté que les mutants doubles sdg26 fld, sdg26 ld et sdg26 aprf1 étaient similaires aux mutants simples fld, ld et aprf1, suggérant ainsi que l'effet épistatique des mutations de FLD, LD et APRF1/S2La sur sdg26. Confortant davantage l'existence de ce complexe protéique, nous avons découvert par des analyses d'immunoprécipitation de la chromatine que la liaison de SDG26 au niveau de la chromatine de FLC nécessitait LD, FLD et APRF1/S2La. De manière surprenante, SDG26 peut également se lier à SOC1 (connu pour être réprimé directement par FLC), et la liaison de SDG26 à SOC1 nécessite également LD, FLD et APRF1/S2La. En analysant le comportement de certaines marques d'histones au niveau de la chromatine de FLC et SOC1, l'acétylation de H3 et le niveau de H3K4me3 chez les mutants ld et fld présentaient un pic au niveau du site d'initiation et de terminaison de la transcription, alors que chez le mutant aprf1, ces mêmes marques étaient enrichies du côté de l'extrémité 3 'de FLC. A l'inverse, aucun changement pour l'acétylation de H3 et le niveau de H3K4me3 au niveau de FLC n'était observable chez le mutant sdg26. En plus des modifications des marques actives observées chez certains mutants, tous les mutants présentaient une diminution du niveau de la marque répressive H3K27me3 sur FLC. Des transcrits antisens collectivement dénommés COOLAIR sont produits à partir d'un promoteur situé dans la région 3 'en aval de FLC et participent à la régulation négative de la transcription de FLC. Nos analyses par qPCR nous ont permis de montrer que les transcrits distaux COOLAIR poly (A) et les transcrits COOLAIR totaux étaient induits dans les mutants simples fld, sdg26 et double fld sdg26. Dans l'ensemble, nos résultats indiquent que LD est un élément central d'un complexe comprenant à la fois des activateurs (APRF1 / S2La et SDG26) et un répresseur (FLD) de la transcription. Ce complexe est recruté au niveau de la chromatine de FLC et de SOC1 pour réprimer FLC et pour induire SOC1, respectivement, sachant que FLC est connue comme étant un répresseur de SOC1. Bien que la manière dont le complexe active la transcription de SOC1 ne soit pas encore totalement claire, nous supposons que la régulation de ces deux gènes par un seul et même complexe protéique pourrait servir à équilibrer leur régulation transcriptionnelle afin de garantir un temps de floraison optimal.

  

  

Chapter IV. CHAPTER II RESULTS Part I SDG8-mediated histone methylation potentiates the efficient transcriptional induction of immunity-related genes in Arabidopsis SDG8-mediated histone methylation potentiates the efficient transcriptional induction of immunity-related genes in Arabidopsis

  

	, we supposed SDG26 being involved in this negative feedback
	loop. Additionally, using the Stress Responsive Transcription Factor Database (STIFDB;
	Naika et al., 2013), we found two binding sites for stress-responsive WRKY transcription
	factors in the SDG26 promoter. We therefore investigated the function of SDG26 under
	cold and other abiotic stresses. Results from this part are presented in Chapter III. On
	the other side, to broaden our knowledge of the SDG26 function in flowering time
	regulation, we performed a genetic analysis with mutants for essential flowering genes
	(flc, ft, soc1) together with a large-scale protein-protein interaction approach. Results I
	obtained so far are presented in Xue Zhang 1 , Rozenn Ménard 1 , Ying Li 2, 3 , Gloria M. Coruzzi 3 , Thierry Heitz 1 , Wen-Hui

Table S2 : List of genes bounded by SDG8 among 121 genes known to function in the host response to pathogen challenge in Arabidopsis.

 S2 ACTCGAAATCGCCGCCACCTCKey regulator of SA-mediated signaling Fan, W,Dong, X (2002) In vivo interaction between NPR1 and transcription factor TGA2 leads to salicylic acid-mediated gene activation in Arabidopsis. Plant Cell 14: 1377-1389. Li, G, Ware, D, Somssich, IE, Davis, KR (1995) The phenylalanine ammonialyase gene family in Arabidopsis thaliana. Plant Mol Biol 27: 327-338. , et al. (2010) Functional analysis of the Arabidopsis PAL gene family in plant growth, development, and response to environmental stress. Plant Physiol 153: 1526-1538. leucine rich repeat transmembrane protein that is expressed in response to Pseudomonas syringae. positive regulation of defense response Gao M, et al. (2009) Regulation of cell death and innate immunity by two receptor-like kinases in Arabidopsis. Cell Host Microbe 6: 34-44. Interacts with AtrbohF gene to fine tune the spatial control of ROI production and hypersensitive response to cell in and around infection site. Pogany, M et al. (2009) Dual roles of reactive oxygen species and NADPH oxidase rbohD in an Arabidopsis-Alternaria pathosystem Plant Physiol 151: 1459-1475.

	Gene ID	Gene name	Function(s) related to stress	Reference
	AT1G64280 NON-EXPRESSER OF PR		
		GENES 1 (NPR1)		
	AT3G53260 PHENYALANINE AMMONIA-LYASE 2 (PAL2) Wanner, LA, AT5G04230 PAL3 phenylpropanoid biosynthesis, SA biosynthesis as PAL2 Huang, JAT2G31880 SUPPRESSOR OF BIR1
		(SOBIR1)		
	AT1G59870 PENETRATION3 (PEN3)	plasma membrane ABC transporter, contributes to nonhost resistance to	Stein, M, et al. (2006) Arabidopsis PEN3/PDR8, an ATP binding cassette transporter,
			inappropriate pathogens that enter by direct penetration in a salicylic	contributes to nonhost resistance to inappropriate pathogens that enter by direct penetration.
			acid-dependent manner. Required for MLO resistance.	Plant Cell 18: 731-746.
	AT1G01720 ATAF1	putative transcriptional activator with NAC domain. Transcript level	Collinge M, Boller, T (2001) Differential induction of two potato genes, Stprx2 and StNAC, in
			increases in response to wounding and abscisic acid.	response to infection by Phytophthora infestans and to wounding. Plant Mol.Biol 46: 521-529.
	AT5G61210 SOLUBLE N-	Forms part of plasma membrane SNARE PEN1-SNAP33-VAMP721/722	Kwon, C et al. (2008) Co-option of a default secretory pathway for plant immune responses.
		ETHYLMALEIMIDE-	secretory complex that functions in plant defence	Nature 451: 835-840.
		SENSITIVE FACTOR		
		ADAPTOR PROTEIN 33		
		(SNAP33)		
	AT5G45250 RESISTANT TO P.	Toll/interleukin-1 receptor (TIR)-nucleotide binding site (NBS)-LRR class	Wirthmueller, L, Zhang, Y, Jones, JD, Parker, JE (2007) Nuclear accumulation of the
		SYRINGAE 4 (RPS4)	of disease resistance (R ) genes. Confers specific resistance to	Arabidopsis immune receptor RPS4 is necessary for triggering EDS1-dependent defence. Curr
			Pseudomonas syringae pv. tomato carrying the avirulence gene AvrRPS4	Biol 17: 2023-2029.
	AT5G13160 avrPphB susceptible 1 (PBS1) Mutant is defective in perception of Pseudomonas syringae avirulence gene	Warren, RF, Merritt, PM, Holub, E, Innes, RW (1999) Identification of three putative signal
			avrPphB. Encodes a putative serine-threonine kinase.	transduction genes involved in R gene-specified disease resistance in Arabidopsis. Genetics
				152: 401-412.
	AT5G47910 RESPIRATORY BURST		
		OXIDASE HOMOLOGUE D		
		(RBOHD)		
	AT2G39940 CORONATINE	Required for wound-and jasmonates-induced transcriptional regulation,	Xie, DX, Feys, BF, James, S, Nieto-Rostro, M, Turner, JG (1998) COI1: an Arabidopsis gene
		INSENSITIVE 1 (COI1)	defense response to fungus	required for jasmonate-regulated defense and fertility. Science 280: 1091-1094.
	AT5G42650 ALLENE OXIDE	JA biosynthetic pathway, defense response	Laudert, D, Pfannschmidt, U, Lottspeich, F, Hollander-Czytko, H, Weiler, EW (1996)
		SYNTHASE (AOS)		Cloning, molecular and functional characterization of Arabidopsis thaliana allene oxide
				synthase (CYP74), the first enzyme of the octadecanoid pathway to jasmonates. Plant Mol Biol
				31: 323-335.
	AT2G33150 PEROXISOMAL 3-	JA biosynthetic process	Pye, VE, Christensen, CE, Dyer, JH, Arent, S, Henriksen, A (2010) Peroxisomal plant 3-
		KETOACYL-COA		ketoacyl-CoA thiolase structure and activity are regulated by a sensitive redox switch. J Biol
		THIOLASE 3 (PKT3), KAT 2		Chem. 285: 24078-24088.
	AT4G11260 SGT1B	required for defense signaling conferred by several downy mildew	
			resistance genes, JA mediated signaling pathway.	
	AT3G45640 MITOGEN-ACTIVATED	Functions in MAP kinase cascade involving MEKK1, MKK4/MKK5 and	Asai, T, et al. (2002) MAP kinase signalling cascade in Arabidopsis innate immunity. Nature
		PROTEIN KINASE 3	MPK3/MPK6 that functions downstream of the FLS2 fagellin receptor,	415: 977-983.
		(MPK3)	activation of this MAPK cascade confers resistance to both bacterial and	
			fungal pathogens	
	AT4G29810 MITOGEN-ACTIVATED	Shares functional redundancy with MKK1/2, involved in jasmonate-and	Qiu, JL, et al. (2008) Arabidopsis mitogen-activated protein kinase kinases MKK1 and MKK2
		PROTEIN KINASE KINASE	salicylate-dependent defense responses	have overlapping functions in defense signaling mediated by MEKK1, MPK4, and MKS1.
		2 (MKK2)		Plant Physiol 148: 212-222.
	AT1G51660 MKK4	Functions in MAP kinase cascade involving MEKK1, MKK4/MKK5 and	Asai, T, et al. (2002) MAP kinase signalling cascade in Arabidopsis innate immunity. Nature
			MPK3/MPK6 that functions downstream of the FLS2 fagellin receptor,	415: 977-983.
			activation of this MAPK cascade confers resistance to both bacterial and	
			fungal pathogens	
	AT1G73500 MKK9	Autophosphorylates and also phosphorylates MPK3 and MPK6.	Xu, J, et al. (2008) Activation of MAPK kinase 9 induces ethylene and camalexin biosynthesis
			Independently involved in ETH and calmalexin biosynthesis. Induces	and enhances sensitivity to salt stress in Arabidopsis. J Biol Chem 283: 26996-27006.
			transcription of ACS2, ACS6, ERF1, ERF2, ERF5, ERF6, CYP79B2,	
			CYP79B3, CYP71A13 and PAD3.	
	AT1G10210 MITOGEN-ACTIVATED	Activated by wounding JA	Ortiz-Masia, D, Perez-Amador, MA, Carbonell, J, Marcote, MJ (2007) Diverse stress signals
		PROTEIN KINASE 1		activate the C1 subgroup MAP kinases of Arabidopsis. FEBS Lett 581: 1834-1840.
		(ATMPK1)		
	AT1G32640 MYC2	MYC-related transcriptional activator, regulates diverse JA-dependent	Lorenzo, O, Chico, JM, Sanchez-Serrano, JJ, Solano, R (2004) JASMONATE-
			functions.	INSENSITIVE1 encodes a MYC transcription factor essential to discriminate between
				different jasmonate-regulated defense responses in Arabidopsis. Plant Cell 16: 1938-1950.
	AT3G15210 ETH RESPONSIVE	member of the ERF subfamily of transcription factors, negative regulator	McGrath, KC, et al. (2005) Repressor-and activator-type ethylene response factors functioning
		ELEMENT BINDING	of JA-responsive defense gene expression and resistance to the	in jasmonate signaling and disease resistance identified via a genome-wide screen of
		FACTOR 4 (ERF4)	necrotrophic fungal pathogen Fusarium oxysporum and antagonizes JA	Arabidopsis transcription factor gene expression. Plant Physiol 139: 949-959.
			inhibition of root elongation	
	AT2G38470 WRKY33	Regulates the antagonistic relationship between defense pathways mediating	Zheng, Z, Qamar, SA, Chen, Z, Mengiste, T (2006) Arabidopsis WRKY33 transcription factor
			responses to P. syringae and necrotrophic fungal pathogens	is required for resistance to necrotrophic fungal pathogens. Plant J 48: 592-605.
	AT1G80840 WRKY40	Pathogen-induced transcription factor, forms protein complexes with itself	Chen CH, Chen, ZX (2002) Potentiation of developmentally regulated plant defense response
			and with WRKY40 and WRKY60. WRKY18, -40, and -60 have partially	by AtWRKY18, a pathogen-induced Arabidopsis transcription factor. Plant Physiol 129: 706-
			redundant roles in response to the hemibiotrophic bacterial pathogen P.	
			syringae and the necrotrophic fungal pathogen B cinerea, with WRKY18	
			playing a more important role than the other two.	
	AT3G56400 WRKY70	Function as activator of SA-dependent defense genes and a repressor of JA-	Li, J, Brader, G, Kariola, T, Palva, ET (2006) WRKY70 modulates the selection of signaling
			regulated genes. WRKY70-controlled suppression of JA-signaling is partly	pathways in plant defense. Plant J 46: 477-491.
			executed by NPR1	
			74	

Tor, M, et al. (2002) 

Arabidopsis SGT1b is required for defense signaling conferred by several downy mildew resistance genes. Plant Cell 14: 993-1003.

Table 1 -4 List of created transgenic lines

 1 

	1-3-1 and different transgenes cloned in

Table 1 -5 Antibodies

 1 

	Name	Company (Cat. #)	Purpose
	Primary antibodies		
	anti-H3	Abcam (ab12079)	WB, ChIP
	anti-H3K36me3	Abcam (ab9050)	WB, ChIP

Sequences of primers used for genotyping are listed as follows, those for quantitative RT-

PCR in

Table 1-6-1, those for Chromatin Immunoprecipitation (ChIP) in Table 1-6-2, and those for in situ hybridization in Table 1-6-3.

Table 1 -6-1 Name

 1 

  Proteinase inhibitor 1 tablet per 50 ml solution; 0.1mM PMSF ChIP dilution buffer: 1.1% Triton X-100; 1.2 mM EDTA (pH 8); 16.7mM Tris-HCl pH 8.0; 167 mM NaCl; Proteinase inhibitor 1 tablet per 50 ml solution; 0.1mM PMSF

	Low Salt Wash Buffer: 150 mM NaCl; 0.1% SDS; 1% TritonX-100; 2mM EDTA;20mM
	Tris-HCl (pH 8)
	High Salt Wash Buffer: 500 mM NaCl; 0.1% SDS; 1% TritonX-100; 2mM EDTA;20mM
	Tris-HCl (pH 8)
	LiCl Wash Buffer: 0.25 M LiCl; 1% NP-40;1% sodium deoxycholate; 10 mM Tris-HCl
	(pH 8)
	TE Wash Buffer: 10 mM Tris-HCl (pH 8); 1 mM EDTA (pH 8)
	Elution buffer: 1% SDS; 0.1 M NaHCO3;5M NaCl
	VI.2.2. Bacterial techniques
	Triton X-100; 1% Formaldehyde
	Extraction buffer 1: 0.4M sucrose; 10mM Tris-HCl (pH 8); 10mM MgCl2, 5mM β-
	mercaptoethanol; Proteinase inhibitor 1 tablet per 50 ml solution; 0.1mM PMSF
	Extraction buffer 2: 0.25M sucrose; 10mM Tris-HCl (pH 8); 10mM MgCl2, 1%Triton X-

100; Proteinase inhibitor 1 tablet per 50 ml solution; 0.1mM PMSF Nuclei lysis buffer: 50mM Tris-HCl (pH 8); 10mM EDTA; 1%SDS; VI.2.2.1

Acknowledgments

Firstly, I would like to thank Dr. Alexandre Berr for supervising and helping my research work along these four years. I am particularly indebted to Alexandre for his excellent advices and helps on my experiments, data analyzing, and thesis writing during my PhD study. I would like also to thank Dr. Wen-Hui Shen for acceptance as official director of my thesis and for providing helps and advices to my PhD work. I acknowledge all members of my PhD jury: Dr. Cristel Carles, Dr. Fredy Barneche,

I am grateful to the Chinese Scholarship Council (CSC) for financial support over my PhD study.

II.5. Supportive information

Supplementary Figure 1: Expression levels of genes functioning upstream of SA in WT and sdg8-1 mutant plants upon Pseudomonas syringae infection. Expression levels of PAD4, EDS1 and ICS1 were quantified by qRT-PCR in WT (black) and sdg8-1 (white) mutant 5-week-old plants in response to Pst DC3000 inoculation. Expression values for each gene are presented relative to the corresponding WT level at 0 dpi (set as 1) as means ± SD (n=3). Letters indicate significant differences among sample in Student's t-test followed by Benjamini-Hochberg FDR correction (P < 0.05).

Supplementary Figure 2: Chromatin immunoprecipitation analyses of H3K4me3, H3K36me3 and total RNAPII at NPR1 and WRKY70 in WT and sdg8-1 mutant plants in response to exogenous SA treatment. ChIP analyses were used to determine relative levels of H3K4me3, H3K36me3 and total RNAPII during treatment with exogenous SA of 10-day-old WT (grey background) and sdg8-1 mutant (white background) seedlings at the indicated regions of NPR1 (regions G, H and I) and WRKY70 (regions J, K and L). Genomic structures of the 2 genes and regions analysed by ChIP assays are indicated. Black boxes represent exons, arrows indicate TSS and bars labeled from G to L represent regions amplified. The anti-histone H3 was used to normalize H3K4me3 and H3K36me3 levels to nucleosome occupancy. For total RNAPII, the DNA enrichment was calculated relative to the input DNA. Mean values ± SD are presented based on results from two biological replicates. ACT2 was used as a control since its transcription is unchanged in sdg8-1 compare to wild-type and not induced by exogenous SA (data not shown). Letters indicate significant differences among sample in Student's t-test followed by Benjamini-Hochberg FDR correction (P < 0.05). The histone methyltransferase SDG26 forms a multiprotein complex involved in the autonomous pathway to regulate FLC and SOC1 expression in Arabidopsis Supplementary Figure S4) showed that SDG26 and SOC1 do not act in a simple linear way because the double mutant showed an additive delay of flowering phenotype.

CHAPTER III RESULTS

Because SDG26 also bound FLC and was also involved in the H3K36 mono-methylation at FLC chromatin [START_REF] Berr | The trxG family histone methyltransferase SET DOMAIN GROUP 26 promotes flowering via a distinctive genetic pathway[END_REF]Liu et al., 2016), it points to the multiple regulatory functions of SDG26 on various flowering genes, including at least SOC1 and FLC, which ultimately determine plant flowering time.

IV.2.1.1. Analysis of expression of flowering genes in different mutant combinations including sdg26 with soc1, ft or flc

To explore the molecular basis of different mutant flowering phenotypes, the transcript level of several flowering genes, including FLC, FT, and SOC1, was analyzed by qRT-PCR (Figure 36). Because the ft sdg8 double mutant was only recently obtained, it had not been included in our qRT-PCR analysis performed earlier during my thesis work.

Besides the expression of FLC, which was logically low in flc, only the expression level of FT was moderately increased, which is in agreement with the weak early flowering phenotype of flc. Also, the subtle effect of the mutation of FLC on its targets may be due to the redundant function of its paralogs, namely FLM/MAF1, MAF4 and MAF5 as repressors of FT and SOC1 [START_REF] Gu | Photoperiodic Regulation of Flowering Time through Periodic Histone Deacetylation of the Florigen Gene FT[END_REF]. Supporting the identical flowering phenotype observed between sdg8 and flc sdg8 or between sdg25 and flc sdg25, we detected the similar changed expression levels of FLC, FT, and SOC1 between sdg8 and flc sdg8, and between sdg25 and flc sdg25 (Figure 36). In agreement with the positive effect of high expression of SOC1 on the expression level of FT previously reported [START_REF] Searle | The transcription factor FLC confers a flowering response to vernalization by repressing meristem competence and systemic signaling in Arabidopsis[END_REF], we observed in the soc1 mutant, besides the decreased expression of SOC1, reduced expression of FT. In soc1 sdg8, contributions of both soc1 (i.e. regarding the decreased expression of SOC1) and sdg8 (i.e. regarding the increased expression of FT and the decreased expression of FLC) were detectable. The intermediate flowering phenotype of soc1 sdg8, later than sdg8 but earlier than soc1, underline the importance of the slight SOC1 up-regulation in determining the early flowering phenotype of sdg8. Additionally, we found that the increased FT expression in soc1 sdg8, despite the negative contribution of the soc1 mutation, might be due to the decreased expression of its repressors, thus suggesting the dominant impact on the regulation of the FT transcription level. Nicely explaining its early flowering phenotype, we discovered the up-regulated expression of both SOC1 and FT while down-regulated expression of FLC in the sdg25 single mutant SDG26 participe au control des gènes de régulation de la floraison

FLC et SOC1 au sein d'un complexe multiprotéique

Les mutants pour les histones méthyltransférases SDG8 [START_REF] Zhao | Prevention of early flowering by expression of FLOWERING LOCUS C requires methylation of histone H3 K36[END_REF] et SDG25 [START_REF] Berr | SET DOMAIN GROUP25 Encodes a Histone Methyltransferase and Is Involved in FLOWERING LOCUS C Activation and Repression of Flowering[END_REF] présentent un phénotype de floraison précoce, alors que le mutant pour SDG26 présente lui un phénotype de floraison tardive (Xu et al., 2007). Afin 

Summary

Histone methylation catalyzed by histone methyltransferase is essential in transcriptional regulation of gene expression. Histone methyltransferases are known to play crucial roles in multiple cellular processes in plants. My PhD work investigated the biological function of two histone methyltransferases in controlling plant responses to various environmental stimuli in Arabidopsis thaliana. In the first part, my results demonstrated that the H3K36-methyltransferase SDG8 transcriptionally regulates NPR1, a central player in salicylic acid-mediated immunity and co-acts with the RNAPII to enable the efficient transcriptional induction of several defense genes upon stimulation. In the second part, my work unraveled that SDG26, another ortholog of the animal H3K36-methyltransferase, plays an important role in plant response to abiotic stresses. By focusing on cold stress, SDG26 was shown to regulate the cold stress response by directly activating the transcription of SOC1 and CBF genes through binding their chromatin and depositing H3K36me3. Interestingly, SDG26 mastered the accumulation of ABA by regulating the expression of ABA homeostasis-related genes, suggesting an involvement of ABA pathway in the cold response. In the last part, using a genetic approach my work established SDG26 as an autonomous flowering pathway component. Accordingly, SDG26 was found in a multiple-protein complex comprising the histone demethylase FLD, the homeobox-domain transcription factor LD, as well as a putative COMPASS component APRF1. This multiple-protein complex was found in controlling the repression of the major flowering repressor FLC as well as the activation of the flowering activator SOC1 to precisely regulate the floral transition.