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Loss of Polycomb Protein EZH2 causes major depletion of H3K27 and H3K9 trimethylation and developmental defects in the fungus Podospora anserina
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Selective gene silencing is key to development. The H3K27me3 enriched heterochromatin maintains transcription repression established during early development and regulates cell fate. Conversely, H3K9me3 enriched heterochromatin prevents differentiation but constitutes a permanent protection against transposable element. We exploited the fungus Podospora anserina, a valuable alternative to higher eukaryote models to question the biological relevance and interplay of these two distinct heterochromatin conformations. We found that H3K27me3 and H3K9me3 modifications are mutually exclusive within gene-rich regions but not within repeats. Lack of PaKmt6 EZH2-like enzyme resulted in loss of H3K27me3 and in significant H3K9me3 reduction, whereas lack of PaKmt1 SU(VAR)3-9-like enzyme caused loss of H3K9me3 only. We established that P. anserina developmental programs require H3K27me3 mediated silencing unlike most fungi studied to date. Our findings provide new insight into roles of these histone marks and into the relationship between chromatin modifications and development.

Introduction

Histones are subjected to a variety of post-translational covalent modifications [START_REF] Strahl | The Language of Covalent Histone Modifications[END_REF] that impact the overall degree of packing of the genome. In most organisms, the opened euchromatin is enriched in methylation of H3K4 (Lysine 4 of histone 3) nearby the transcriptional start sites (TSS) of the active genes and is associated with methylated H3K36 located in the body of the transcribed genes [START_REF] Kouzarides | Chromatin Modifications and Their Function[END_REF]. By contrast, histones present in the compacted heterochromatin are enriched in either tri-methylated H3K27 (H3K27me3) or tri-methylated H3K9 (H3K9me3) [START_REF] Bhaumik | Covalent Modifications of Histones during Development and Disease Pathogenesis[END_REF]. The compact architecture of heterochromatin limits the accessibility of the transcription machinery to the embedded DNA, thereby silencing gene expression. Repeat-rich genomic regions enriched in H3K9me3 are referred to as 'constitutive' heterochromatin because the subsequent silencing is constant across development [START_REF] Saksouk | Constitutive Heterochromatin Formation and Transcription in Mammals[END_REF]. In contrast, the 'facultative' heterochromatin corresponds to the deposition of H3K27me3 on gene-rich regions, whose silencing is transient and dynamic across developmental processes, allowing cell type-specific differentiation and rapid adaptation of gene expression [START_REF] Trojer | Facultative Heterochromatin: Is There a Distinctive Molecular Signature?[END_REF] H3K9me3 is catalyzed by the SET-domain SU(VAR)3-9 enzymes [START_REF] Martens | The Profile of Repeat-Associated Histone Lysine Methylation States in the Mouse Epigenome[END_REF][START_REF] Nakayama | Role of Histone H3 Lysine 9 Methylation in Epigenetic Control of Heterochromatin Assembly[END_REF][START_REF] Rea | Regulation of Chromatin Structure by Site-Specific Histone H3 Methyltransferases[END_REF][START_REF] Rice | Histone Methyltransferases Direct Different Degrees of Methylation to Define Distinct Chromatin Domains[END_REF] and bound by the chromodomain of the Heterochromatin Protein 1 (HP1, [START_REF] James | Identification of a Nonhistone Chromosomal Protein Associated with Heterochromatin in Drosophila melanogaster and Its Gene[END_REF][START_REF] Eissenberg | Mutation in a Heterochromatin-Specific Chromosomal Protein Is Associated with Suppression of Position-Effect Variegation in Drosophila melanogaster[END_REF][START_REF] Singh | A Sequence Motif Found in a Drosophila Heterochromatin Protein Is Conserved in Animals and Plants[END_REF]. Subsequent HP1 oligomerization, which results in nucleosome binding [START_REF] Canzio | Chromodomain-Mediated Oligomerization of HP1 Suggests a Nucleosome-Bridging Mechanism for Heterochromatin Assembly[END_REF]) and phase separation [START_REF] Larson | Liquid Droplet Formation by HP1α Suggests a Role for Phase Separation in Heterochromatin[END_REF][START_REF] Sanulli | HP1 Reshapes Nucleosome Core to Promote Phase Separation of Heterochromatin[END_REF][START_REF] Strom | Phase Separation Drives Heterochromatin Domain Formation[END_REF]) further enhances chromatin compaction and spreads this structure over large genomic compartments. When present, high level of DNA cytosine methylation is found in H3K9me3 enriched regions. This modification is essential to genome stability by preventing either expression of transposable elements or illicit mitotic recombination. As demonstrated in mouse and drosophila models, when H3K9me3 enzymatic activity is absent or reduced, the embryos died because of various developmental defects [START_REF] Liu | Setdb1 Is Required for Germline Development and Silencing of H3K9me3-Marked Endogenous Retroviruses in Primordial Germ Cells[END_REF]) Moreover, since H3K9me3-dependant heterochromatin prevents the DNA binding of a large palette of transcription factors, it has long been considered as a barrier to cell fate changes [START_REF] Becker | H3K9me3-Dependent Heterochromatin: Barrier to Cell Fate Changes[END_REF].

First identified in Drosophila, the conserved Polycomb group (PcG) protein complexes were shown to be both writers (Polycomb Repressive Complex 2, PRC2) and readers (Polycomb Repressive Complex 1, PRC1) of H3K27me3 (Lewis 1978;[START_REF] Ringrose | Epigenetic Regulation of Cellular Memory by the Polycomb and Trithorax Group Proteins[END_REF][START_REF] Schuettengruber | Recruitment of Polycomb Group Complexes and Their Role in the Dynamic Regulation of Cell Fate Choice[END_REF]. The catalytic subunit of the PRC2 is made of the SET domain protein enhancer of zest homolog 2 (EZH2), which tri-methylates H3K27. The H3K27me3-polycomb modification is instrumental for maintaining transcription repression established during early development and therefore has been linked to biological function related to cell fate, as different as X-inactivation [START_REF] Wang | Imprinted X Inactivation Maintained by a Mouse Polycomb Group Gene[END_REF]) and hematopoiesis [START_REF] Majewski | Polycomb Repressive Complex 2 (PRC2) Restricts Hematopoietic Stem Cell Activity[END_REF]. Conversely, when PCR2 functions are impaired, development of plants [START_REF] Goodrich | A Polycomb-Group Gene Regulates Homeotic Gene Expression in Arabidopsis[END_REF], insects [START_REF] Birve | Su(z)12, a Novel Drosophila Polycomb Group Gene That Is Conserved in Vertebrates and Plants[END_REF]) and mammals (O'Carroll et al. 2001a;[START_REF] Pasini | Suz12 Is Essential for Mouse Development and for EZH2 Histone Methyltransferase Activity[END_REF]) is disrupted, presumably because lineage specific programs are no longer accurate. Moreover, mutations affecting EZH2 leads to cell proliferation in cancer [START_REF] Canzio | Chromodomain-Mediated Oligomerization of HP1 Suggests a Nucleosome-Bridging Mechanism for Heterochromatin Assembly[END_REF], while others are associated to congenital disorders such as the Weaver syndrome [START_REF] Gibson | Mutations in EZH2 Cause Weaver Syndrome[END_REF] or the Ataxia-telangiectasia disease [START_REF] Li | EZH2-Mediated H3K27 Trimethylation Mediates Neurodegeneration in Ataxia-Telangiectasia[END_REF].

In animals and flowering plants, H3K9me3 and H3K27me3 marks are quite mutually exclusive [START_REF] Wiles | H3K27 Methylation: A Promiscuous Repressive Chromatin Mark[END_REF] and although these two histone modifications both result in gene expression silencing it is likely through different routes. Given the complexity and the essential nature of either of these pathways in metazoans, their respective mechanisms remain poorly understood. Even yeasts, although being otherwise powerful model systems, have some limitation in terms of chromatin remodeling studies. Indeed, if Schizosaccharomyces pombe possesses the Clr4 enzyme that catalyzes H3K9me3 [START_REF] Rea | Regulation of Chromatin Structure by Site-Specific Histone H3 Methyltransferases[END_REF], no such modification exists in Saccharomyces cerevisiae. As for the PRC2 complex, it is absent in all ascomycete yeasts. By contrast, filamentous fungi of the Pezizomycotina clade present canonic features for both H3K9me3-and H3K27me3dependent heterochromatin (Shaver et al., 2010). Unlike yeasts, filamentous fungi differentiate complex multicellular structures that require mobilization of specific lineage programs. In addition, the possibility to set up very efficient and straightforward genetic approaches (i.e. construction of mutants bearing multiple deletions) was already proven to be instrumental to address complex questions such as functional redundancy and pathway interplay. These characteristics make filamentous fungi a valuable experimental alternative to higher eukaryote models.

Genetic screens performed in Neurospora crassa, established that H3K9me3 methyltransferase DIM-5, and HP1-homolog are both essential for developmental programs that ensure normal growth, full fertility and DNA methylation [START_REF] Tamaru | A Histone H3 Methyltransferase Controls DNA Methylation in Neurospora crassa[END_REF]Selker, 2001, Freitag et al., 2004). By contrast, in Aspergillus nidulans, deletions of genes encoding either the DIM-5-homolog ClrD and the HP1-homolog HepA result in enhanced expression of a subset of secondary metabolite (SM) clusters but not in developmental defect [START_REF] Reyes-Dominguez | Heterochromatic Marks Are Associated with the Repression of Secondary Metabolism Clusters in Aspergillus nidulans[END_REF]. However in the closely related maize pest Fusarium verticillioides, FvDIM5 deletion mutants display defects in both developmental programs (i.e. growth, conidiation, perithecium production) and overproduction of some SM clusters [START_REF] Gu | Histone H3 Lysine 9 Methyltransferase FvDim5 Regulates Fungal Development, Pathogenicity and Osmotic Stress Responses in Fusarium verticillioides[END_REF]. The role of H3K27me3-dependant heterochromatin is also contrasted. In N. crassa, disruption of H3K27me3 methyltransferase activity did not lead to developmental defects [START_REF] Jamieson | Regional Control of Histone H3 Lysine 27 Methylation in Neurospora[END_REF]) but to abnormal chromosome conformation [START_REF] Klocko | Normal Chromosome Conformation Depends on Subtelomeric Facultative Heterochromatin in Neurospora crassa[END_REF]. By contrast, in the pathogenic fungus Zymoseptoria tritici absence of H3K27me3 reduces the loss of its accessory chromosomes, whereas loss of H3K9me3 induced many genomic rearrangements [START_REF] Möller | Destabilization of Chromosome Structure by Histone H3 Lysine 27 Methylation[END_REF]. Moreover, in N. crassa and Z. tritici, depletion of H3K9me3 resulted in massive redistribution of H3K27me3 in genomic compartments that are embedded in constitutive H3K9me3 heterochromatin in their respective wild-type backgrounds [START_REF] Jamieson | Loss of HP1 Causes Depletion of H3K27me3 from Facultative Heterochromatin and Gain of H3K27me2 at Constitutive Heterochromatin[END_REF][START_REF] Möller | Destabilization of Chromosome Structure by Histone H3 Lysine 27 Methylation[END_REF]. In contrast, the absence of H3K27me3 machinery did not impair the H3K9me3 genomic localization in either of them.

H3K27me3 loss in the plant pathogens Fusarium graminearum and Fusarium fujikoroi resulted in growth defects, sterility and in constitutive expression of genes encoding mycotoxins, pigments-producing enzymes and other SM [START_REF] Connolly | The Fusarium graminearum Histone H3 K27 Methyltransferase KMT6 Regulates Development and Expression of Secondary Metabolite Gene Clusters[END_REF], Studt et al., 2016b). Hence, although described as being distributed in distinct genomic compartments in fungal wild-type backgrounds, both H3K9me3 and H3K27me3 can cooperate to regulate complex traits such as symbiosis (Chujo and Scott 2014a).

To further explore the functions and interplay of the constitutive versus facultative heterochromatin, we used the model system P. anserina to establish the genome-wide distribution of H3K4me3, H3K9me3 and H3K27me3. Surprisingly, most of the H3K9me3 are found in regions also enriched in H3K27me3, while both the H3K9me3 and H3K27me3 are co-exclusive with the H3K4me3. We demonstrated that absence of PaKmt1, the H3K9me3 methyltransferase, resulted in loss of H3K9me3, which had a limited impact on P. anserina growth, differentiation and sexual reproduction. Surprisingly we observed that absence of PaKmt6, the H3K27me3 methyltransferase, resulted in both H3K27me3 and H3K9me3 drastic depletion and caused severe defects in most of the aspects of its life cycle including growth, differentiation processes and sexual reproduction. RNA-seq experiments detected PaKmt6 transcripts of predicted structure in both vegetative mycelium and fruiting bodies (P. [START_REF] Silar | A Gene Graveyard in the Genome of the Fungus Podospora comata[END_REF]). However, while annotation of the PaKmt1 gene predicted that its ORF was made of two exons, RNA-seq experiments showed ambiguous profiles for PaKmt1 transcripts (P. [START_REF] Silar | A Gene Graveyard in the Genome of the Fungus Podospora comata[END_REF]. Dedicated reversetranscription polymerase chain reaction (RT-PCR) experiments revealed two distinct transcripts (Fig. S2). From one-day-old mycelium RNA extract, we amplified a single 1108-bp fragment corresponding to the PaKmt1 spliced transcript. However, from either four-day-old mycelium RNA extract or fruiting bodies RNA extracts (two days and four days postfertilization fruiting bodies), we amplified an additional 1170-bp fragment, which corresponds to a PaKmt1 unspliced transcript. If translated, the 1170-bp fragment would result in a truncated protein of 76 amino acids lacking the conserved functional motifs (pre-SET and SET domains). This observation suggests that, in addition to the functional full length PaKmt1 H3K9 methyltransferase, P. anserina may produce a truncated version of this protein at specific developmental stages of its life cycle.

Results

Heterochromatin

Genome-wide distribution of H3K4me3, H3K9me3 and H3K27me3 histone modifications in P. anserina genome

By using western-blotting, we first showed that H3K4me3, H3K9me3 and H3K27me3 marks were readily present in P. anserina genome (Fig. 1B, see WT line). Then, to further characterize the genomic patterns of these three histone modifications, we performed ChIPseq experiments on chromatin samples collected from vegetative mycelia grown 60h at 27°C (Fig. 2A & 2B, Fig. S3, Table S1 &S2).

The H3K4me3 modification covered nearly 11% of the P. anserina genome (Fig. S4).

With 3050 detected peaks (Table S1), this mark appeared to be present in blocks of approximately 1.3 kb in gene-rich regions (Fig. 2A, Fig. 3A), mostly located in 5' of CDS (Fig. 3B). As in other eukaryotes, H3K4me3 showed a positive correlation with active transcriptional activity (Fig. 3C). On rare instances, when H3K4me3 peaks appeared to be localized in repeats, it mainly corresponded to transposable elements (TE) relics or transposase genes inserted into CDSs (49 out of the 63 H3K4me3 peaks found in repeats).

Conversely, H3K9me3 (Fig. 2A & 2B, Fig. S3) was the less abundant mark found in P. anserina genome (1090 detected peaks, 2.94% of the genome (Table S1 and Fig. S4))

where it formed approximately 0.9 kb-long blocks (Fig. 3A), mainly found at repeat-rich regions, i.e. TE (728 peaks), centromeric regions and telomeric regions (Fig. 2A, Fig. 3B).

Although low amount of H3K9me3 could be observed in some CDS (Fig. 3B), MACS2 peak calling analysis did not detect any significant enrichment (Table S1). In accordance with its genomic distribution, the H3K9me3 modifications showed a negative correlation with active transcriptional activity (Fig. 3C).

Being the second most common mark found in the P. anserina genome in terms of peak numbers (1941 detected peaks, Table S1), H3K27me3 (Fig. 2A & 2B, Fig. S3) covered none of the less the most sizeable part of it (18%, Fig. S4), showing large blocks of approximately 3.5 kb-long (Fig. 3A). This mark was found enriched at sub-telomeric regions and on a fraction of TE clusters (Fig. 2B &3B), but also on about one third of the annotated CDSs (2992 detected peaks, Table S2). As such, most of these H3K27me3-marked CDS were likely not expressed during the vegetative growth phase (Fig. 3C).

On a broad scale, we noticed that H3K4me3, H3K9me3 and H3K27me3 modifications were not equally distributed on P. anserina chromosomes as shown in Fig. S4. Intriguingly, H3K27 methylation appeared enriched on chromosomes four and six and even more so on chromosome five. However, by contrast to Zymoseptoria tritici [START_REF] Schotanus | Histone Modifications Rather than the Novel Regional Centromeres of Zymoseptoria tritici Distinguish Core and Accessory Chromosomes[END_REF], the P. anserina's chromosomes enriched in H3K27me3 are not dispensable. The same trend was observed for H3K9me3 on chromosome five, which is indeed enriched in TEs and repeats.

Conversely, H3K4me3 appeared less abundant on chromosome five.

Zooming in P. anserina's genomic patterns, it appeared that distribution of H3K4me3 was found mutually exclusive with both H3K9me3 and H3K27me3 (Fig. 2B see close up, Fig. 3B & 3D and Fig. S3). However, we did find genes that harbored both H3K4me3 and H3H27me3 marks in these experimental conditions (Table S2). Remarkably, this set was significantly enriched (p-value < 0.001) in genes encoding proteins involved in non-allelic heterokaryon incompatibility (HI), transcription and chromatin remodeling (Table S2).

Notably, patterns of H3K27me3 and H3K9me3 modifications could be found overlapping in gene-poor compartments scattered across the genome (Fig. 2A and Fig. S3), especially on repeats, which included transposase promoters and CDS (Fig. 3B: cluster_1, and Table S2).

Indeed, we identified 954 H3K27me3 and H3K9me3 common peaks, which represented 90% of the H3K9me3 peaks (Table S1).

PaKmt1 and PaKmt6 are histone methyltransferases and their deletion impact both

H3K9me3 and H3K27me3 distribution.

To determine the impact of the lack of heterochromatin marks, we constructed the ΔPaKmt1 and the ΔPaKmt6 deletion mutants (Fig. S5). Double ΔPaKmt1ΔPaKmt6 mutant strains were obtained by crossing the two corresponding single mutants. All three mutants were alive, showing that neither PaKmt1 nor PaKmt6 are essential genes. Western-blotting showed that H3K9me3 was almost absent in proteins extracted from the single ΔPaKmt1 mutant (Fig. 1B). Likewise, the H3K27me3 was almost absent in extracts from the single ΔPaKmt6 mutant. Neither mark was present in the double ΔPaKmt1ΔPaKmt6 mutants. As expected, H3K4me3 was detected in all samples. These observations clearly show that PaKmt1 displays a H3K9me3 methyltransferase enzymatic activity, while PaKmt6 is displays a H3K27me3 methyltransferase enzymatic activity.

ChIP-seq experiments performed in the ΔPaKmt1 background showed low amount of H3K9me3 (Fig. 4A and 4C,Fig. S3 and Fig S4), however MACS2 peak calling analysis did not detected any significant peak enrichment (Fig 4A,Table S1 and Fig. S4), by contrast to the same analysis performed in the wild-type background. This would mean that PaKmt1 is responsible for the wild-type distribution of H3K9me3 modifications at the specific locations described above. Together with the western-blot analysis, these results would further suggest that PaKmt1 is the main P. anserina's H3K9me3 methyltransferase. Unexpectedly, our data revealed variations of the H3K27me3 patterns in the ΔPaKmt1 mutant background (Fig. 4A, 4B and Fig. S4). Firstly, the average length of the H3K27me3 blocks was reduced by two third (Fig. 4C). Secondly, about 30% of the H3K27me3 peaks were missing, especially those located in the gene-rich blocks (Fig. 4A, 4B, Table S1 and Fig. S3), although chromosomes four, five and six still were enriched in H3K27me3 compared to the others (Fig. S4). Thirdly, the remaining H3K27me3 peaks did not show any extensive re-localization when compared with the H3K27me3 wild-type genome-wide distribution (Fig 4A, Fig. 4B CDS and Fig. S3). However, some H3K27me3 enrichment was observed in one cluster of repeated elements (Fig. 4B cluster_3). This observation is in stern contrast to the extensive re-localization of the H3K27me3 marks that was reported as a consequence of H3K9me3 loss in both N. crassa and Z. tritici [START_REF] Jamieson | Regional Control of Histone H3 Lysine 27 Methylation in Neurospora[END_REF]2016;[START_REF] Möller | Destabilization of Chromosome Structure by Histone H3 Lysine 27 Methylation[END_REF].

ChIP-seq experiments performed in the ΔPaKmt6 mutant strains revealed that this deletion drastically reduced the overall H3K27me3 (Fig. 4A,4B & 4C and Fig. S3) content (significant genome coverage dropped from 18.95% to 0.04%, Table S1 and Fig. S4). The presence of these residual H3K27me3 marks was reminiscent of what we observed by western-blot analysis, where a faint band was still visible in the ΔPaKmt6 mutants but disappeared in the ΔPaKmt1ΔPaKmt6 double mutants (Fig. 1B). We performed a dot-blot analysis that ruled out a potential cross-hybridization, because the H3K27me3 antibody used in this study cannot detect the H3K9me3 epitopes (Fig. S6). Altogether, these findings suggest that PaKmt1 may have a residual H3K27me3 methyltransferase activity. But intriguingly, most of the remaining H3K27me3 marks were no longer localized into the H3K27me3 blocks detected in the wild-type genetic background (Fig. 4A and Fig. S3) and even found enriched in one cluster of repeated elements (Fig. 4B cluster 3). To our surprise, we also noticed that the loss of PaKmt6 severely impacted the amount of H3K9me3 marks, since in the ΔPaKmt6 background, its genome coverage dropped from 2.94% to 0.18% (Fig. 4A, Table S1 and Fig. S4). This means that the diminution of the H3K9me3 peaks was as strong as that of the H3K27me3 in this mutant background. Nevertheless, the remaining H3K9me3 peaks in the ΔPaKmt6 background were not displaced, nor the missing H3K9me3 blocks replaced by H3K27me3 ones (Fig. 4A).

Finally, H3K4me3 patterns stayed unchanged in all the mutant backgrounds, suggesting that loss of either H3K27me3 or H3K9me3 has no impact on the H3K4 methyltransferase activity (Fig. 4A & 4C, Table S1 and Fig. S4) and global chromatin relaxation did not interfere with genome-wide H3K4me3 patterns.

Loss of H3K27me3 in ΔPaKmt6 background modifies gene expression

To assay the impact of H3K27me3 or/and H3K9me3 loss on gene expression, we performed qRT-PCR experiments on vegetative mycelia grown 60 hours at 27°C, of either wild-type genotype (5 independent samples) or mutant genotypes (ΔPaKmt1 and ΔPaKmt6, 5 independent samples each). We first focused on six genes that harbor H3K27me3 marks in wild-type background (Fig. 5A, Fig S7and Table S2). In the ΔPaKmt6 background (Fig. 5A, Table S2), all of them lost their H3K27me3 marks and were over expressed (fold change ≥ 2). This result is consistent with H3K27me3 being involved in regulation of gene expression during development programs since Pa_1_6263, which showed the most dramatic up-regulation effect (fold change > 25, p_value = 0.001 Fig. 5A), is supposed to be expressed during the sexual phase only (P. [START_REF] Silar | A Gene Graveyard in the Genome of the Fungus Podospora comata[END_REF]. Expression of genes encoding secondary metabolites (SM) is known to be sensitive to chromatin compaction [START_REF] Gacek | The Chromatin Code of Fungal Secondary Metabolite Gene Clusters[END_REF][START_REF] Connolly | The Fusarium graminearum Histone H3 K27 Methyltransferase KMT6 Regulates Development and Expression of Secondary Metabolite Gene Clusters[END_REF][START_REF] Studt | Lack of the COMPASS Component Ccl1 Reduces H3K4 Trimethylation Levels and Affects Transcription of Secondary Metabolite Genes in Two Plant-Pathogenic Fusarium Species[END_REF][START_REF] Studt | Knock-down of the Methyltransferase Kmt6 Relieves H3K27me3 and Results in Induction of Cryptic and Otherwise Silent Secondary Metabolite Gene Clusters in Fusarium fujikuroi[END_REF]. Indeed, when we assayed the expression of two such genes (Pa_6_7270 and Pa_6_7370) in the ΔPaKmt6 background, we found them both up regulated (Fig. 5A, Table S2). Notably, loss of PaKmt1 had no significant impact (fold change ≤ 2) on the expression of this set of genes, even if some of the H3K27me3 marks were lost in this mutant background (Fig. S7 and Table S2).

Loss of PaKmt6 has stronger impact on vegetative growth than loss of PaKmt1

We then assessed the impact of loss of either H3K27me3 or H3K9me3, or both, on P. anserina's life cycle. Pigmentation, branching and the overall aspect of ΔPaKmt1 mycelia were similar to those of the wild-type strains, except for reduced production of aerial hyphae (Fig. 5B). The ΔPaKmt1 mutants also displayed a slight growth defect at optimal temperature (27°C) (6% decrease for ΔPaKmt1, Fig. 5C). This growth defect was stronger when the ΔPaKmt1 mutants were grown at cold temperature (11°C, 28% decrease, Table 1). Upon cultivation on solid media, we noticed that the ΔPaKmt1 mutants showed a delay in resuming vegetative development after a period of growth arrest (cells in stationary phase or storage at 4°C). To further explore this phenotype, we set up a stop and re-start growth assay described in (Fig. S8A). The wild-type strain was able to resume proper mycelium growth either from implants cut out of the apex of the colony (Plug#1, Fig. S8A) or out of two distinct locations of the inner stationary phase (Plug#2 & Plug#3, Fig. S8A). By contrast, ΔPaKmt1 mycelia developing from implants cut out of the inner stationary phase of the colony (Plug#3, Fig. S8A) were growing slow and generated irregular colony margins and almost no aerial hyphae. This already defective and erratic growth was further degraded after five days of culture. However, mycelia of ΔPaKmt1 mutants that developed from implants cut out of the apex of the colony (Plug#1, Fig. S8A) grew ordinarily. When plugs of any of these thalli where cut out of the growing edge, they all regenerated normally (Fig. S8A), confirming that this defect was not permanent but rather linked to the disability of the ΔPaKmt1 strains to resume growth properly. Because these observations were reminiscent of those of Crippled Growth (CG), an epigenetically triggered cell degeneration [START_REF] Nguyen | Prions and Prion-Like Phenomena in Epigenetic Inheritance[END_REF], we made sure that the ΔPaKmt1 mutation did not promote CG (Fig. S8B) but behaved as the wild-type strain in that respect. Therefore, this reduced capability to resume growth may be indicative of a lesser plasticity to perform adaptive developmental program under changing environmental conditions. Pinkish pigmentation (see the following paragraph), crooked branching pattern and the overall aspect of ΔPaKmt6 mycelia were quite different to those of the wild-type strains (Fig. 5B). First of all, ΔPaKmt6 mutant growth-rate was 43% lower than wild-type strains during the first 60 hours of growth on M2 at 27°C (Fig. 5C. Remarkably, after this time point, the mycelium development became so erratic and irregular that the standard assay consisting in thallus radius measures seemed no more accurate. Indeed, ΔPaKmt6 mycelia showed "stop-restart" growth resulting in patchy mycelium sectors, which literally sprouted out of the colony margins like cauliflower inflorescences (Fig. 5B). Large error bars of the corresponding growth-curve represented these outgrowths (Fig. 5C). Surprisingly, we were able to grow the ΔPaKmt6 mutants in race tubes to determine that this mutation had no effect on senescence (Fig. S9). Finally, when we constructed the ΔPaKmt1ΔPaKmt6 double mutant, the phenotypes generated by the ΔPaKmt6 null allele were epistatic upon those generated by the ΔPaKmt1 allele.

The ΔPaKmt6 mutant produces more male gametes than the wild-type strain

In addition to the growth defect, the ΔPaKmt6 mutant mycelium showed a powdery aspect that was different from that of the wild-type strain. When examined under the microscope, we observed a striking over-production of male gametes (spermatia) that accounted for the powdery phenotype of the ΔPaKmt6 mutants. In this mutant context, male gametes production was about 130 times higher than in wild-type background (Fig. 6A). We then tested if these mutant male gametes were as fertile as the wild-type ones. To do so, we fertilized wild-type female gametes (ascogonia) with a defined quantity of either mutant or wild-type male gametes of compatible mating type. After seven days of growth at 27°C, fruiting bodies were numbered, given that each of them originated from a single fertilization event. Fertilization capabilities of the mutant male gametes were as efficient as the wild-type ones, since similar numbers of fruiting bodies were obtained in both conditions (4 (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.
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The ΔPaKmt6 mutant formed crippled fruiting bodies yielding a reduced number of ascospores

We then investigated the ability of the histone methyltransferase mutant strains to perform sexual reproduction. Sexual development and ascospore production of crosses involving two ΔPaKmt1 parental strains were indistinguishable from those of wild-type strains. By contrast, when we performed homozygous ΔPaKmt6 crosses, fruiting bodies were formed, which means that fertilization occurred, but their developmental time frame was delayed. They also displayed a large palette of morphological defects e.g., lack of necks or extra necks, lack of ostioles, upward/downward mis-orientation, development into agar, fusion, etc. (Fig. 6B) and their ascospore production was reduced. Heterozygous orientated crosses showed that when the ΔPaKmt6 null allele was present in the female gamete genome and the wild-type allele was present in the male gamete genome, the fruiting bodies were crippled as in the homozygous ΔPaKmt6 crosses, which resulted in a reduced ascus production (Fig. S10A). In contrast, a heterozygous cross involving a female wild-type strain produced fully fertile fruiting bodies, indicating a ΔPaKmt6 maternal effect.

Crosses involving the double ΔPaKmt1ΔPaKmt6 mutant strains displayed a typical ΔPaKmt6 phenotype with respect to the perithecium number, morphology and ascospore production, demonstrating that ΔPaKmt6 null allele was epistatic. In addition, one third of the asci recovered from homozygous ΔPaKmt1ΔPaKmt6 crosses showed less pigmented ascospores than those of wild-type crosses (with a color panel spanning from white to green). In general, deficit in pigmentation is indicative of incomplete maturation during the ascospore formation process.

PaKmt6 is essential to the development of the envelope of fruiting bodies

To check whether the ΔPaKmt6 mutant's reduced fertility resulted from either a fruiting body envelope defect or a zygotic tissue defect, we set up tricaryon crosses involving the Δmat strain (E. [START_REF] Coppin | Deletion of the Mating-Type Sequences in Podospora anserina Abolishes Mating without Affecting Vegetative Functions and Sexual Differentiation[END_REF][START_REF] Jamet-Vierny | IDC1, a Pezizomycotina-Specific Gene That Belongs to the PaMpk1 MAP Kinase Transduction Cascade of the Filamentous Fungus Podospora anserina[END_REF]. Because the Δmat strain lacks the genes required for fertilization, it do not participate either as male or female in the sexual reproduction. However, the Δmat mycelium is able to provide maternal hyphae required to build fruiting bodies. Consequently, the Δmat strain can complement mutants defective for fruiting body tissues formation but not for zygotic tissue defect. We observed that the Δmat ; ΔPaKmt6 mat+ ; ΔPaKmt6 mattricaryon yielded few but fully matured and well-formed fruiting bodies only that produced as many asci as the wild-type ones (Fig. S10B). This experiment demonstrates that ΔPaKmt6 mutation compromised the fruiting body envelope formation but had no impact on zygotic development.

The PaKmt6 null allele reduces the ascospore germination efficiency

Haploid ascospores originating from homozygous ΔPaKmt1 crosses germinated as those of wild-type crosses (> 96% germination rate, N=100, Table 2). However, about two third of the wild-type looking ascospores produced by the homozygous ΔPaKmt6 crosses did not germinate (3 independent experiments, N=100 for each experiment, Table 2). The reduced germination efficiency was further enhanced in ΔPaKmt1ΔPaKmt6 double mutant (Table 2).

On germination medium, wild-type ascospores germination occurs at a germ pore located at the anterior side of the ascospore, by the extrusion of a spherical structure. This transient structure, called a germination peg, gives rise to a polarized hypha that develops into mycelium. In the ΔPaKmt6 mutants, the ascospore germination process was stopped at an early stage, since germination pegs were not formed. However, the ΔPaKmt6 defect was ascospore autonomous since ascospores from wild-type progeny obtained in WT x ΔPaKmt6 crosses germinated normally, whereas those from ΔPaKmt6 progeny did not. However, PaKmt6 + /ΔPaKmt6 dikaryotic ascospores had a wild-type germination rate showing that the ΔPaKmt6 defect was recessive (2 independent experiments, N=80 dikaryotic ascospores). It has been previously shown that unpigmented ascospores carrying the pks1-193 mutant allele germinate at high frequency (over 95%) on both inducing and non-inducing media [START_REF] Malagnac | Two NADPH Oxidase Isoforms Are Required for Sexual Reproduction and Ascospore Germination in the Filamentous Fungus Podospora anserina[END_REF]. Indeed, the P. anserina pks1-193 mutants carry a recessive null mutation in the gene encoding the polyketide synthase involved in the first step of DHN melanin biosynthesis (Evelyne [START_REF] Coppin | Identification of PaPKS1, a Polyketide Synthase Involved in Melanin Formation and Its Use as a Genetic Tool in Podospora anserina[END_REF]. Therefore, these mutants form unmelanized ascospores that germinate spontaneously. When crosses between pks1-193 ΔPaKmt6 mat-and pks1 + ΔPaKmt6 mat+ strains were performed, they generated the expected asci made of two unpigmented and two pigmented ascospores. If the pigmented ascospores (pks1 + ΔPaKmt6) had to be transferred to inducing germination medium for some of them to germinate (app. 30%), the unpigmented ones (pks1-193 ΔPaKmt6) germinated efficiently (over 90%) even on non-inducing medium. This result shows that the absence of melanin suppressed the ΔPaKmt6 ascospore germination defect, as for those of the ΔPaPls1 and the ΔPaNox2 mutants [START_REF] Lambou | The Crucial Role of the Pls1 Tetraspanin during Ascospore Germination in Podospora anserina Provides an Example of the Convergent Evolution of Morphogenetic Processes in Fungal Plant Pathogens and Saprobes[END_REF].

H3K9me3 reader HP1 is present in P. anserina

In fungi, the PRC1 complex is not present [START_REF] Wiles | H3K27 Methylation: A Promiscuous Repressive Chromatin Mark[END_REF]. However, we searched the P. anserina genome for a homolog of the heterochromatin protein 1 (HP1, [START_REF] Honda | Direct Interaction between DNA Methyltransferase DIM-2 and HP1 Is Required for DNA Methylation in Neurospora crassa[END_REF]) which is known to bind the H3K9me3 marks of the constitutive heterochromatin. We identified one gene (Pa_4_7200) encoding the protein PaHP1 (252 aa, 57% identity, e-value = 4e -78 ) (Fig. 1A). It displays conserved chromo domain (PS00598) and chromo shadow domain (PS50013) (Fig. S11A &S11B). By self-aggregation, chromo shadow domain containing proteins can bring together nucleosomes and thus condense the corresponding chromatin region [START_REF] Canzio | Chromodomain-Mediated Oligomerization of HP1 Suggests a Nucleosome-Bridging Mechanism for Heterochromatin Assembly[END_REF]. As for PaKmt6, RNA-seq data showed that the PaHP1 gene is expressed in both vegetative mycelium and fruiting bodies tissues (P. [START_REF] Silar | A Gene Graveyard in the Genome of the Fungus Podospora comata[END_REF].

Loss of PaHP1 results in fewer but broader H3K9me3 domains

To explore potential role(s) of PaHP1, we deleted the corresponding Pa_4_7200 gene (Fig. S12A &12B). No difference in H3K4me3, H3K9me3 or H3K27me3 was detected by western-blotting performed on nuclear proteins extracted from either the wild-type strains or the single ΔPaHP1 mutant strains (Fig. 1B). When we performed ChIP-seq experiment in the ΔPaHP1 background, the H3K27me3 pattern was similar to that of ΔPaKmt1 strains, while the H3K4me3 pattern was similar to that of the wild-type strains (Fig. 7A,7B and Fig S3). However, about half of H3K9me3 genome coverage was lost (Fig. S3 and S4, Table S1), whereas some H3K9me3 enrichment was observed in one cluster of repeated elements (Fig. 7B cluster_4, Table S1). Yet, if the density of H3K9me3 was reduced, the average size of the peaks was quite larger (Fig. 7C). This suggests that, in the absence of the recruitment platform mediated by the binding of PaHP1 to the constitutive heterochromatin, the compact structuration may be partly relaxed and the histone modifications lost, but also that the boundaries between heterochromatin and euchromatin may be less clear-cut. However, in this mutant context the H3K9me3 reduction has no impact on gene expression (Fig. S13).

Loss of PaHP1 has no more impact than that of PaKmt1

Throughout all the P. anserina's life cycle, the ΔPaHP1 mutants behave similarly to the ΔPaKmt1 ones (Table 1, Fig. S12A, S12C, S12D, S12E). Importantly, the double ΔPaKmt1ΔPaHP1 mutants did not show any aggravated phenotypes (Table 1, Fig. S13A).

When the ΔPaHP1 allele was associated to the ΔPaKmt6 one, all the phenotypes displayed by the single ΔPaKmt6 mutants were epistatic upon those of the ΔPaHP1 mutants. The only exception is related to the germination efficiency of the triple ΔPaKmt1ΔPaHP1ΔPaKmt6, which was similar to the double ΔPaHP1ΔPaKmt6 rather than the one of the double ΔPaKmt1ΔPaKmt6 mutants (Table 2). This may be due to a slightly reduced pigmentation of the ascospores produced by the homozygous ΔPaKmt1ΔPaHP1ΔPaKmt6 crosses. Indeed, even if only the darker wild-type looking ones were used in this test, slightly reduced pigmentation facilitates germination.

Subcellular localization of PaKmt1-mCherry and PaHP1-GFP

Because enzymatic activity was fully restored in the ΔPaKmt1 strain by introduction of the PaKmt1-mCherry allele encoding the PaKmt1-mCherry chimeric protein (See Fig. 1B, Material and Method section and below), we explored its cellular localization in two-day-old growing mycelium, along with that of PaHP1-GFP. In both PaKmt1-mCherry and PaHP1-GFP expressing strains, the fluorescence signal was nuclear and punctuated (Fig. 8). When merged, the two fluorescent signals co-localized. However, when the PaHP1-GFP allele was present in a ΔPaKmt1 background, the GFP signal was present but delocalized (Fig. 8) as already observed in N. crassa [START_REF] Freitag | HP1 Is Essential for DNA Methylation in Neurospora[END_REF]). Instead of forming foci, the GFP fluorescence was still nuclear but fuzzy, suggesting that, without H3K9me3 modification, the PaHP1 protein is no longer recruited by the appropriate heterochromatic genomic territories.

On the contrary, in the same experimental conditions (two-day-old mycelium), when present in a ΔPaKmt6, the PaHP1-GFP protein was localized as in a wild-type background.

Therefore, PaKmt6, by itself or through H3K27me3 modification, is not involved in targeting the PaHP1 to its proper genomic compartments.

Discussion

In eukaryotes, the deposition of histone modification is essential to chromatin features and regulation of gene expression that impacts cell fate. Because P. anserina unlike N. crassa displays no DNA methylation but carries conserved SET-domain SU(VAR)3-9 enzyme and PRC2 complex, we aimed at understanding the impact of heterochromatin assembly on P. anserina life cycle in relation with its genome organization.

H3K27me3 and H3K9me3 modifications are not mutually exclusive

To get the first hints of P. anserina's genome organization, we took advantage of ChIP-seq experiments to uncover genome-wide chromatin landscapes in a wild-type background. Our results highlighted two uncommon features of both the constitutive and the facultative heterochromatin. Firstly, in most animals and plants, the H3K9me3 modification covers fairly large domains, while the H3K27me3 modification forms shorter ones. But in P.

anserina's genome we observed the opposite, since H3K27me3 blocks were in average three times longer than the H3K9me3 blocks. Secondly, if as expected the H3K9me3 modification was restricted to repeats-rich regions, mostly located near telomeres and centromeres [START_REF] Freitag | Histone Methylation by SET Domain Proteins in Fungi[END_REF], the H3K27me3 modification encompass both annotated CDS and H3K9me3 marked repeats. Co-occurrence of H3K9me3 and H3K27me3 at same genomic loci is of particular interest because these two heterochromatic marks were long considered mutually exclusive in flowering plants, mammals, and fungi [START_REF] Simon | Occupying Chromatin: Polycomb Mechanisms for Getting to Genomic Targets, Stopping Transcriptional Traffic, and Staying Put[END_REF][START_REF] Wiles | H3K27 Methylation: A Promiscuous Repressive Chromatin Mark[END_REF]). Yet recently this dogma has been challenged, since, as demonstrated by mass spectrometry experiments, H3K27me3 and H3K9me3 can coexist within the same histone octamer in embryonic stem cells [START_REF] Voigt | Asymmetrically Modified Nucleosomes[END_REF]. Furthermore, in the ciliate Paramecium tetraurelia, H3K9me3 and H3K27me3 co-occur at TEs loci [START_REF] Frapporti | The Polycomb Protein Ezl1 Mediates H3K9 and H3K27 Methylation to Repress Transposable Elements in Paramecium[END_REF], as well as in the nematode Caenorhabditis elegans [START_REF] Ho | Comparative Analysis of Metazoan Chromatin Organization[END_REF]) and in the bryophyte Marchantia polymorpha [START_REF] Montgomery | Chromatin Organization in Early Land Plants Reveals an Ancestral Association between H3K27me3, Transposons, and Constitutive Heterochromatin[END_REF]. In mammals, these two marks can be found together, in association with DNA methylation, at a subset of developmentally regulated genes in mouse extra-embryonic early embryo lineages [START_REF] Alder | Ring1B and Suv39h1 Delineate Distinct Chromatin States at Bivalent Genes during Early Mouse Lineage Commitment[END_REF].

Notably, some of the human cancer cells also display both of these repressive marks [START_REF] Widschwendter | Epigenetic Stem Cell Signature in Cancer[END_REF][START_REF] Ohm | A Stem Cell-like Chromatin Pattern May Predispose Tumor Suppressor Genes to DNA Hypermethylation and Heritable Silencing[END_REF][START_REF] Schlesinger | Polycomb-Mediated Methylation on Lys27 of Histone H3 Pre-Marks Genes for de Novo Methylation in Cancer[END_REF]. This co-occurrence can also be found in plants, as such H3K9me3 and H3K27me3 overlap, exclusively associated with DNA methylation, had also been described at A. thaliana's ETs loci [START_REF] Deleris | Loss of the DNA Methyltransferase MET1 Induces H3K9 Hypermethylation at PcG Target Genes and Redistribution of H3K27 Trimethylation to Transposons in Arabidopsis thaliana[END_REF]. The results of this study further reinforce the biological relevance of the dual H3K27/H3K9 methylation in specific heterochromatin loci and show that these superpositions of heterochromatin marks can also happen in a genomic context devoid of DNA methylation.

Hypothetical bivalent-like genes in fungi?

As expected, the H3K4me3 modification, typically associated with active chromatin, was found in gene-rich segments of P. anserina's genome. As described in most eukaryotes, this modification was shown to be mutually exclusive with both of the repressive marks H3K9me3 and H3K27me3. However in mammals, totipotent embryonic stem cells show bivalent genes marked by both active H3K4me3 and repressive H3K27me3 chromatin modification [START_REF] Thalheim | The Regulatory Capacity of Bivalent Genes-A Theoretical Approach[END_REF]. Such bivalent genes are proposed to play a central role in developmental and lineage specification processes. Remarkably, fungal nuclei conserved their totipotency throughout their whole life cycle. Indeed, almost any hyphal fragment can give raise to complete and totipotent new individuals [START_REF] Roper | Nuclear and Genome Dynamics in Multinucleate Ascomycete Fungi[END_REF][START_REF] Money | Mushroom Stem Cells[END_REF]. The molecular basis of this peculiar feature is not yet understood. In this study, we did find genes harboring both H3K4me3 and H3H27me3 marks and moreover a sizeable part of them belonging to the het gene family. In P. anserina, the HET domain has been shown to be essential in inducing the program cell death as a consequence of HI reaction [START_REF] Paoletti | Genesis of a Fungal Non-Self Recognition Repertoire[END_REF]. Being members of the conserved STAND proteins (Signaltransducing ATPases with Numerous Domains), they also display NACHT and WD40 repeat domains (Choi et al., 2013;Leipe et al., 2004;[START_REF] Paoletti | Genesis of a Fungal Non-Self Recognition Repertoire[END_REF]Saupe et al., 1995). The proteins of this family, which can oligomerize, are innate immune receptors, including NODlike receptors in animals and NB-LRR resistance proteins in plants [START_REF] Rairdan | Distinct Domains in the ARC Region of the Potato Resistance Protein Rx Mediate LRR Binding and Inhibition of Activation[END_REF]. Likewise, in fungi, STAND proteins have been proposed to act as receptors to mediate the HI allorecognition process [START_REF] Paoletti | Genesis of a Fungal Non-Self Recognition Repertoire[END_REF][START_REF] Paoletti | Fungal Incompatibility: Evolutionary Origin in Pathogen Defense?[END_REF]. More generally, the HI may derive from a fungal innate immune system, where the STAND proteins could mediate non-self-recognition during interactions involving either individuals of the same species or of different species. By definition, the HI reaction must be quick and massive upon contacts. Therefore, expression of genes involved in this process could be finely tuned by marking them with both repressing and activating modifications.

Chromatin status may confer distinct epigenetic identity to P. anserina chromosomes

On a broad scale, the patterns of histone modifications that we described in this study suggest that P. anserina chromosomes harbor distinct combinations of epigenomic features that may be related to functional compartmentalization of its genome.

The first combination, composed of high content of H3K4me3 and low content of both H3K27me3 and H3K9me3, is shared by chromosomes one, two, and seven. The second combination, made of reduced content of H3K4me3 and enhanced content of both H3K27me3 and H3K9me3, is that of chromosomes four and six. The last combination, which corresponds to the highest contents in the repressive H3K27me3 and H3K9me3 marks and the lowest content in the active H3K4me3 mark concerns the chromosome five only.

Remarkably, this chromosome contains a TE embedded spore-killer locus, responsible for drastic distortion of meiotic segregation (Grognet, Lalucque, et al. 2014a). Chromosome three showed composite features since it grouped with chromosomes one, two and seven regarding its H3K4me3 and H3K27me3 contents but with chromosomes four and six regarding H3K9me3 content. Drop of H3K4me3 on chromosome three was due to the presence of the rDNA array on this chromosome. This non-random distribution of repressive mark cannot only be accounted for by the TE/repeat content of these chromosomes. Indeed, if the fifth chromosome is enriched in repetitive sequences, the fourth and sixth are not.

These observations are reminiscent of what had been described in Z. tritici [START_REF] Schotanus | Histone Modifications Rather than the Novel Regional Centromeres of Zymoseptoria tritici Distinguish Core and Accessory Chromosomes[END_REF]. This fungus is endowed with 13 core chromosomes and up to eight accessory chromosomes, the latter showing significantly higher H3K9me3 and H3K27me3 enrichments, in line with the twofold higher proportion of repetitive DNA [START_REF] Möller | Destabilization of Chromosome Structure by Histone H3 Lysine 27 Methylation[END_REF]. In this context, it has been proposed that the epigenetic imprint of these accessory chromosomes would (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

signal that they could be lost, in contrast to the core chromosomes that have to be retained [START_REF] Möller | Destabilization of Chromosome Structure by Histone H3 Lysine 27 Methylation[END_REF]) and Table 3). No such dispensable chromosomes are present in the P. anserina genome.

PaKmt1 and PaKmt6 are not independent actors of chromatin remodeling

The ChIP-seq carried out here can allow us to test for potential crosstalk between constitutive and facultative heterochromatin. Elimination of PaKmt1 suppressed H3K9me3, which demonstrates that there is no other H3K9 methyltransferase activity in P. anserina. In the absence of the PaHP1, half of the H3K9me3 peaks identified in the wild-type background were missing, indicating that some positive feedback between the H3K9me3 reader and its methylation enzyme may be needed to install or/and maintain the constitutive chromatin.

Unexpectedly, our results also show that complete or partial loss of constitutive heterochromatin in ΔPaKmt1 mutants and in ΔPaHP1 mutants impacted facultative heterochromatin properties, since in these mutant backgrounds we identified fewer H3K27me3 peaks of reduced average size. Our data suggest that initiation and propagation of the PRC2 complex are inter-dependent processes in P. anserina. Alternatively, if, as shown in A. thaliana for the FLC locus [START_REF] Angel | A Polycomb-Based Switch Underlying Quantitative Epigenetic Memory[END_REF]), PRC2 complex initiation and propagation are independent in P. anserina, both of them are impaired when the H3K9me3heterochromatin pathway is damaged. However, H3K27me3 reduction in both ΔPaKmt1 and ΔPaHP1 mutants was not associated with any substantial genomic redistribution by contrast to what has been described in the corresponding N. crassa and Z. tritici mutants [START_REF] Jamieson | Regional Control of Histone H3 Lysine 27 Methylation in Neurospora[END_REF]2016;Möller et al. 2019) (Table3). This latter result means that although impaired in both ΔPaKmt1 and ΔPaHP1 mutants, the H3K27me3-heterochromatin is none of the less properly localized and does not spread over the vacant H3K9me3 genomic compartments.

Conversely, the PaKmt6 mutants showed massive loss of H3K27me3 but also some significant reduction of H3K9me3, which could be explained if PaKmt6 targets PaKmt1 to its genomic compartment. Again theses data are in sharp contrast with those obtained in N. crassa [START_REF] Jamieson | Regional Control of Histone H3 Lysine 27 Methylation in Neurospora[END_REF]2016) and Z. tritici [START_REF] Möller | Destabilization of Chromosome Structure by Histone H3 Lysine 27 Methylation[END_REF] for which H3K9me3 content is not affected by loss of H3K27me3 (Table 3). Moreover, the few H3K27me3 marks that remained in the ΔPaKmt6 mutants were found delocalized when compared to their wildtype distribution. But importantly, these new locations did not overlap with the otherwise H3K9me3-marked genomic segments.

In general, two distinct enzymes catalyze methylation of either H3K9 or H3K27 residues. However, the ciliate P. tetraurelia is endowed with only one class of histone methlytransferase, the Enhancer-of-zeste-like protein Ezl1, which methylates both H3K9 and H3K27 residues [START_REF] Frapporti | The Polycomb Protein Ezl1 Mediates H3K9 and H3K27 Methylation to Repress Transposable Elements in Paramecium[END_REF]. This observation suggests that during the course of evolution H3K9 and H3K27 can be substrates of the same methyltransferase. In the light of the above assertion, we can hypothesize that (i) the P. anserina's SU(VAR)3-like homolog (PaKmt1) may have a residual H3K27 histone-methyltransferase activity, that would account for the remaining delocalized H3K27me3 marks in the ΔPaKmt6 mutants, (ii) SET-domain Enhancer-of-zeste-like PaKmt6 cannot be a catalytic substitute to PaKmt1, since H3K9me3 peaks were no longer detected in the ΔPaKmt1 mutants.

Constitutive chromatin is dispensable whereas facultative chromatin is required for most of the P. anserina developmental programs

Assessing the phenotype of ΔPaKmt1, ΔPaHP1, and ΔPaKmt6 single mutants, we established that the loss of both PaKmt1 and PaHP1 has almost no effects on P. anserina life cycle, whereas the absence of PaKmt6 drastically impairs every developmental step.

Hence, if briefly recapitulated, the ΔPaKmt6 inactivation resulted in (i) slow, irregular, and thermo-sensitive mycelium growth, (ii) absence of aerial hyphae, (iii) striking over-production of male gametes, (iv) reduced fertility of the female gametes and/or of fertilization efficiency, (v) formation of crippled and misorientated fruiting bodies, and (vi) reduced yields of ascospores (vii) reduced germination efficiency of ascospores (Table 3). This means that almost every aspects of P. anserina life cycle are impacted by the loss of most of H3K27me3 marks and consequently of the facultative heterochromatin (see below). By contrast, the single ΔPaKmt1 and ΔPaHP1 mutants showed only marginal defects on aerial hyphae production and growth resuming after a period of arrest (Table 3). More importantly, the single ΔPaKmt1 and ΔPaHP1 and double ΔPaKmt1 ΔPaHP1 mutants are fully fertile. These phenotypes are the complete opposite of what had been described for those of N. crassa, as well as most filamentous fungi studied to date, i.e. Aspergillus fumigatus, Epichloë festucae, Leptoshaeria maculans, Penicillium oxalicum, Z. tritici (Table 3). Conversely, for F. graminearum and F. fujikuroi, Enhancer-of-zeste-like enzymes are key for their developmental integrity, as in P. anserina (Table 3). F. graminearum kmt6 mutants show aberrant germination patterns, over-pigmented mycelium, restricted growth, reduced pathogenicity, over-production of several SM clusters, and sterility, while loss of Kmt1 or HP1 orthologues does not lead to any noticeable phenotypes [START_REF] Connolly | The Fusarium graminearum Histone H3 K27 Methyltransferase KMT6 Regulates Development and Expression of Secondary Metabolite Gene Clusters[END_REF].

Similarly, F. fujikuroi kmt6 mutants form stunted mycelia that produce a reduced yield of conidia [START_REF] Studt | Knock-down of the Methyltransferase Kmt6 Relieves H3K27me3 and Results in Induction of Cryptic and Otherwise Silent Secondary Metabolite Gene Clusters in Fusarium fujikuroi[END_REF]).

Conserved function of PRC2 complex in fungal development

This intriguing contrasted picture suggests that two categories of fungi may be distinguished with respect to facultative heterochromatin functions (Table 3). In P. anserina, F. graminearum, and F. fujikuroi, methylation of H3K27 by the PRC2 complex represses developmentally regulated genes, especially by establishing and maintaining long-term gene silencing memory accordingly to cell fate specification. This is in line with what has been reported for flowering plants [START_REF] Goodrich | A Polycomb-Group Gene Regulates Homeotic Gene Expression in Arabidopsis[END_REF], insects [START_REF] Birve | Su(z)12, a Novel Drosophila Polycomb Group Gene That Is Conserved in Vertebrates and Plants[END_REF], and higher eukaryotes (O'Carroll et al. 2001b) where disruption of PRC2 activity leads to abnormal differentiation of embryos and abnormal cell proliferation in cancer [START_REF] Conway | PRC2 Mediated H3K27 Methylations in Cellular Identity and Cancer[END_REF]. In other fungi, as in N. crassa [START_REF] Basenko | Genome-Wide Redistribution of H3K27me3 Is Linked to Genotoxic Stress and Defective Growth[END_REF], E. festucae (Chujo and Scott 2014b), Z. tritici [START_REF] Möller | Destabilization of Chromosome Structure by Histone H3 Lysine 27 Methylation[END_REF]) and in Cryptococcus neoformans [START_REF] Dumesic | Product Binding Enforces the Genomic Specificity of a Yeast Polycomb Repressive Complex[END_REF], the role of facultative heterochromatin-mediated gene silencing is no longer required for proper development. Intriguingly, these two categories are not congruent with the fungal evolution history. It does not correlate either with DNA methylation contents. Furthermore, abnormal development of Kmt1/HP1 mutants in a panel of fungi, including N. crassa (Table 3), may point toward a transfer of reversible gene silencing function from facultative to constitutive heterochromatin. Previous studies already suggested that the ancestral role of Enhancer-of-zeste enzymes, along with the SET-domain SU(VAR)3-9 enzymes may be to silence TEs, through the concerted action of both H3K27me3 and H3K9me3 [START_REF] Frapporti | The Polycomb Protein Ezl1 Mediates H3K9 and H3K27 Methylation to Repress Transposable Elements in Paramecium[END_REF][START_REF] Montgomery | Chromatin Organization in Early Land Plants Reveals an Ancestral Association between H3K27me3, Transposons, and Constitutive Heterochromatin[END_REF][START_REF] Veluchamy | An Integrative Analysis of Post-Translational Histone Modifications in the Marine Diatom Phaeodactylum tricornutum[END_REF]. The frequent overlap of these two histone modifications we uncovered in P. anserina's chromatin could be a relic of this genome defense procedure. Under this hypothesis, specialization of the Enhancer-of-zeste proteins toward developmental and lineage-specific roles may have evolved latter on during evolution or may have been lost as in Mucor, Rhizopus and Aspergillus [START_REF] Freitag | Histone Methylation by SET Domain Proteins in Fungi[END_REF]. What makes PCR2 machinery dispensable for some fungi while it is mandatory to achieve their life cycle for others? What are the evolutionary drives that selected for PCR2-dependant versus PCR2-independent regulation of gene expression? These questions remain to be further addressed. Moreover, in fungi showing a conserved function of PRC2, the PRC1 complex is not present. This implies that if H3K27me still serves as a repressive mark, alternative unknown mechanisms should replace the downstream PRC1 readers, although its H2A mono-ubiquitylation activity is not always required for silencing [START_REF] Pengelly | Transcriptional Repression by PRC1 in the Absence of H2A Monoubiquitylation[END_REF].

Altogether, our findings using P. anserina as model organism shed new light on interactions of facultative and constitutive heterochromatin in eukaryotes.

Materials and Methods

Strains and culture conditions

The strains used in this study derived from the "S" wild-type strain of P. anserina that was used for sequencing [START_REF] Espagne | The Genome Sequence of the Model Ascomycete Fungus Podospora anserina[END_REF][START_REF] Grognet | Maintaining Two Mating Types: Structure of the Mating Type Locus and Its Role in Heterokaryosis in Podospora anserina[END_REF]. Standard culture conditions, media and genetic methods for P. anserina have been described [START_REF] Rizet | Contribution à l'étude Génétique d'un Ascomycète Tétrasporé: Podospora anserina[END_REF][START_REF] Silar | Podospora anserina: From Laboratory to Biotechnology[END_REF] and the most recent protocols can be accessed at http://podospora.i2bc.paris-saclay.fr. Mycelium growth is performed on M2 minimal medium, in which carbon is supplied as dextrin and nitrogen as urea. Ascospores germinate on a specific germination medium (G medium) containing ammonium acetate. The methods used for nucleic acid extraction and manipulation have been described [START_REF] Ausubel | Current Protocols in Molecular Biology[END_REF][START_REF] Lecellier | Rapid Methods for Nucleic Acids Extraction from Petri Dish-Grown Mycelia[END_REF]. Transformations of P. anserina protoplasts were carried out as described previously [START_REF] Brygoo | Transformation by Integration in Podospora anserina. I. Methodology and Phenomenology[END_REF]. Deletions were performed on a Δmus51::bleoR strain lacking the mus-51 subunit of the complex involved in end-joining of DNA double strand breaks as described in [START_REF] Lambou | The Crucial Role of the Pls1 Tetraspanin during Ascospore Germination in Podospora anserina Provides an Example of the Convergent Evolution of Morphogenetic Processes in Fungal Plant Pathogens and Saprobes[END_REF]. In this strain, DNA integration mainly proceeds through homologous recombination. The pAKS106 and pAKS120 plasmids were described in [START_REF] Grognet | A RID-like Putative Cytosine Methyltransferase Homologue Controls Sexual Development in the Fungus Podospora anserina[END_REF]. All the cloned inserts were sequenced before transformation.

Identification and deletions of the

Replacement of the

To gain insight into PaHP1 localization, we constructed a PaHP1-GFP-HA fusion chimeric protein. To this end, PaHP1 gene was PCR amplified from the S strain genomic DNA using primers FC3-BamH1 and FC4-GFP (Table S4A). The resulting amplicon harbors 520 bp of promoter sequence followed by PaHP1 CDS cleared from its stop codon. In parallel, eGFP CDS was amplified from peGFP plasmid using FC5-HP1 and FC6-HindIII primers. The two DNA segments were fused by PCR using primers FC3-BamH1 and FC6-BamH1. This To overexpress PaHP1, the endogenous promoter were replaced by the AS4 promoter that drives high and constitutive expression throughout the life cycle (P Silar and Picard 1994).

PaHP1-GFP allele was PCR amplified from pAKS106-HP1-GFP (this study) using primers FC21-BamH1 and FC6-HindIII. The resulting 1877 bp amplicons harbor the chimeric construction cleared from its stop codon and promoter. The PCR product was digested with BamHI and HindIII and then cloned in pAKS120 previously digested with the same enzymes.

The pAS4-PaHP1-GFP-HA resulting allele was introduced in ΔPaHP1 strains by transformation.

pAS4-PaKmt1-mCherry-HA over-expressed allele construction followed the same experimental procedures as the one used for pAS4-HP1-GFP-HA construction. PaKmt1-mCherry CDS was PCR amplified using FC22-BamHI and mChDim5R-HindIII using pAKS106-PaKmt1-mCherry-HA plasmid as DNA template. Amplified DNA fragments were then digested and cloned in pAKS120 plasmid using HindIII and BamHI restriction enzymes.

This allele was transformed in ΔPaKmt1 strain.

Complementation experiments with GFP-tagged proteins

To perform complementation experiments, PaKmt1-mCherry allele was transformed into the ΔPaKmt1 strain. Because PaKmt1-mCherry allele was linked to a phleomycin marker, 55 phleomycin resistant transformants were recovered. Among those, five wild-type looking independent transgenic strains were selected and crossed to a wild-type strain. In the progeny, all the phleomycin and hygromycin resistant haploid strains behaved similarly to wild-type strain. Two of these independent transformants were selected for further phenotypic characterization. To ask whether a constitutively over-expressed PaKmt1 allele could have an impact on the physiology of P. anserina, we introduced the AS4-PaKmt1-mCherry allele into the ΔPaKmt1 strain. All the phleomycin resistant transformants looked like a wild-type strain (N=30 phleomycin resistant). Two of them were crossed to a wild-type strain. In their progeny, all the phleomycin resistant strains carrying either the PaKmt1 + allele or the ΔPaKmt1 were indistinguishable from the wild-type strains.

Similarly, we transformed a PaHP1-GFP-HA allele, linked to a phleomycin marker, into a mutant ΔPaHP1 strain. Among the 20 phleomycin resistant transformants that were recovered, five independent transformants displaying a wild-type phenotype were selected and crossed to the wild-type strain. In the progeny, all the phleomycin and hygromycin Finally, the PaKmt6-HA allele and the PaKmt6-GFP-HA allele were independently transformed into a ΔPaKmt6 strain. For the two transformation experiments, among the phleomycin resistant transformants that were recovered (N=20 and N=32, respectively), two independent transgenic strains displaying a wild-type phenotype were selected and crossed to a wild-type strain. In the progeny of these four crosses, all the phleomycin and nourseothricin resistant haploid strains behaved similarly to wild-type strain.

Phylogenetic analysis

Orthologous genes were identified using the MycoCosm portal [START_REF] Grigoriev | MycoCosm Portal: Gearing up for 1000 Fungal Genomes[END_REF]) and manually verified by reciprocal Best Hit BLAST analysis. Sequences were aligned using Muscle (http://www.ebi.ac.uk/Tools/msa/muscle/) and trimmed using Jalview (version 2.9.0b2) to remove non-informative regions (i.e. poorly aligned regions and/or gaps containing regions). Trees were constructed with PhyML 3.0 software with default parameters and 100 bootstrapped data set [START_REF] Guindon | New Algorithms and Methods to Estimate Maximum-Likelihood Phylogenies: Assessing the Performance of PhyML 3.0[END_REF]. The trees were visualized with the iTOL server (http://itol.embl.de/).

Phenotypic analyses

Spermatium counting was performed as follows: each strain was grown on M2 medium with two cellophane layers at 18°C for 14 days (P. Silar's personal communication). To collect spermatia, cultures were washed with 1.5 mL of sterile water. Numeration proceeded through Malassez counting chamber.

Cytological analysis

Light microscopy was performed on two-day-old mycelium. Explants taken from complemented strains expressing either PaHP1-GFP-HA or PaKmt1-mCherry-HA were analyzed by fluorescence microscopy. Pictures were taken with a Leica DMIRE 2 microscope coupled with a 10-MHz Cool SNAPHQ charge-coupled device camera (Roper Instruments), with a z-optical spacing of 0.5 mm. The GFP filter was the GFP-3035B from Semrock (Ex: 472nm/30, dichroïc: 495nm, Em: 520nm/35). The Metamorph software (Universal Imaging Corp.) was used to acquire z-series. Images were processed using the ImageJ software (NIH, Bethesda).

Western blot analysis

Western blots were performed on nuclear extracts made of 5.10 7 protoplasts resuspended in 3 mL of New Cell Lysis Buffer (Tris-HCL pH 7.5 50 mM, NaCl 150 mM, EDTA 5 mM, NP-40 0.5%, Triton 1% and protease inhibitor (Roche-04693132001). The nuclear extracts were collected after centrifugation (300 g, 5 min) and resuspended in 300 µL of Nuclei Lysis Buffer (Tris-HCl pH 8 50 mM, EDTA 10 mM, SDS 0.5% and protease inhibitor (Roche-04693132001). Nuclei were then sonicated (Diagenode bioruptor plus sonicatore, 20 min at high level). Protein contents of nuclear extracts were quantified using the Qubit Protein assay kit (Invitrogen). Then, 35 µg of nuclear extract were diluted in Laemmli sample buffer and loaded on a 10% SDS polyacrylamide gel. Membranes were probed using the following high affinity ChIP-grade monoclonal antibodies: anti-Histone 3 (Abcam ab12079), anti-H3K9me3 (Abcam ab8898), anti-H3K27me3 (Millipore 17-622) and anti-H3K4me3 (Active Motif 39159).

Chromatin immuno-precipitation

Each ChIP-seq experiment was performed on two independent biological replicates for each genotype (mat+ strains only). Chromatin extractions were made from mycelium grown for 60 h at 27°C in liquid culture (KH2PO4 0.25 g/L, K2HPO4 0.3 g/L, MgSO4 0.25 g/L, urea 0.5 g/L, biotin 0.05 mg/L, thiamine 0.05 mg/L, oligo-element 0.1%, yeast extract 5 g/L and dextrin 5.5 g/L). Mycelium was filtered and quickly washed with phosphate-buffered saline (PBS), resuspended and then cross-linked in 100 mL of PBS with 1% paraformaldehyde for 15 min at 27°C. Reaction was stopped by addition of glycine (60 mM). Cross-linked mycelium was filtered, washed with cold PBS buffer and dried on Whatman paper. Dried mycelium was frozen in liquid nitrogen and ground to powder in a mortar. Aliquots of mycelium powder (200 mg) were resuspended in 1 mL of Lysis Buffer (Hepes pH 7.5 50 mM, NaCl 0.5 M, EDTA pH 8 1 mM, Triton X-100 1%, Sodium deoxycholate 0.1%, CaCl2 2 mM and protease inhibitor (Roche)). Chromatin was sheared to 0.15-0.6-kb fragments using Micrococcal nuclease (NEB #M0247) for 30 min at 37°C (10000 gels units/mL). The enzymatic digestion was stopped by addition of EGTA (15 mM). After centrifugation (15000 g, 15 min, twice) of the digested samples, pelleted genomic DNA fragments were discarded. Concentration of the soluble chromatin fractions was assayed using the fluorescence system Qubit dsDNA HS assay kit (Invitrogen). Prior to immunoprecipitation, 5 µg of soluble chromatin was washed in 1.1 mL of Lysis buffer containing 30 µL of magnetic beads (Invitrogen 10001D, 4 h at 4°C).

From the 1.1 mL washed soluble chromatin cleared from magnetic beads, 100 µL was kept for non-IP input control. Specific antibodies were added individually to the remaining 1 mL of the washed soluble chromatin (IP samples) for an overnight incubation at 4°C on a rotating wheel. Antibodies used in this study are anti-H3K9me3 (Abcam ab8898), anti-H3K27me3 RNAse A (Thermo Fisher Scientific) (0.2 mg/mL, 2 h at 50°C) and Proteinase K (Thermo Fisher Scientific) (0.8 mg/mL, 2 h at 50°C). DNA was then subjected to phenol-chloroform purification and ethanol precipitation. DNA pellets were resuspended in 30 µL of Tris-EDTA buffer.

RT-qPCR experiments

Cultures for RNA extractions were performed for 60 h at 27°C in liquid culture (KH2PO4 0.25 g/L, K2HPO4 0.3 g/L, MgSO4 0.25 g/L, urea 0.5 g/L, biotin 0.05 mg/L, thiamine 0.05 mg/L, oligo-element 0.1%, yeast extract 5 g/L and dextrin 5.5 g/L). For each replicate, 100 mg of mycelium was harvested, flash-frozen in liquid nitrogen and ground with a Mikro-Dismembrator S (Sartorius, Göttingen, Germany) for one minute at 2600 rpm in a Nalgene S3 for Cq), except NRT control which were in technical duplicates (see Table S3 for Cq). When possible, primers were designed on two consecutive exons (Table S4B).

Normalization genes were selected among a set of 8 housekeeping genes using geNorm (see Table S3 for details of analysis) [START_REF] Vandesompele | Accurate Normalization of Real-Time Quantitative RT-PCR Data by Geometric Averaging of Multiple Internal Control Genes[END_REF]. RT-qPCR normalization according to the ΔΔCt method [START_REF] Pfaffl | Relative Expression Software Tool (REST) for Group-Wise Comparison and Statistical Analysis of Relative Expression Results in Real-Time PCR[END_REF], standard error and 95% confidence interval calculations, and statistical analyses were performed using REST 2009 software (Qiagen, Hilden, Germany). Genes were defined as downregulated in the mutant strain if the ratio of their transcript level in the mutant strain compared with that in the wildtype strain showed a-fold change > 0 and < 1, with a p-value <0.05. On the other hand, genes were defined as up-regulated in the mutant strain if the ratio of their transcript level in the mutant strain compared with that in the wild-type strain showed a > 1-fold change, with a p-value <0.05. Ratios with a 95 % confidence interval, including 1, were not considered significant (du [START_REF] Prel | Confidence Interval or P-Value?: Part 4 of a Series on Evaluation of Scientific Publications[END_REF]). RT-qPCR experiments were MIQE compliant [START_REF] Bustin | The MIQE Guidelines: Minimum Information for Publication of Quantitative Real-Time PCR Experiments[END_REF].

qPCR Analysis to test ChIP efficency

Quantitative PCR experiments were performed with dsDNA fluorescent detection method using the FastStart Universal SYBR Green Master from Roche (04913850001).

IP enrichments were assayed with the following protocol: 5 µL of IPed DNA samples and non-IPed input were diluted 10 times in nuclease free water. qPCR experiments were done on 2 µL of the diluted samples using the pairs of primers (0.5 µM) FC77-Actin/FC78-Actin and FC125-580/FC126-580 (see Table S4B). For each IP sample, relative concentrations were determined as an "Input percentage" with the following equation:

%Input = (E ( CqInput -( ln(10) lnE ))-CqSample ) x100

Sequencing

ChIP-seq libraries were built using the NEB Next UltraII DNA library Prep kit for Illumina (New England Biolabs #E7645S/L) and Agencourt Ampure XP beads (Beckman Coulter, #A63880) according to the supplier protocols. PCR amplification was made of 12 cycles.

ChIP-sequencing was performed by the I2BC High-throughput sequencing facility (NextSeq 500/550 High Output Kit v2 (75 cycles), SR 75 bp). Reads were trimmed with Cutadapt 1.15 and filtered for control quality by FastQC v0.11.5.

ChIP-seq sequencing data analysis

Sequencing generated between 8 and 45 million reads depending on samples. The ChIPseq analysis was performed on sets of data that contained 8 to 10 million reads at most. If needed, the number of reads was down-sized randomly. Reads were mapped on the S mat+ P. anserina genome [START_REF] Espagne | The Genome Sequence of the Model Ascomycete Fungus Podospora anserina[END_REF] using Bowtie 2 software (version 2.3.0, see annex for results). For visualization purpose, data were normalized using Deeptools 2.0 [START_REF] Ramírez | DeepTools2: A next Generation Web Server for Deep-Sequencing Data Analysis[END_REF]) bamcoverage with the BPM method. Spearman correlation factors were calculated on normalized data using Deeptools 2.0. For each condition, we made sure that the two biological replicates correlate (Fig. S14 and Table S6 andS7) and then merge them for peak calling. Peak calling was performed using MACS2 software (version 2.1.1) using the mock sample as control. Further peaks annotations and comparisons were done using Bedtools (version 2.26.0). MACS2 predicted peaks have been mapped on the genome using the ChromoMap R package (v. 0.2, https://cran.r-project.org/package=chromoMap). Genome-wide visualization of peaks was also generated with the Circos software [START_REF] Krzywinski | Circos: An Information Aesthetic for Comparative Genomics[END_REF]). Box plots have been drawn using ggplot2 [START_REF] Wickham | Ggplot2: Elegant Graphics for Data Analysis[END_REF]. All the over plots have been generated using Deeptools2. Genomic regions have been extracted from the current genome annotation. Promoters have been arbitrarily defined as 1 kb in 5' of the start codon.

Scores of the heatmap represent the mapped reads after normalization, hence not only the MACS2 predicted peaks. The Euler diagram has been generated by the eulerr R package (v 6.0.0, https://cran.r-project.org/package=eulerr). H3K4me3 (green), H3K9me3 (red), H3K27me3 (blue). Both centromeres are depicted (pink).

The "Mat region" (orange) correspond to the 800 kpb region devoid of recombination and containing the mating-type locus [START_REF] Grognet | Maintaining Two Mating Types: Structure of the Mating Type Locus and Its Role in Heterokaryosis in Podospora anserina[END_REF]. Repeated sequences are depicted in light blue. B. Visualization of histone marks localization across the genome.

Each of the seven P. anserina's chromosomes is depicted three times so each of the three marks can be mapped even if overlapping. Presence of H3K4me3, H3K9me3 and H3K27me3 is shown in green, red and blue, respectively. Centromeres are depicted as a neck on the chromosomes. The grey telomeric area of chromosome 3 represents the rDNA array. A close-up of the small arm of chromosome 7 is displayed to show the precise localization of the marks that cannot be seen on the somewhat rougher whole genome visualization. 
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  remodelers are present in P. anserina genome and expressed during its life cycle P. anserina genome contains a single gene (Pa_6_990) encoding a putative H3K9me3 methyltransferase, named PaKmt1 (342 aa) and a single gene (Pa_1_6940) encoding a putative H3K27me3 methyltransferase, named PaKmt6 (1090 aa). Both of these highly conserved proteins show a canonical SET domain typical of the bona fide histone methyltransferases (Fig. 1A, Fig S1A, B and C). PaKmt1 displays a pre and post-SET domains (PS50867 and PS50868). PaKmt6 harbors a CXC domain (PS51633), which consists of two copies of a cysteine-rich motif frequently found in polycomb group (Pc-G) proteins.

  PaKmt1, PaKmt6 and PaHP1 genes PaKmt1, PaKmt6 and PaHP1 genes were identified by searching the complete genome of P. anserina with tblastn (Altschul et al. 1990), using the N. crassa proteins DIM-5 (NCU04402), SET-7 (NCU07496) and HP1 (NCU04017). We identified three genes: Pa_6_990, Pa_1_6940 and Pa_4_7200 renamed PaKmt1, PaKmt6 and PaHP1 respectively. To confirm gene annotation, PaKmt1 transcripts were amplified by RT-PCR experiments performed on total RNA extracted from growing mycelium (1-day-and 4-day-old mycelium) and developing fruiting bodies (2 and 4 days post-fertilization) using primers 5s-DIM5 and 3s-DIM5 (

  PaKmt1 wild-type allele with hygromycin-B resistance marker generated viable mutants carrying the ΔPaKmt1 null allele. Replacement of the PaKmt6 wild-type allele with nourseothricin resistance marker generated viable but severely impaired mutants. Replacement of the PaHP1 wild-type allele with hygromycin-B resistance marker also generated viable mutants carrying the ΔPaHP1 null allele. All deletions were verified by Southern blot (Fig. S5 and Fig S12A).

  chimeric DNA fragment was digested with BamHI and HindIII and cloned into the pAKS106 plasmid linearized with the same enzymes. When transformed into ΔPaHP1 mutant strain, the PaHP1-GFP-HA allele is able to restore a wild-type phenotype (growth rate and aerial mycelium), showing that the tagged version of PaHP1 protein is functional.PaKmt1-mCherry-HA allele construction followed the same experimental design used for PaHP1-GFP-HA construction. First, PaKmt1 was PCR amplified using Dim5mChFBamH1 and Dim5mChR and resulted in a DNA amplicon composed of 454 bp of promoter followed by the PaKmt1 CDS. The mCherry CDS was amplified from pmCherry plasmid using mChDim5F and mChDim5RHindIII primers. Fragments were fused by PCR, digested and cloned in pAKS106. Kmt1-mCherry-HA allele was able to restore wild-type growth phenotype when transformed in ΔPaKmt1 mutant strains, suggesting that this chimeric protein is functional.PaKmt6 (Pa_1_6940) was PCR amplified from S genomic DNA using FC73-GA1KMT6 and FC74-GA1KMT6 primers, resulting in 4232 bp DNA amplicons composed of 912 bp of promoter followed by PaKmt6 CDS cleared from its stop codon. In parallel, GFP allele was amplified from peGFP plasmid using FC75-GA1GFP and FC76-GA1GFP. Both fragments were cloned together in one step in the pAKS-106 plasmid previously digested with NotI and BamHI restriction enzymes. This cloning step was performed using Gibson Assembly kit (New England Biolabs). This yielded the chimeric PaKmt6-GFP-HA allele. An additional PaKmt6-HA allele was generated by PCR amplification from the wild-type strain DNA of PaKmt6 CDS along with its own promoter, using FC65-NotI and FC72-BamHI primers.These amplicons were digested and cloned in pAKS106 plasmid using NotI and BamHI restriction enzymes. When transformed into ΔPaKmt6 mutant strain, both PaKmt6-GFP-HA and PaKmt6-HA alleles were able to restore wild-type growth and sexual development, suggesting that this chimeric version of the PaKmt6 protein is functional. However, no GFP fluorescence signal was detected in the ΔPaKmt6, PaKmt6-GFP-HA complemented strains.

  resistant haploid strains behaved similarly to the wild-type strain. Transformation of the AS4-PaHP1-GFP-HA allele into the ΔPaHP1 strain generated phleomycin resistant transformants (N=19) showing intermediate to full complementation but no extra phenotypes. Two transformants presenting full complementation were crossed to a wild-type strain. In their progeny, all the phleomycin resistant strains carrying either the PaHP1 + allele or the ΔPaHP1 behaved like the wild-type strains.
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 6 Figure 6. Sexual features of the ΔPaKmt6 strain. A. Spermatium production in wildtype and mutant backgrounds. See Material and Methods section for details. B. ΔPaKmt6

Figure 7 .

 7 Figure 7. Histone marks in the ΔPaHP1 strain. A. Visualization of histone marks localization across the genome in the ΔPaHP1 strain. Each of the seven P. anserina's

Figure 8 .

 8 Figure 8. Subcellular localization of PaHP1

Table 3 :

 3 Fig.1 A

Fig

  Fig.S1 A

  Fig. S3

  Fig. S4

  Fig.S8 A

  Fig. S13

  wi se V ar i a t i o ns Aver age express ion stability values of re m aining control ge ne s : housekeeping gene, used as candidate for reference gene; GoI: gene of interest. b : slash (/) indicates two consecutive exons.

  

  

  

  

  

  

  

  

  

  

Table S4A

 S4A 

	).	Functional	annotation	was	performed	using	InterProScan	analysis
	(http://www.ebi.ac.uk/interpro/search/sequence-search), Panther Classification System
	(http://www.pantherdb.org/panther/),	PFAM	(http://pfam.xfam.org/)	and	Prosite
	(http://prosite.expasy.org/).					

  once more with the RNeasy Plant MiniKit (ref # 74904, Qiagen, Hilden, Germany), according to the protocol described for RNA cleanup. RNAs were quantified with a DeNovix DS-11 spectrophotometer (Willmington, USA), checked for correct 260/280 and 260/230 ratios, and RNA quality was checked by gel electrophoresis. Reverse transcription was performed with the SuperScript III Reverse Transcriptase (ref # 18080093, Invitrogen, Carlsbad, USA) and oligo-dT. A non-reverse transcribed (NRT) control was systematically performed on a pool of NRT controls to ensure that the Cq was above the Cq obtained from corresponding reverse transcribed RNAs. For genes without introns, NRT control was performed for each replicate sample to ensure that the Cq was above the Cq obtained from corresponding reverse transcribed RNAs. Experiments were run with five biological replicates for each strain, and each biological replicate was run in technical triplicates (see Table

	Cryogenic vial (ref # 5000-0012, ThermoFischer Scientific, Waltham, USA) with a chromium
	steel grinding ball (ref # BBI-8546916, Sartorius, Göttingen, Germany). Total RNAs were

extracted with the RNeasy Plant Mini

Kit (ref # 74904, Qiagen, Hilden, Germany)

, according to the protocol described for Plants and Fungi with buffer RLT. Contaminating DNA was digested in RNA solutions with RNase-free DNase (ref # 79254, Qiagen, Hilden) and RNAs were purified

Table 1 : Mycelium growth at different temperatures. Relative

 1 

	growth rates (WT %) at

Table 2 :

 2 Ascospore germination efficiency. Number of germinated ascospores out of a 100 issued from homozygote ΔPaKmt6 crosses and transferred on appropriate germination medium. WT means wild-type germination efficiency (>95 %).

Table 2

 2 

		Germination efficiency
	WT	92.8 +/-4.26
	ΔPaKmt1	WT
	ΔPaKmt6	29.3 +/-0.44
	ΔPaKmt6 -PaKmt6 + -	WT
	ΔPaKmt1 ΔPaKmt6	11.4 +/-3.54
	ΔPaHP1	WT
	ΔPaKmt1 ΔPaPH1	WT
	ΔPaPH1 ΔPaKmt6	25.2 +/-2.31
	ΔPaKmt1 ΔPaPH1	21.1 +/-11.2
	ΔPaKmt6	
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Supplementary Figure 2. Expression kinetics
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Supplementary Figure

phase (plug#2); and green cross, growing phase (plug#1) were then transferred on a fresh M2 solid medium and incubated for three days at 27°C (step 2). The growing phase of each thallus originating from step 2 (green margins) were transplanted again on fresh M2 solid medium and incubated at 27°C for three days (step 3). Growth restart from stationary phase was impaired for ΔPaKmt1 mutants, which resulted in smaller and thinner colonies than the wild-type ones (white arrows), whereas continuous growth (plug#1) was not altered.

Complemented ΔPaKmt1-PaKmt1 + strains behaved as wild-type strains. As control experiments (step 3), we then transferred mycelia from growing margins (marked in green, step 2) of thalli deriving from Plug#1, Plug#2 and Plug#3. In this case, ΔPaKmt1 mutants did not show any delay to resume growth (orange arrows). B. Crippled growth test for ΔPaKmt1 strain. Crippled growth (CG) process can be shown using a ''band test'. Strains were incubated on M2 medium for 7 days at 27°C. Two 1-mm-width slices of agar were then inoculated onto fresh M2 media with or without yeast extract (YE) in the following method for 3 days. Picture shows actively growing apical hyphae (right) and resting stationary phase hyphae (left). The surface side of the slice on plate has been orientated at the top. CG is a degenerative process caused by C element production in the stationary phase. When inoculated on yeast extract medium, it displays slow growth, alteration of pigmentation, inability to differentiate aerial hyphae, and female sterility. ΔPaMpk1 mutant strain is impaired for CG development while PDC2208 strain is supposed to display CG on M2 medium without yeast extract. The single ΔPaKmt1 mutants are not impaired for CG. 

Supplementary

Heterozygote oriented crosses between wild-type strains (WT) and ΔPaKmt6 mutants.

Fertilization of wild-type ascogonia with ΔPaKmt6 male gametes results in normal fruiting body development displaying a single neck (black arrow), while fertilization of ΔPaKmt6 (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. melanogaster (Dm), the mouse Mus musculus (Mm) and the model plant Arabidopsis thaliana (At). Accession numbers for proteins used in alignments are listed in Table S5. S7. 

Supplementary

Cluster 22 Pa_4_4570

Putative Cytochrome P450 protein (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

input KMT6-11d_K9 1 0,834 0,378 0,617 0,731 0,656 0,651 0,66 0,672 0,575 0,592 0,553 0,491 0,469 -0,165 -0,21 -0,253 -0,249 -0,047 -0,041 0,051 -0,006 -0,069 0,138 0,395 0,294 KMT6-17d_K9 0,834 1 0,315 0,48 0,555 0,51 0,523 0,569 0,576 0,481 0,486 0,455 0,397 0,392 -0,029 -0,078 -0,088 -0,077 0,122 0,126 0,183 0,142 0,111 0,173 0,495 0,316 KMT1-1d_K27 0,378 0,315 1 0,767 0,667 0,745 0,736 0,663 0,688 0,717 0,697 0,708 0,73 0,726 0,005 -0,035 -0,024 -0,021 -0,281 -0,288 -0,148 -0,229 0,161 0,415 0,324 0,013 HP1-4d_K9 0,617 0,48 0,767 1 0,843 0,867 0,83 0,703 0,721 0,701 0,681 0,667 0,677 0,651 -0,116 -0,149 -0,107 -0,131 -0,303 -0,315 -0,205 -0,283 0,092 0,355 0,237 -0,076 HP1-3d_K9 0,731 0,555 0,667 0,843 1 0,92 0,919 0,758 0,793 0,84 0,847 0,824 0,782 0,761 -0,294 -0,333 -0,38 -0,364 -0,316 -0,3 -0,157 -0,248 -0,168 0,128 0,196 0,174 S_2e_K9 0,656 0,51 0,745 0,867 0,92 1 0,968 0,823 0,848 0,864 0,848 0,85 0,871 0,845 -0,272 -0,326 -0,323 -0,338 -0,323 -0,324 -0,182 -0,271 -0,124 0,167 0,18 0,081 S_3d_K9 0,651 0,523 0,736 0,83 0,919 0,968 1 0,822 0,854 0,897 0,883 0,886 0,896 0,878 -0,275 -0,326 -0,353 -0,346 -0,303 -0,294 -0,147 -0,239 -0,151 0,135 0,185 0,152 KMT1-1d_K9 0,66 0,569 0,663 0,703 0,758 0,823 0,822 1 0,964 0,821 0,809 0,813 0,822 0,795 -0,195 -0,265 -0,252 -0,288 -0,15 -0,167 0,005 -0,073 -0,133 0,1 0,279 0,235 KMT1-2d_K9 0,672 0,576 0,688 0,721 0,793 0,848 0,854 0,964 1 0,858 0,851 0,852 0,852 0,829 -0,195 -0,26 -0,268 -0,289 -0,166 -0,175 -0,003 -0,087 -0,134 0,106 0,28 0,259 HP1-4d_K27 0,575 0,481 0,717 0,701 0,84 0,864 0,897 0,821 0,858 1 0,941 0,945 0,916 0,911 -0,266 -0,315 -0,379 -0,348 -0,255 -0,236 -0,063 -0,156 -0,198 0,041 0,202 0,306 HP1-3d_K27 0,592 0,486 0,697 0,681 0,847 0,848 0,883 0,809 0,851 0,941 1 0,945 0,902 0,904 -0,276 -0,314 -0,392 -0,356 -0,258 -0,235 -0,043 -0,143 -0,215 0,02 0,215 0,342 KMT1-2d_K27 0,553 0,455 0,708 0,667 0,824 0,85 0,886 0,813 0,852 0,945 0,945 1 0,921 0,92 -0,271 -0,312 -0,392 -0,355 -0,251 -0,229 -0,047 -0,142 -0,227 0,012 0,19 0,331 S_2e_K27 0,491 0,397 0,73 0,677 0,782 0,871 0,896 0,822 0,852 0,916 0,902 0,921 1 0,957 -0,26 -0,311 -0,344 -0,336 -0,274 -0,266 -0,084 -0,176 -0,192 0,043 0,162 0,229 S_3d_K27 0,469 0,392 0,726 0,651 0,761 0,845 0,878 0,795 0,829 0,911 0,904 0,92 0,957 1 -0,223 -0,269 -0,319 -0,3 -0,238 -0,223 -0,031 -0,128 -0,181 0,027 0,176 0,251 HP1-4d_K4 -0,165 -0,029 0,005 -0,116 -0,294 -0,272 -0,275 -0,195 -0,195 -0,266 -0,276 -0,271 -0,26 -0,223 1 0,854 0,744 0,794 0,655 0,641 0,574 0,59 0,447 0,33 0,236 -0,013 KMT6-11d_K4 -0,21 -0,078 -0,035 -0,149 -0,333 -0,326 -0,326 -0,265 -0,26 -0,315 -0,314 -0,312 -0,311 -0,269 0,854 1 0,754 0,859 0,636 0,63 0,562 0,578 0,435 0,31 0,206 -0,017 KMT1-1d_K4 -0,253 -0,088 -0,024 -0,107 -0,38 -0,323 -0,353 -0,252 -0,268 -0,379 -0,392 -0,392 -0,344 -0,319 0,744 0,754 1 0,857 0,506 0,467 0,38 0,417 0,714 0,4 0,199 -0,235 KMT6-17d_K4 -0,249 -0,077 -0,021 -0,131 -0,364 -0,338 -0,346 -0,288 -0,289 -0,348 -0,356 -0,355 -0,336 -0,3 0,794 0,859 0,857 1 0,568 0,55 0,465 0,492 0,617 0,395 0,253 -0,1 S_2e_K4 -0,047 0,122 -0,281 -0,303 -0,316 -0,323 -0,303 -0,15 -0,166 -0,255 -0,258 -0,251 -0,274 -0,238 0,655 0,636 0,506 0,568 1 0,942 0,846 0,881 0,182 -0,02 0,209 0,214 S_3d_K4 -0,041 0,126 -0,288 -0,315 -0,3 -0,324 -0,294 -0,167 -0,175 -0,236 -0,235 -0,229 -0,266 -0,223 0,641 0,63 0,467 0,55 0,942 1 0,858 0,887 0,154 -0,043 0,207 0,262 HP1-3d_K4 0,051 0,183 -0,148 -0,205 -0,157 -0,182 -0,147 0,005 -0,003 -0,063 -0,043 -0,047 -0,084 -0,031 0,574 0,562 0,38 0,465 0,846 0,858 1 0,898 0,079 -0,079 0,256 0,35 KMT1-2d_K4 -0,006 0,142 -0,229 -0,283 -0,248 -0,271 -0,239 -0,073 -0,087 -0,156 -0,143 -0,142 -0,176 -0,128 0,59 0,578 0,417 0,492 0,881 0,887 0,898 1 0,102 -0,086 0,234 0,321 KMT6-17d_K27 -0,069 0,111 0,161 0,092 -0,168 -0,124 -0,151 -0,133 -0,134 -0,198 -0,215 -0,227 -0,192 -0,181 0,447 0,435 0,714 0,617 0,182 0,154 0,079 0,102 1 0,554 0,37 -0,208 mock 0,138 0,173 0,415 0,355 0,128 0,167 0,135 0,1 0,106 0,041 0,02 0,012 0,043 0,027 0,33 0,31 0,4 0,395 -0,02 -0,043 -0,079 -0,086 0,554 1 0,449 -0,149 KMT6-11d_K27 0,395 0,495 0,324 0,237 0,196 0,18 0,185 0,279 0,28 0,202 0,215 0,19 0,162 0,176 0,236 0,206 0,199 0,253 0,209 0,207 0,256 0,234 0,37 0,449 1 0,268 input 0,294 0,316 0,013 -0,076 0,174 0,081 0,152 0,235 0,259 0,306 0,342 0,331 0,229 0,251 -0,013 -0,017 -0,235 -0,1 0,214 0,262 0,35 0,321 -0,208 -0,149 0,268 1