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Chromatin modification factors in plant pathogenic fungi: insights from Ustilago maydis

Adaptation to the environment is a requirement for the survival of every organism.

For pathogenic fungi this also implies coping with the different conditions that occur during the infection cycle. After detecting changes to external media, organisms must modify their gene expression patterns in order to accommodate the new circumstances.

Control of gene expression is a complex process that involves the coordinated action of multiple regulatory elements. Chromatin modification is a well-known mechanism for controlling gene expression in response to environmental changes in all eukaryotes. In pathogenic fungi, chromatin modifications are known to play crucial roles in controlling host interactions and their virulence capacity, yet little is known about the specific genes they directly target and to which signals they respond. The smut fungus Ustilago maydis is an excellent model system in which multiple molecular and cellular approaches are available to study biotrophic interactions. Many target genes regulated during the infection process have been well studied, however, how they are controlled and specifically how chromatin modifications affect gene regulation in the context of infection is not well known in this organism. Here, we analyse the presence of chromatin modifying enzymes and complexes in U. maydis and discuss their putative roles in this plant pathogen in the context of findings from other organisms, including other plant pathogens such as Magnaporthe oryzae and Fusarium graminearum. We propose U. maydis as a remarkable organism with interesting chromatin features, which

would allow finding new functions of chromatin modifications during plant pathogenesis.

Introduction

All pathogenic fungi have a very intimate relationship with another organism, their host. The host-pathogen relationship changes during the infection process, from first contact to full colonization. This crosstalk is frequently accompanied by morphological changes in fungal cells that allow them to move into the next stage of their pathogenic cycle. Each of these changes occurs at specific interactive moments with their host, involving different host cell-types and, therefore, responding to different environmental signals, which lead to different patterns of gene expression [START_REF] Bradshaw | Genome-wide gene expression dynamics of the fungal pathogen Dothistroma septosporum throughout its infection cycle of the gymnosperm host Pinus radiata[END_REF][START_REF] Brown | Infection-related gene expression in Candida albicans[END_REF][START_REF] Staib | Differential activation of a Candida albicans virulence gene family during infection[END_REF][START_REF] Stephens | Phases of Infection and Gene Expression of Fusarium graminearum During Crown Rot Disease of Wheat[END_REF][START_REF] Xue | Two Novel Fungal Virulence Genes Specifically Expressed in Appressoria of the Rice Blast Fungus[END_REF].

Thus, the capacity of fungi to respond to their environment and properly control the expression of "life stage" genes during virulence is crucial for their pathogenic capacity and survival.

The genetic information in eukaryotes is contained within the nucleoprotein complex known as chromatin. The repeated unit of chromatin is the nucleosome, composed of about 146 bp of DNA wrapped around a histone octamer composed of the four core histones, H2A, H2B, H3 and H4 [START_REF] Luger | Characterization of nucleosome core particles containing histone proteins made in bacteria[END_REF]. Modification of this chromatin unit is a general and well-known system for controlling gene expression in response to environmental stimuli [START_REF] Badeaux | Emerging roles for chromatin as a signal integration and storage platform[END_REF][START_REF] Rando | Chromatin and Transcription in Yeast[END_REF][START_REF] Soliman | Basic concepts of epigenetics: Impact of environmental signals on gene expression[END_REF]. Histone modifiers are responsible for diverse posttranslational modifications (PTMs) of histones such as acetylation, methylation, phosphorylation, ubiquitination and sumoylation, among others. Coordination between the different histone modifiers defines the chromatin state at a specific region of the genome. Additionally, epigenetic changes are reversible, thus providing an extremely dynamic and versatile system for modulating gene expression in response to the specific requirements of the cell [START_REF] Bannister | Regulation of chromatin by histone modifications[END_REF][START_REF] Kouzarides | Chromatin Modifications and Their Function[END_REF][START_REF] Millar | Genome-wide patterns of histone modifications in yeast[END_REF][START_REF] Rando | Chromatin and Transcription in Yeast[END_REF]. Several signalling pathways and chromatin modifiers have been described as essential for fungal pathogenicity.

However, we are far from having a complete picture of how they are connected to the control of morphogenesis and virulence.

Ustilago maydis is a biotrophic fungal plant pathogen that infects maize. During its pathogenic cycle, U. maydis undergoes successive morphological changes required for filamentation, appressoria formation and spore production (for a recent review see [START_REF] Lanver | Ustilago maydis effectors and their impact on virulence[END_REF]). In order to ensure a successful infection, each pathogenic stage involves specific genetic programs [START_REF] Lanver | The Biotrophic Development of Ustilago maydis Studied by RNA-Seq Analysis[END_REF] that must be tightly controlled.

Many factors and pathways have been shown to play major roles at different stages of pathogenic development [START_REF] Lanver | Ustilago maydis effectors and their impact on virulence[END_REF], however little is known about the impact of chromatin modification on gene expression regulation during infection. In this review we focus on the role for two major histone modifications, acetylation and methylation in fungal plant pathogenesis, specifically using U. maydis as a model system. We will not consider DNA methylation, an important heritable epigenetic modification, due to the lack of any known DNA methyltransferase homolog in U. maydis. We take advantage of relevant findings in other organisms, including the plant pathogens Magnaporthe oryzae and Fusarium graminearum, to compare and discuss the roles of these histone modifications during pathogenic development.

Results and discussion

Histone acetylation

Histone acetylation is one of the best-known posttranslational histone modifications that contributes to differential gene expression in response to environmental stimuli. The reversibility of this process relies on the activity of histone acetyltransferases (HATs), which add acetyl groups to histones, and histone deacetylases (HDACs), which remove them. The addition of acetyl groups to histone lysine residues has two major effects: (i) it neutralizes its positive charge, which presumably weakens the interaction between DNA and histones; and (ii) it creates a docking surface that allows the binding of other regulatory factors. Thus, HATs are generally correlated with transcriptional activation, while HDACs generally repress gene expression [START_REF] Hodawadekar | Chemistry of acetyl transfer by histone modifying enzymes: structure, mechanism and implications for effector design[END_REF][START_REF] Hong | Studies of the DNA binding properties of histone H4 amino terminus. Thermal denaturation studies reveal that acetylation markedly reduces the binding constant of the H4 tail to DNA[END_REF][START_REF] Li | Site-specific DNA-binding Proteins Important for Replication and Transcription Have Multiple Activities[END_REF][START_REF] Nagy | Distinct GCN5 PCAF-containing complexes function as co-activators and are involved in transcription factor and global histone acetylation[END_REF][START_REF] Seto | Erasers of Histone Acetylation: The Histone Deacetylase Enzymes[END_REF].

Histone acetyltransferases

Depending on their cellular localization, HATs can be divided into two major classes, nuclear (or type A) and cytoplasmic (or type B); the latter acetylates free histones before their incorporation into chromatin. Based on sequence similarity and structure, fungal HATs can also be classified into different families, including GNAT, MYST and Rtt109. HATs are frequently found as part of multi-protein complexes, such as SAGA, ADA, Elongator or NuA4, some of which have additional activities apart from acetylation [START_REF] Bannister | Regulation of chromatin by histone modifications[END_REF][START_REF] Hodawadekar | Chemistry of acetyl transfer by histone modifying enzymes: structure, mechanism and implications for effector design[END_REF]Lee et al., 2014;[START_REF] Lu | NuA4 and SWR1-C: two chromatin-modifying complexes with overlapping functions and componentsThis paper is one of a selection of papers published in this Special Issue, entitled 30th Annual International Asilomar Chromatin and Chromosomes Conference, and h[END_REF].

HATs are well conserved histone modifying enzymes which have been best studied in the yeast Saccharomyces cerevisiae. The first identified HAT with a role in transcription was Gcn5, the founding member of the GNAT (Gnc5-related Nacetyltransferases) family of HATs which includes Gcn5, Elp3 and Hat1. The MYST family of HATs is named according to its founding members (MOZ,Ybf2 [Sas3],Sas2 and Tip60 [NuA4]) and includes Esa1, Hpa2, Hpa3, Sas2, Sas3 and Nat4/Naa40. In addition there is Rtt109 (Regulator of Ty1 Transposition gene product 109), which is the structural homolog of mammalian p300, although poorly conserved at sequence and functional levels [START_REF] Holbert | Fungal Rtt109 histone acetyltransferase is an unexpected structural homolog of metazoan p300/CBP[END_REF]L. Wang et al., 2008). Finally, other less well characterized HATs in S. cerevisiae include Taf1 and Spt10. Taf1 is a component of the TFIID transcription regulation complex, which has been shown to have HAT activity in vitro, although its in vivo role is less clear [START_REF] Durant | Genome-Wide Relationships between TAF1 and Histone Acetyltransferases in Saccharomyces cerevisiae[END_REF][START_REF] Mizzen | The TAFII250 Subunit of TFIID Has Histone Acetyltransferase Activity[END_REF]. Spt10 has a clear impact on histone acetylation but direct evidence demonstrating its HAT activity is still lacking [START_REF] Mei | Regulation of DNA replication-coupled histone gene expression[END_REF].

The role of HATs in plant pathogenic fungi is largely unknown. In order to get some insights into the conservation of HATs in these organisms, we performed a blast search of S. cerevisiae and Schizosaccharomyces pombe HATs in U. maydis, M. oryzae and F. graminearum proteomes. We found homologs for all tested HATs except for Nat4/Naa40 in U. maydis (Table 1). Our blast search retrieved a sequence with 28% identity to S. pombe Naa40, UMAG_10085, but not for the S. cerevisiae homolog, Nat4. Thus, we decided to investigate UMAG_10085 in more detail. UMAG_10085 was previously identified when searching for human Naa40/NatD homologs [START_REF] Rathore | Absence of N-terminal acetyltransferase diversification during evolution of eukaryotic organisms[END_REF]. However, if UMAG_10085 represents a true Naa40 homolog it would clearly be an atypical one for several reasons. Firstly, of all the Naa40 homologs found in different fungi, UMAG_10085 is the only one that does not retrieve Naa40 as the first hit by reverse blast against the S. cerevisiae proteome; instead it retrieves Ntg2p. Secondly, in addition to its N-acetyltransferase domain, UMAG_10085 has a very well conserved DNA glycosylase domain, present in S. cerevisiae Ntg2p, which is absent in all other Naa40 homologs. Thirdly, as a consequence of this additional domain, UMAG_10085 is 645 amino-acids long, while Naa40 is between 200 to 300 amino-acids long depending on the organism. Finally, an NCBI blast search of UMAG_10085 homologs reveals that only Ustilaginales fungal species have proteins with similarity at both the DNA glycosylase and N-terminal acetyltransferase domains. All remaining UMAG_10085 homologous sequences from other organisms, fungi or not, only show similarity to one of these domains, suggesting that UMAG_10085-like proteins are exclusive to Ustilaginales. One plausible explanation is that Naa40 and Ntg2 homologs have fused in Ustilaginales, generating a new multifunctional protein. Experimental analysis would be required to determine whether UMAG_10085 assumes the functions of Naa40 in U. maydis. The absence of an Naa40 homolog in U. maydis would be surprising because Nat4/Naa40 is highly conserved from yeast to humans, being specifically implicated in the acetylation of histones H4 and H2A [START_REF] Polevoda | Properties of Nat4, an N -Acetyltransferase of Saccharomyces cerevisiae That Modifies N Termini of Histones H2A and H4[END_REF][START_REF] Song | An N α -Acetyltransferase Responsible for Acetylation of the N-terminal Residues of Histones H4 and H2A[END_REF][START_REF] Starheim | Protein N-terminal acetyltransferases: when the start matters[END_REF]. Acetylation of H4 by Nat4/Naa40 antagonizes H4R3me2a in the control of ribosomal RNA expression. Accordingly, the loss of Nat4 in S. cerevisiae increases H4R3me2a, which promotes silencing of rDNA genes and causes severe growth defects when combined with the loss of internal H4 acetylation at K5, 8 and 12 [START_REF] Schiza | N-alpha-terminal Acetylation of Histone H4 Regulates Arginine Methylation and Ribosomal DNA Silencing[END_REF]. Importantly, U. maydis harbours a putative ScHmt1 homolog, UMAG_05900, responsible for H4R3me2a, which would leave open the question of how U. maydis fine-tunes the regulation of rDNA genes if UMAG_10085 is not a functional Nat4/Naa40 homolog.

After the identification of HAT homologs by BLAST, we performed a phylogenetic analysis of the classical HATs present in all three plant pathogenic fungi with proven HAT activity; thus, excluding Spt10 and Nat4/Naa40. Remarkably, the resulting tree showed a single homolog for each S. cerevisiae and S. pombe HAT in each pathogenic fungus, with the exception of Gcn5 in M. oryzae for which there are two putative paralogs, MGG_03677 and MGG_11716 (Figure 1; [START_REF] Zhang | Phototrophy and starvation-based induction of autophagy upon removal of Gcn5-catalyzed acetylation of Atg7 in Magnaporthe oryzae[END_REF]). This is a very interesting observation because Gcn5 is part of two different complexes in S. cerevisiae; the SAGA transcriptional co-activator complex and the ADA complex.

Gcn5 forms independent HAT modules within these complexes. Importantly, the ADA complex HAT module contains two specific subunits, Ahc1 and Ahc2 (for review see [START_REF] Helmlinger | Sharing the SAGA[END_REF]). A blast search for ScAch1 in M. oryzae database retrieved a homolog sequence, MGG_01008, although there is no apparent homolog for ScAch2. Genetic and biochemical studies are required to elucidate if the ADA complex exists in M. oryzae and to establish whether the two Gcn5 homologs could be specific to the SAGA and ADA complexes or not. Intriguingly mammals possess two paralogous Gcn5 proteins, GCN5 and PCAF, which might have partially redundant functions but act in a mutually exclusive manner in the SAGA and ATAC complexes, respectively [START_REF] Roth | Histone acetyltransferases[END_REF]Wang et al., 2008). Up to now, M. oryzae is the only fungus known to possess two putative Gcn5 homologs, making it an exceptional fungal system to study Gcn5 functions. The F. graminearum proteome also harbours a sequence homolog to S. cerevisiae Ahc1, FGSG_09954, but no homolog for Ahc2, thus leaving the possibility that an ADA complex exists in this organism too. In contrast, U. maydis lacks homologs for both Ahc1 and Ahc2, resembling the situation described for S. pombe [START_REF] Helmlinger | The S. pombe SAGA complex controls the switch from proliferation to sexual differentiation through the opposing roles of its subunits Gcn5 and Spt8[END_REF] and suggesting that the ADA complex is missing in this pathogenic fungus.

Gcn5 is by far the best characterized HAT. In U. maydis, deletion of gcn5 causes a constitutive filamentous phenotype and a drastic reduction in virulence [START_REF] González-Prieto | The UmGcn5 gene encoding histone acetyltransferase from Ustilago maydis is involved in dimorphism and virulence[END_REF][START_REF] Martinez-Salgado | Analysis of the regulation of the Ustilago maydis proteome by dimorphism, pH or MAPK and GCN5 genes[END_REF]. Expression analysis using microarrays showed that prf1 (pheromone response factor 1) and bE1 (bEast 1) genes are overexpressed in Δgcn5 cells [START_REF] Martínez-Soto | Transcriptomic analysis of the GCN5 gene reveals mechanisms of the epigenetic regulation of virulence and morphogenesis in Ustilago maydis[END_REF]. Because Prf1 and bE1 control mating and filamentation in U. maydis, the first two steps of pathogenic development [START_REF] Banuett | Different a alleles of Ustilago maydis are necessary for maintenance of filamentous growth but not for meiosis[END_REF][START_REF] Bölker | The a mating type locus of U. maydis specifies cell signaling components[END_REF][START_REF] Gillissen | A twocomponent regulatory system for self/non-self recognition in Ustilago maydis[END_REF][START_REF] Hartmann | The pheromone response factor coordinates filamentous growth and pathogenicity in Ustilago maydis[END_REF][START_REF] Kämper | Multiallelic recognition: Nonself-dependent dimerization of the bE and bW homeodomain proteins in ustilago maydis[END_REF][START_REF] Spellig | Pheromones trigger filamentous growth in Ustilago maydis[END_REF], these are two good candidate genes that could help explain why Δgcn5 mutants are constitutively filamentous. Additionally, constitutive filamentation can be as deleterious for U. maydis virulence as the lack of filament formation, as revealed, for example, in uac1 or adr1 disrupted mutants [START_REF] Dürrenberger | Identification of a cAMP-dependent protein kinase catalytic subunit required for virulence and morphogenesis in Ustilago maydis[END_REF][START_REF] Gold | cAMP regulates morphogenesis in the fungal pathogen Ustilago maydis[END_REF]. However, it is unlikely that the role of Gcn5 in U. maydis virulence is exclusively caused by the overexpression of prf1 and bE1 genes for two main reasons. First, because U. maydis strains that constitutively express b genes have been reported to be as virulent as wild-type cells [START_REF] Hartmann | The pheromone response factor coordinates filamentous growth and pathogenicity in Ustilago maydis[END_REF]. Second, because the SAGA complex has global roles in the control of gene expression [START_REF] Baptista | SAGA Is a General Cofactor for RNA Polymerase II Transcription[END_REF], suggesting that mis-regulation of multiple target genes could account for the reduced virulence of gcn5Δ cells. Another element that could shed light on how Gcn5 controls gene expression and virulence is the transcriptional repressor Tup1. Deletion of tup1 in U. maydis compromises the filamentation and virulence capacity of the fungus [START_REF] Elias-Villalobos | The general transcriptional repressor Tup1 is required for dimorphism and virulence in a fungal plant pathogen[END_REF]. U. maydis Δtup1 cells showed reduced expression of prf1 and its target genes. Constitutive expression of the b genes, bE1 and bW2, partly restored its filamentation and virulence defects [START_REF] Elias-Villalobos | The general transcriptional repressor Tup1 is required for dimorphism and virulence in a fungal plant pathogen[END_REF]. Thus, deletion of the SAGA transcriptional coactivator subunit gcn5 and that of the transcriptional repressor tup1 show opposite phenotypes in the control of the mating and filamentation genes, prf1 and bE1, in U. maydis. However, the interplay between both genes in the control of gene expression seems to be complex and would require extensive molecular studies at specific promoters. For example, in S. cerevisiae, Tup1 blocks Gcn5 binding at certain promoters [START_REF] Parnell | Shields up: the Tup1-Cyc8 repressor complex blocks coactivator recruitment[END_REF][START_REF] Wong | The Cyc8-Tup1 complex inhibits transcription primarily by masking the activation domain of the recruiting protein[END_REF], while at others it is Gcn5 that seems to blocks Tup1 [START_REF] Islam | Antagonistic Gcn5-Hda1 interactions revealed by mutations to the Anaphase Promoting Complex in yeast[END_REF]. Thus, much needs to be done to demonstrate a possible interaction between both genes in the control of filamentation and virulence in U. maydis, including identifying the direct targets at which such a hypothetical interaction would occur. Interestingly, the constitutive filamentation phenotype of U. maydis Δgcn5 cells, resembles the constitutive differentiation phenotype described for Δgcn5 in S. pombe [START_REF] Helmlinger | The S. pombe SAGA complex controls the switch from proliferation to sexual differentiation through the opposing roles of its subunits Gcn5 and Spt8[END_REF]. This coincidence suggests a conserved role for gcn5 in the control of differentiation programs in different model systems. Importantly, the Gcn5-containing SAGA complex has recently been shown to act downstream of nutrient-sensing Target Of Rapamycin (TOR) complexes in S. pombe, thus connecting nutritional signals with transcriptional regulation [START_REF] Laboucarié | TORC1 and TORC2 converge to regulate the SAGA co-activator in response to nutrient availability[END_REF]. Because nutrients are key players during host-pathogen interactions, it would be very exciting to explore the relationship between nutrients, TOR and SAGA in the regulation of fungal phyto-pathogenesis. In fact, TOR and SAGA complexes are involved in the response to different types of stresses and environmental changes in animal pathogenic fungi, as illustrated in Cryptococcus neoformans. In this organism, the SAGA component Gcn5 has been shown to be required for the fungal response to specific conditions associated with the host environment and virulence [START_REF] O'meara | Cryptococcus neoformans Histone Acetyltransferase Gcn5 Regulates Fungal Adaptation to the Host[END_REF] and TOR has also been proposed as important for host-derived stress responses [START_REF] Lee | Involvement of PDK1, PKC and TOR signalling pathways in basal fluconazole tolerance in Cryptococcus neoformans[END_REF]. However, possible crosstalk between the two complexes in this organism is still unknown.

In Fusarium fujikuroi Gcn5 has been shown to be implicated in the acetylation of histone H3 at different lysine residues and to play crucial roles in the control of genes involved in the production of secondary metabolites (SMs) [START_REF] Rösler | The SAGA complex in the rice pathogen Fusarium fujikuroi: structure and functional characterization[END_REF]. These non-proteinaceous compounds are acquiring increasing attention in the study of plantfungal interactions. The discovery of their multiple activities during the infection process of different fungi predicts that SMs play major roles in host-pathogen crosstalk (for review see [START_REF] Collemare | Non-proteinaceous effectors: the terra incognita of plant-fungal interactions[END_REF]. The role of Gcn5 in the control of SMs has also been recently shown in F. graminearum [START_REF] Kong | The Fusarium graminearum Histone Acetyltransferases Are Important for Morphogenesis, DON Biosynthesis, and Pathogenicity[END_REF], thus supporting a conserved role for Gcn5 in the regulation of SMs genes. FgGNC5 impacts H3 acetylation at K9, K14, K18 and K27, being required for hyphal growth, stress response, sexual and asexual reproduction, plant infection and the production of the mycotoxin deoxynivalenol (DON). Accordingly, expression analyses of FgGCN5 mutants showed altered expression of genes involved in these processes [START_REF] Kong | The Fusarium graminearum Histone Acetyltransferases Are Important for Morphogenesis, DON Biosynthesis, and Pathogenicity[END_REF].

Gcn5 has also been studied in M. oryzae, which harbours, as previously mentioned, two Gcn5 homologs, Gcn5 (MGG_03677) and Gcn5b (MGG_11716), although only Gcn5 (MGG_03677) has been partly characterized. M. oryzae Gnc5 has been implicated in the regulation of autophagy in a light-dependent manner. The role for Gcn5 in autophagy seems to be linked to its function in conidia regulation. Although Δgcn5 cells produced conidia, they were unable to successfully infect the host [START_REF] Zhang | Phototrophy and starvation-based induction of autophagy upon removal of Gcn5-catalyzed acetylation of Atg7 in Magnaporthe oryzae[END_REF]. This is also the case for the deletion of genes directly involved in autophagy, in accordance with the essential role of autophagy in the virulence capacity of M. oryzae [START_REF] Liu | Involvement of a Magnaporthe grisea Serine/Threonine Kinase Gene, MgATG1, in Appressorium Turgor and Pathogenesis[END_REF][START_REF] Veneault-Fourrey | Autophagic Fungal Cell Death Is Necessary for Infection by the Rice Blast Fungus[END_REF][START_REF] Zhang | Phototrophy and starvation-based induction of autophagy upon removal of Gcn5-catalyzed acetylation of Atg7 in Magnaporthe oryzae[END_REF]. Despite a clear role for Gcn5 in controlling M. oryzae virulence and its acetylating activity at non-histone substrates, it remains to be determined whether its histone acetyltransferase activity plays any role in the virulence capacity of the fungus and whether the observed phenotypes in fact represent the acetylation of both histone and non-histone substrates.

In contrast to Gcn5, the role of other HATs in plant pathogenic fungi remains largely unknown. Most of our current knowledge comes from studies in F. graminearum, in which several other HATs have been partially characterised. For example, F. graminearum ELP3, the catalytic histone acetyl-transferase subunit of the RNA polymerase II elongator complex, has been shown to be required for sexual and asexual development, normal morphology of ascospores and conidia, oxidative stress and virulence. Δelp3 mutants showed altered expression of genes involved in these processes and reduced histone acetylation (Lee et al., 2014). Additionally, in the study concerning FgGCN5, Kong et al. have also characterized FgSAS2, FgSAS3 and FgRTT109 (Kong et al., 2018). Single deletion mutants for these HATs were differentially impaired in hyphal growth. FgSAS3 and FgRTT109 were also involved in fungal reproduction, and required for stress resistance and full virulence. Deletion of FgSAS3 impacted H3 acetylation at K4 and K14 and, similarly to FgGCN5, had important roles in the regulation of metabolic genes [START_REF] Kong | The Fusarium graminearum Histone Acetyltransferases Are Important for Morphogenesis, DON Biosynthesis, and Pathogenicity[END_REF]. However, the exact molecular mechanisms and direct targets underlying these phenotypes remain to be elucidated.

Except for Gcn5, the role of HATs in U. maydis is completely unknown. However, it is likely that some are involved, at least indirectly, in its pathogenic capacity. For example Hat1, which is a type B HAT responsible for the acetylation of soluble free histone H4 [START_REF] Dutnall | Structure of the Histone Acetyltransferase Hat1[END_REF][START_REF] Wu | Structural basis for substrate specificity and catalysis of human histone acetyltransferase 1[END_REF], is generally important for chromatin assembly and DNA repair [START_REF] Parthun | Hat1: the emerging cellular roles of a type B histone acetyltransferase[END_REF][START_REF] Yang | Histone Acetyltransferase 1 Promotes Homologous Recombination in DNA Repair by Facilitating Histone Turnover[END_REF]. In the animal pathogen Candida albicans, Hat1 is required for morphology, stress resistance and virulence [START_REF] Tscherner | The Candida albicans Histone Acetyltransferase Hat1 Regulates Stress Resistance and Virulence via Distinct Chromatin Assembly Pathways[END_REF][START_REF] Tscherner | The histone acetyltransferase Hat1 facilitates DNA damage repair and morphogenesis in Candida albicans[END_REF]. Similarly, Esa1, a highly conserved MYST type HAT that forms part of the NuA4 complex, has also been shown to play major roles in cell growth and morphogenesis in C. albicans [START_REF] Wang | Distinct and Redundant Roles of the Two MYST Histone Acetyltransferases Esa1 and Sas2 in Cell Growth and Morphogenesis of Candida albicans[END_REF]. Esa1 is required for transcriptional silencing of rDNA through its histone acetylation activity [START_REF] Clarke | Distinct Roles for the Essential MYST Family HAT Esa1p in Transcriptional Silencing[END_REF][START_REF] Utley | NuA4, an essential transcription adaptor/histone H4 acetyltransferase complex containing Esa1p and the ATM-related cofactor Tra1p[END_REF], but also contributes to the regulation of stress response and metabolism by acetylating non-histone substrates [START_REF] Lin | Protein Acetylation Microarray Reveals that NuA4 Controls Key Metabolic Target Regulating Gluconeogenesis[END_REF]. Interestingly, Esa1 is required for autophagy by acetylating the autophagy signalling component Atg3 [START_REF] Yi | Function and Molecular Mechanism of Acetylation in Autophagy Regulation[END_REF]. This resembles the role of Gcn5 in acetylation of Atg7 in M. oryzae and leaves open a possible role for this HAT in the control of fungal phytopathogenesis via the regulation of autophagy. Although morphological changes and stress resistance are crucial for U. maydis virulence, experimental work is needed to ascertain whether U. maydis Hat1 and Esa1 homologs play any role in these processes or in the pathogenic capacity of the fungus.

Histone deacetylases

Fungal HDACs can be classified in three different classes. Classes I and II are composed of S. cerevisiae Rpd3 and Hda1 homologs, respectively. Class III comprises HDACs which require NAD + as a cofactor for their activity, are closely related to S. cerevisiae Sir2, and are collectively called sirtuins [START_REF] Brachmann | The SIR2 gene family, conserved from bacteria to humans, functions in silencing, cell cycle progression, and chromosome stability[END_REF][START_REF] Frye | Characterization of Five Human cDNAs with Homology to the Yeast SIR2 Gene: Sir2like Proteins (Sirtuins) Metabolize NAD and May Have Protein ADP-Ribosyltransferase Activity[END_REF][START_REF] Jackson | Structural Identification of 2′-and 3′-O -Acetyl-ADP-ribose as Novel Metabolites Derived from the Sir2 Family of β-NAD + -dependent Histone/Protein Deacetylases[END_REF][START_REF] Tanner | Silent information regulator 2 family of NAD-dependent histone/protein deacetylases generates a unique product, 1-O-acetyl-ADP-ribose[END_REF][START_REF] Tanny | Coupling of histone deacetylation to NAD breakdown by the yeast silencing protein Sir2: Evidence for acetyl transfer from substrate to an NAD breakdown product[END_REF]. Like the HATs, HDACs can be found as part of different multi-subunit containing complexes like Rpd3S, Rpd3L, Set3 or Hda1, among others [START_REF] Pijnappel | The S. cerevisiae SET3 complex includes two histone deacetylases, Hos2 and Hst1, and is a meiotic-specific repressor of the sporulation gene program[END_REF][START_REF] Seto | Erasers of Histone Acetylation: The Histone Deacetylase Enzymes[END_REF][START_REF] Yang | The Rpd3/Hda1 family of lysine deacetylases: from bacteria and yeast to mice and men[END_REF]. The roles of HDACs during fungal plant pathogenesis are better known than for HATs, but still poorly characterised.

S. cerevisiae possesses five class I and II HDACs: Hda1 (Histone DeAcetylase 1), Hos1 (Hda One Similar 1), Hos2, Hos3, and Rpd3 (Reduced Potassium Dependency 3).

The founding member of class I HDACs, Rpd3, harbours a deacetylase domain in its Nterminal region and an extended C-terminal tail. Hda1 is the founding member of Class II HDACs. It harbours the corresponding deacetylase domain and the Arb2 domain, a region present in Arb1 and Arb2 S. pombe proteins, which are required for H3K9 methylation and are part of one of the Argonaute complexes in this yeast [START_REF] Iida | Two different Argonaute complexes are required for siRNA generation and heterochromatin assembly in fission yeast[END_REF][START_REF] Seto | Erasers of Histone Acetylation: The Histone Deacetylase Enzymes[END_REF][START_REF] Yang | The Rpd3/Hda1 family of lysine deacetylases: from bacteria and yeast to mice and men[END_REF]. In S. pombe, class I and II HDACs are represented by only three proteins, Clr3 (homolog to S. cerevisiae Hda1), Clr6 (homolog to S. cerevisiae Rpd3) and Hos2, while the animal pathogenic fungi Candida glabrata, C. albicans and C. neoformans have 5, 6 and 7 class I and II HDACs, respectively [START_REF] Brandão | HDAC genes play distinct and redundant roles in Cryptococcus neoformans virulence[END_REF][START_REF] Garnaud | Histone Deacetylases and Their Inhibition in Candida Species[END_REF]. This highlights the variability in the number of these HDACs across fungal species. Several class I and II HDACs, as well as other components of the complexes they belong to, have been studied in plant pathogenic fungi over the last eighteen years.

Class I and II HDACs in plant pathogenic fungi: U. maydis Hos2 as a paradigm

Phylogenetic analyses of class I and II HDACs have been performed in different plant pathogenic fungi [START_REF] Baidyaroy | A gene related to yeast HOS2 histone deacetylase affects extracellular depolymerase expression and virulence in a plant pathogenic fungus[END_REF]Elias-Villalobos et al., 2015a;[START_REF] Izawa | Inhibition of histone deacetylase causes reduction of appressorium formation in the rice blast fungus Magnaporthe oryzae[END_REF][START_REF] Reichmann | The histone deacetylase Hda1 from Ustilago maydis is essential for teliospore development[END_REF][START_REF] Studt | Two histone deacetylases, FfHda1 and FfHda2, are important for Fusarium fujikuroi secondary metabolism and virulence[END_REF]. Ustilago maydis harbours a single homolog for each S. cerevisiae HDAC, with the exception of Rpd3, for which two homologous proteins, UmHda1 and UmHda2, have been reported [START_REF] Reichmann | The histone deacetylase Hda1 from Ustilago maydis is essential for teliospore development[END_REF]. This resembles the situation described for the animal pathogenic fungus C. albicans [START_REF] Garnaud | Histone Deacetylases and Their Inhibition in Candida Species[END_REF]. Despite the important roles of Rpd3 in controlling gene expression in different organisms, the deletion of both hda1 and hda2 does not affect the tumour formation capacity of U. maydis (Elias-Villalobos et al., 2015a). Nevertheless, U. maydis Hda1 is essential for spore production and therefore crucial for completion of its pathogenic cycle [START_REF] Reichmann | The histone deacetylase Hda1 from Ustilago maydis is essential for teliospore development[END_REF]. In contrast, no phenotype has been reported for the hda2 deletion mutant. Moreover, phenotypic analyses of the hda1Δhda2Δ double mutant did not reveal any redundancy between the paralogous genes (Elias-Villalobos et al., 2015a). Thus, the exact role for Hda2 in U. maydis biology remains to be elucidated. M. oryzae seems to possess single homologues for each class I and II S. cerevisiae HDAC with the exception of Hos1, which does not retrieve any homologous proteins by sequence blast [START_REF] Ding | The tig1 histone deacetylase complex regulates infectious growth in the rice blast fungus Magnaporthe oryzae[END_REF][START_REF] Izawa | Inhibition of histone deacetylase causes reduction of appressorium formation in the rice blast fungus Magnaporthe oryzae[END_REF]. Finally, in F. graminearum only three class II HDACs have been found in its genome: Hos2, Hos3 and Hda1 [START_REF] Li | The HDF1 Histone Deacetylase Gene Is Important for Conidiation, Sexual Reproduction, and Pathogenesis in Fusarium graminearum[END_REF]. Thus, although HDAC activity is widely conserved, the set of specific enzymes dedicated to this posttranscriptional modification seems to change significantly from one organism to another.

The first characterized HDAC in plant pathogenic fungi was a gene homologous to S. cerevisiae HDAC gene HOS2, named HDC1, in the maize pathogen Cochliobolus carbonum. Disruption of hdc1 caused a 50% reduction in total HDAC activity, reduced size of conidia and number of septa, and highly reduced virulence, including inability to kill the host. The latter phenotype is likely caused by the impaired penetration capacity of hdc1 mutants. The expression of extracellular depolymerase genes was altered in the mutant strain as compared to the wild-type, suggesting a reason for their reduced penetration phenotype. These results suggest a role for HDC1-dependent histone deacetylation at a specific stage of the C. carbonum infection process [START_REF] Baidyaroy | A gene related to yeast HOS2 histone deacetylase affects extracellular depolymerase expression and virulence in a plant pathogenic fungus[END_REF]. Subsequently, Hda1, the U. maydis homolog,of Rpd3 histone deacetylase, was shown to be essential for the formation of teliospores, without apparently affecting other stages of pathogenic development. Although deletion of hda1 did not affect the yeast to filament transition, several b-dependent genes as well as the b genes themselves were overexpressed in Δhda1 cells. Additionally, microarray analysis showed that most genes remained unaffected by the mutation of hda1 suggesting that U. maydis Hda1 regulates a specific set of genes, rather than having an overall repressive effect on gene expression [START_REF] Reichmann | The histone deacetylase Hda1 from Ustilago maydis is essential for teliospore development[END_REF]. Specific roles for HDACs during pathogenic development have been described in different plant pathogens. In M. oryzae, inhibition of HDAC activity using Trichostatin A (TSA) was shown to affect appressoria formation. Interestingly, M. oryzae hos2 disrupted cells showed less appressoria, suggesting that a specific HDAC is responsible for the reduced appressoria formation phenotype upon TSA treatment [START_REF] Izawa | Inhibition of histone deacetylase causes reduction of appressorium formation in the rice blast fungus Magnaporthe oryzae[END_REF]. However, the role of HDACs during appressoria formation in this fungus remains unclear. A later detailed characterization of the entire Set3 complex in this fungus, which is composed of Hos2, Tig1, Set3, Snt1, Hst1 and Hos4, showed that appressoria formation was not affected by deletion of hos2 or by deletion of any other subunit of the complex [START_REF] Ding | The tig1 histone deacetylase complex regulates infectious growth in the rice blast fungus Magnaporthe oryzae[END_REF]. However, the expression level of all genes of the identified Set3 complex was higher in appressoria than in vegetative hyphae and appressoria formation was reduced in Δtig1 cells in the presence of osmotin or MsDef1 (Medicago sativa Defensin 1), plant proteins toxic to fungal pathogens [START_REF] Ding | The tig1 histone deacetylase complex regulates infectious growth in the rice blast fungus Magnaporthe oryzae[END_REF]. Altogether, these results suggest a role for the Set3 complex in appressoria formation, at least under certain stress conditions. Additionally, Δtig1, Δhos2, Δsnt1 and Δset3 mutants were non-pathogenic, showed highly impaired conidiation, and presented reduced HDAC activity [START_REF] Ding | The tig1 histone deacetylase complex regulates infectious growth in the rice blast fungus Magnaporthe oryzae[END_REF]. The Set3 complex is the best characterized HDAC-containing complex in plant pathogenic fungi and has a conserved role in the control of fungal phytopathogenesis. In a previous study in F. graminearum, deletion of FTL1, a gene homolog to S. cerevisiae SIF2 and M. oryzae TIG1, was also shown to be required for virulence. Δflt1 cells were impaired in their ability to infect different wheat tissues, exhibiting penetration and colonization defects. As later described for M. oryzae Δtig1 cells, global HDAC activity was reduced in Δftl1 [START_REF] Ding | Transducin Beta-Like Gene FTL1 Is Essential for Pathogenesis in Fusarium graminearum[END_REF]. These results suggest a conserved requirement for S. cerevisiae SIF2 homologs in the HDAC activity of Set3 complexes in plant pathogenic fungi. The ortholog of S. cerevisiae HOS2 gene, HDF1, has been also characterized in F. graminearum [START_REF] Li | The HDF1 Histone Deacetylase Gene Is Important for Conidiation, Sexual Reproduction, and Pathogenesis in Fusarium graminearum[END_REF].

Yeast two-hybrid assays showed interaction between FTL1 and HDF1, consistent with their presence in the Set3 complex. Importantly, as previously showed for FTL1, Δhdf1 cells failed to infect wheat rachis and showed reduced HDAC activity. Moreover, Δhdf1 cells were impaired in sexual reproduction [START_REF] Li | The HDF1 Histone Deacetylase Gene Is Important for Conidiation, Sexual Reproduction, and Pathogenesis in Fusarium graminearum[END_REF] and, contrary to M. oryzae Δtig1 cells [START_REF] Ding | The tig1 histone deacetylase complex regulates infectious growth in the rice blast fungus Magnaporthe oryzae[END_REF], showed higher tolerance to H2O2 [START_REF] Li | The HDF1 Histone Deacetylase Gene Is Important for Conidiation, Sexual Reproduction, and Pathogenesis in Fusarium graminearum[END_REF]. In both F. graminearum studies, microarray analyses revealed several genes whose expression was affected in Δftl1 or Δhdf1 cells. However, further work will be required to ascertain whether the virulence defects caused by the deletion of these genes is due to the regulation of specific targets or due to global effects on gene expression [START_REF] Ding | Transducin Beta-Like Gene FTL1 Is Essential for Pathogenesis in Fusarium graminearum[END_REF][START_REF] Li | The HDF1 Histone Deacetylase Gene Is Important for Conidiation, Sexual Reproduction, and Pathogenesis in Fusarium graminearum[END_REF]. In F. fujikuroi the Hos2 homolog, Hda2, regulates secondary metabolism and has a role during fungal pathogenicity. This role seems to be shared with another HDAC, Hda1, which is homologous to S. cerevisiae Hda1p. Single deletion mutants of hda1 or hos2 homologs caused only a slight reduction in virulence, while the double Δhda1Δhos2 mutant showed a synergistic effect [START_REF] Studt | Two histone deacetylases, FfHda1 and FfHda2, are important for Fusarium fujikuroi secondary metabolism and virulence[END_REF].

HDAC-dependent regulation of secondary metabolism, which plays an important role in fungal virulence, was also shown in F. graminearum [START_REF] Li | The HDF1 Histone Deacetylase Gene Is Important for Conidiation, Sexual Reproduction, and Pathogenesis in Fusarium graminearum[END_REF], thus pointing to a conserved epigenetic control of secondary metabolite production in plant pathogenic fungi.

Despite extensive characterization of the Set3/Hos2 complex, the direct target genes that it regulates in the control of virulence and the signalling pathways to which it responds remain poorly understood. Work done in U. maydis has shed some light onto this question (Elias-Villalobos et al., 2015a). U. maydis Hos2 deacetylates H4K16 and is required for filamentation and virulence. Hos2 regulates these processes by controlling the expression of mating-type genes via the cyclic-AMP-Protein Kinase A (cAMP-PKA) pathway. Δhos2 strains showed a wild-type expression pattern of matingtype genes upon activation of the pheromone-responsive MAPK cascade, but were unable to induce the expression of these genes upon cAMP addition (Elias-Villalobos et al., 2015a). Accordingly, the deletion of tup1, which has been shown to control dimorphism and virulence through the MAPK pathway [START_REF] Elias-Villalobos | The general transcriptional repressor Tup1 is required for dimorphism and virulence in a fungal plant pathogen[END_REF], in a Δhos2 strain led to a synergistic effect in virulence (Elías-Villalobos et al., 2015).

Remarkably, ChIP analysis of Hos2 revealed that it binds to the gene bodies of prf1, pra1 (pheromone receptor) and mfa1 (pheromone). Hos2 binding to mfa1 and pra1 responded to the addition of cAMP and correlated well with the increased expression level of these genes upon treatment (Elias-Villalobos et al., 2015a). In light of these results, a model has been proposed in which Hos2 controls the U. maydis dimorphic switch by directly targeting mating-type genes upon activation of the cAMP pathway (Elias-Villalobos et al., 2015b). However, further studies are required to fully understand its molecular mechanism. For instance, it is still unknown whether H4K16 is the only target of Hos2 in this fungus and whether there is any correlation between the presence of Hos2 at its target genes and histone acetylation at these loci. Moreover, it is very likely that the regulation of prf1 and its target genes represents only a small fraction of Hos2-regulated genes involved in filamentation and virulence. RNA-seq and ChIP-seq experiments might be a good starting point to decipher additional Hos2 target genes and get more insights into its molecular mechanism. Additionally, although Hos2 seems to be the main HDAC in U. maydis, it is clearly not the only HDAC involved in pathogenesis. The histone deacetylase Clr3 (homolog to S. cerevisiae Hda1 and S. pombe Clr3) also contributes to virulence in this fungus. The double Δhos2Δclr3 mutant showed a synergistic effect on virulence as compared to each of the single mutants (Elias-Villalobos et al., 2015a), similarly to the situation described for F. fujikuroi hos2 and hda1 [START_REF] Studt | Two histone deacetylases, FfHda1 and FfHda2, are important for Fusarium fujikuroi secondary metabolism and virulence[END_REF]. Additionally, the expression of mating-type genes upon cAMP treatment was reduced in Δclr3 cells, albeit to a lesser extent than Δhos2 cells, suggesting a possible redundancy between these genes in the control of gene expression (Elías-Villalobos et al., 2015).

Remarkably, deletion of the gcn5 histone acetyltransferase and deletion of the hos2 histone deacetylase caused opposite filamentation phenotypes in U. maydis. Thus, it is tempting to speculate that an interplay between both histone acetylation enzymes exists in the control of the transition from yeast to filament formation in this fungus.

Although the main histone target of Gcn5 is H3 at K9 and K14, it has also a role at H4K16 [START_REF] Kuo | Transcription-linked acetylation by Gcn5p of histones H3 and H4 at specific lysines[END_REF], the canonical target for Hos2. Therefore, direct interplay between Hos2 and Gcn5 could explain the observed phenotypes in the individual deletion mutants. The study of the double mutant during filamentation and regulation of gene expression might provide interesting insights into how the yeast to hypha transition is controlled at the chromatin level. Other HATs might also directly or indirectly counteract Hos2 HDAC activities such as Esa1, the NuA4 and piccolo complex HAT, and Elp3, the Elongator complex HAT. In S. cerevisiae, deletion of HOS2 and HDA1 suppressed the phenotypes of the double Δgcn5Δelp3 mutant [START_REF] Wittschieben | Overlapping roles for the histone acetyltransferase activity of SAGA and Elongator in vivo[END_REF]. Moreover, Hos2 has recently been shown to counteract Esa1-mediated acetylation of histone H4 during DNA damage [START_REF] Torres-Machorro | The Set3 Complex Antagonizes the MYST Acetyltransferase Esa1 in the DNA Damage Response[END_REF]. Overall, different combinations of HATs and HDACs seem to counteract each other at specific regions of the genome and specific histone residues. An analysis of specific target genes will be required to understand how histone acetylation regulates gene expression in response to environmental stimuli and which HATs and HDACs are involved in each case.

Class III U. maydis HDACs

Sirtuins are protein deacetylases which require NAD + for their activity. They deacetylate different target protein residues, including histone lysines. In this reaction the acetyl group is transferred from the lysine residue to the ADP-ribose that is generated upon the cleavage of the NAD + molecule [START_REF] Jackson | Structural Identification of 2′-and 3′-O -Acetyl-ADP-ribose as Novel Metabolites Derived from the Sir2 Family of β-NAD + -dependent Histone/Protein Deacetylases[END_REF][START_REF] Tanner | Silent information regulator 2 family of NAD-dependent histone/protein deacetylases generates a unique product, 1-O-acetyl-ADP-ribose[END_REF][START_REF] Tanny | Coupling of histone deacetylation to NAD breakdown by the yeast silencing protein Sir2: Evidence for acetyl transfer from substrate to an NAD breakdown product[END_REF]. The founding member of the sirtuin family, Sir2 (Silent Information Regulator 2), has been extensively studied in S. cerevisiae model where it has been described as an essential HDAC involved in the formation of heterochromatin-like regions. During evolution S. cerevisiae has lost its RNA interference machinery, HP1 (Heterochromatin Protein 1) and the H3K9 methyltransferase enzyme KMT1 [START_REF] Hickman | Reinventing Heterochromatin in Budding Yeasts: Sir2 and the Origin Recognition Complex Take Center Stage[END_REF], which are essential components of heterochromatin formation and maintenance (for review see [START_REF] Allshire | Epigenetic Regulation of Chromatin States in Schizosaccharomyces pombe[END_REF][START_REF] Grewal | RNAi-dependent formation of heterochromatin and its diverse functions[END_REF][START_REF] Martienssen | RNAi and Heterochromatin Assembly[END_REF]. Instead, the budding yeast uses the SIR complex, comprised of Sir1, Sir2, Sir3 and Sir4, to silence all heterochromatin-like regions by deacetylating H4K16 [START_REF] Robyr | Microarray Deacetylation Maps Determine Genome-Wide Functions for Yeast Histone Deacetylases[END_REF][START_REF] Suka | Sir2p and Sas2p opposingly regulate acetylation of yeast histone H4 lysine16 and spreading of heterochromatin[END_REF]. Sir2 is the only HDAC in this complex, while the other Sir proteins are involved in the recruitment and spreading of the complex over chromatin (reviewed in [START_REF] Kueng | SIR Proteins and the Assembly of Silent Chromatin in Budding Yeast[END_REF]). Apart from Sir2, in S. cerevisiae there are four additional sirtuins: Hst1, Hst2, Hst3 and Hst4 (Homolog of SIR Two). Hst1 is a paralog of Sir2, originated after the genome duplication event, involved in mating type locus silencing [START_REF] Sutton | A novel form of transcriptional silencing by Sum1-1 requires Hst1 and the origin recognition complex[END_REF] and repression of sporulation genes transcription as a member of the HST1-SUM1 and possibly SET3 complexes [START_REF] Pijnappel | The S. cerevisiae SET3 complex includes two histone deacetylases, Hos2 and Hst1, and is a meiotic-specific repressor of the sporulation gene program[END_REF][START_REF] Xie | Sum1 and Hst1 repress middle sporulation-specific gene expression during mitosis in Saccharomyces cerevisiae[END_REF]. Hst2 is mainly cytoplasmic [START_REF] Perrod | A cytosolic NAD-dependent deacetylase, Hst2p, can modulate nucleolar and telomeric silencing in yeast[END_REF], but there is a nuclear pool required for rDNA and centromeric silencing as well as repression of specific target genes [START_REF] Durand-Dubief | Specific functions for the fission yeast Sirtuins Hst2 and Hst4 in gene regulation and retrotransposon silencing[END_REF][START_REF] Halme | Genetic and Epigenetic Regulation of the FLO Gene Family Generates Cell-Surface Variation in Yeast[END_REF]. Like Sir2, Hst3 and Hst4 are able to regulate heterochromatin-like silencing and also have additional roles in cell cycle regulation [START_REF] Brachmann | The SIR2 gene family, conserved from bacteria to humans, functions in silencing, cell cycle progression, and chromosome stability[END_REF]. In S. pombe, where the RNA interference machinery, the KMT enzyme and HP1 proteins (Swi6 and Chp2) are retained, there are only three sirtuin proteins: Sir2, Hst2 and Hst4. Remarkably, Sir2 regulates heterochromatin silencing by different mechanisms in S. cerevisiae and S. pombe. While ScSir2 plays a role in heterochromatin silencing as part of the SIR complex, SpSir2 is not found in a complex but rather contributes to heterochromatin silencing by stabilizing heterochromatin [START_REF] Shankaranarayana | Sir2 regulates histone H3 lysine 9 methylation and heterochromatin assembly in fission yeast[END_REF]. SpHst2 and SpHst4, are both involved in heterochromatin silencing as well as in direct gene regulation [START_REF] Durand-Dubief | Specific functions for the fission yeast Sirtuins Hst2 and Hst4 in gene regulation and retrotransposon silencing[END_REF][START_REF] Freeman-Cook | The Schizosaccharomyces pombe hst4 + Gene Is a SIR2 Homologue with Silencing and Centromeric Functions[END_REF].

An in-silico search for sirtuin homologs in U. maydis revealed five putative sirtuin proteins: Um00963, Um05892, Um05758, Um05239 and Um12006 (Figure 2A and Table 1). The last two, which we have named UmHst5 and UmHst6, show high similarity to human mitochondrial proteins SIRT4 and SIRT5, respectively. UmHst5 encodes for a protein that has been proposed as specific to the phylum Basidiomycota [START_REF] Arras | Sirtuins in the phylum Basidiomycota: A role in virulence in Cryptococcus neoformans[END_REF]. Interestingly, an NCBI BLAST search reveals that, while UmHst5 is broadly present in most Basidiomycota, UmHst6 is specific to the Ustilaginaceae family and the Agaromycetes class (Figure 2B). Moreover, upon removal of the Basidiomycota phylum from the blast analysis, it can be seen that UmHST5 presents similarities exclusively with proteins from higher fungi (Dikarya) and some Proteobacterias. Although UmHst6 is absent from all fungi apart from the Ustilaginaceae family and the Agaromycetes class, it is found in many higher eukaryotic species including humans (Figure 2C). Mammalian SIRT5 has extremely weak deacetylase activity [START_REF] Du | Sirt5 is a NAD-dependent protein lysine demalonylase and desuccinylase[END_REF] but is the main cellular demalonylase, desuccinylase and deglutarylase [START_REF] Du | Sirt5 is a NAD-dependent protein lysine demalonylase and desuccinylase[END_REF][START_REF] Peng | The first identification of lysine malonylation substrates and its regulatory enzyme[END_REF][START_REF] Tan | Lysine glutarylation is a protein posttranslational modification regulated by SIRT5[END_REF]. Its targets are located not only in the mitochondria but also in the cytosol and nucleus, which is in agreement with the significant proportion of SIRT5 with nuclear and cytoplasmic localization (reviewed in [START_REF] Kumar | Functions of the sirtuin deacylase SIRT5 in normal physiology and pathobiology[END_REF]. This specific role of SIRT5 and the restricted phylogenetic distribution of UmHst6 makes U. maydis an excellent model organism for studying the possible role of this sirtuin in fungi. Besides these two putative mitochondrial sirtuins, U. maydis has just three non-mitochondrial sirtuin proteins, UmSir2 (Um00963), UmHst2 (Um05892) and UmHst4 (Um05758), thus resembling the situation described for S. pombe. In principle, this coincidence in the number of sirtuins between U. maydis and S. pombe could suggest common roles for these proteins in heterochromatin silencing and specific gene regulation in both organisms. However, S. pombe has retained its RNA interference system to indicate where to establish heterochromatin and HP1 to recruit silencing factors and generate the heterochromatic platform, which resembles what it is known to occur in most higher eukaryotes. In contrast, U. maydis lacks all of these heterochromatin hallmarks.

Therefore, sirtuins would be expected to play a different role in this fungus than in S. pombe. Additionally, because ScSir1, ScSir3 and ScSir4 are exclusive members of the SIR complex in Saccharomycotina species, the role of Sir2 in U. maydis will probably differ from its role in S. cerevisiae as well. An analogous scenario for sirtuins also occurs in the animal pathogen C. albicans. Despite belonging to the Saccharomycotina subphylum, it lacks all members of the SIR complex, except Sir2 [START_REF] Hickman | Reinventing Heterochromatin in Budding Yeasts: Sir2 and the Origin Recognition Complex Take Center Stage[END_REF]. Moreover, like U. maydis, some of the canonical heterochromatin components, such as HP1 homologs, are missing in this organism. However, it differs from U. maydis in the fact that it possesses the RNA interference pathway [START_REF] Bernstein | Candida albicans Dicer (CaDcr1) is required for efficient ribosomal and spliceosomal RNA maturation[END_REF]. The role for Sir2 in the control of phenotypic switching [START_REF] Pérez-Martín | Phenotypic switching in Candida albicans is controlled by a SIR2 gene[END_REF] and stability of DNA repeats [START_REF] Freire-Benéitez | Sir2 regulates stability of repetitive domains differentially in the human fungal pathogen Candida albicans[END_REF] has been studied in C.

albicans, but a general understanding of its molecular role with respect to chromatin is missing. The silencing function of Sir2 is not restricted to Saccharomycotina species or S. pombe but has also been observed in organisms as diverse as some protozoa and Drosophila melanogaster, suggesting an ancient silencing role for Sir2 [START_REF] Hickman | Reinventing Heterochromatin in Budding Yeasts: Sir2 and the Origin Recognition Complex Take Center Stage[END_REF]. Additionally, a role for sirtuins in silencing in filamentous fungi has also been described. For instance, the Neurospora crassa sirtuins nst-1 (Sir2), nst-3 (Hst4), nst-5 (similar to human mitochondrial SIRT4) are involved in telomere silencing, and crosstalk with H3K9, H3K27 and H4K20 trimethylation has been observed [START_REF] Smith | The fungus Neurospora crassa displays telomeric silencing mediated by multiple sirtuins and by methylation of histone H3 lysine 9[END_REF]. In Aspergilli several examples exist where sirtuins have a transcriptional silencing function. The fungus specific Hst4 homolog in A. oryzae, HstD/AoHst4, is involved in fungal development and secondary metabolism partly through repression of the LaeA gene, which is involved in the coordination of secondary metabolism and fungal development [START_REF] Kawauchi | Fungus-specific sirtuin HstD coordinates secondary metabolism and development through control of LaeA[END_REF]. Finally, the A. nidulans Sir2 homologs, SirA and SirE have been shown to repress transcription at specific genes by deacetylating promoter regions at H4K16 and H3K9, respectively [START_REF] Itoh | Sirtuin A regulates secondary metabolite production by Aspergillus nidulans[END_REF][START_REF] Shimizu | Hydrolase controls cellular NAD, sirtuin, and secondary metabolites[END_REF]. Overall, given the existing literature, we would expect a conserved role for U. maydis nuclear sirtuins in transcriptional repression; however, experimental evidence is required to confirm this likely scenario.

The implication of sirtuins in fungal pathogenesis has already been described in the human pathogens Cryptococcus neoformans and Candida glabrata as well as in the plant pathogen Magnaporthe oryzae. The deletion of Sir2 in C. neoformans reduces its virulence capacity, although its specific role during pathogenesis is still unknown [START_REF] Arras | Sirtuins in the phylum Basidiomycota: A role in virulence in Cryptococcus neoformans[END_REF]. In C. glabrata, Sir2 represses the expression of the EPA adhesin genes, which are essential for infection. C. glabrata is a nicotinic acid auxotroph and is consequently unable to produce NAD+. In the murine urinary tract, where infection by C. glabrata occurs, nicotinic acid levels are low and Sir2 is not active due to limited availability of NAD+. Under these circumstances, the EPA virulence genes are no longer repressed by Sir2, allowing fungal adhesion and infection to take place [START_REF] Domergue | Nicotinic acid limitation regulates silencing of Candida adhesins during UTI[END_REF]. In the plant pathogen M. oryzae, MoSir2 has been found to be involved in plant infection, probably through deacetylation of the repressor protein MoJmjC. Inactivation of MoJmjC through deacetylation would increase expression of a superoxide dismutase allowing ROS detoxification during the first steps of infection [START_REF] Fernandez | Plant defence suppression is mediated by a fungal sirtuin during rice infection by Magnaporthe oryzae[END_REF]. This is the only example for the role of a sirtuin protein in a plant pathogen. Therefore, it would be very interesting to study the possible role of sirtuins in the infective process of other plant pathogens, such as U. maydis, and to study if any role in virulence occurs via histone deacetylation, by deacetylation of nonhistone proteins, as occurs in M. oryzae, or both. Interestingly, as shown in Figure 2A, U. maydis sirtuin orthologs are always the most distant of the group. This approach may allow the identification of new roles for sirtuins during fungal pathogenesis.

Histone methylation

Histone methylatransferases transfer a methyl residue from the S-adenosylmethionine to the lysine or arginine residue of the histone tail. These histone modifications are essential for modulating gene transcription (reviewed in [START_REF] Zhang | Transcription regulation by histone methylation: Interplay between different covalent modifications of the core histone tails[END_REF]). The most extended group of histone methyltransferases is the SET domain-containing family involved in the methylation of lysine residues (lysine methyltransferases: KMTs). The best characterized SET domain-containing KMT enzymes studied are KMT1 (SpClr4), KMT2 (ScSet1), KMT3 (ScSet2), KMT5 (SpSet9) and KMT6 (HsEZH2) [START_REF] Freitag | Histone Methylation by SET Domain Proteins in Fungi[END_REF][START_REF] Zhao | Comprehensive Catalog of Currently Documented Histone Modifications[END_REF]. Each KMT targets different lysine residues; KMT1-H3K9, KMT2-H3K4, KMT3-H3K36, KMT5-H4K20 and KMT6-H3K27. H3K4me2/3 (di-and trimethylated) and H3K36me3 are found in active genes whereas all other modifications are hallmarks of silent transcription. H3K9me3 is the main hallmark of constitutive heterochromatin [START_REF] Jih | Unique roles for histone H3K9me states in RNAi and heritable silencing of transcription[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], while H3K27me3 is typical of facultative heterochromatin [START_REF] Cao | Role of Histone H3 Lysine 27 Methylation in Polycomb-Group Silencing[END_REF][START_REF] Czermin | Drosophila Enhancer of Zeste/ESC Complexes Have a Histone H3 Methyltransferase Activity that Marks Chromosomal Polycomb Sites[END_REF][START_REF] Kuzmichev | Histone methyltransferase activity associated with a human multiprotein complex containing the Enhancer of Zeste protein[END_REF][START_REF] Müller | Histone Methyltransferase Activity of a Drosophila Polycomb Group Repressor Complex[END_REF]. Finally, KMT4 (ScDot1), lacks a SET domain and is involved in H3K79 mono-, di-and trimethylation. KMT4 plays diverse roles in transcription, cell cycle regulation and DNA damage responses (reviewed in [START_REF] Nguyen | The diverse functions of Dot1 and H3K79 methylation[END_REF].

In this work we focus on SET domain-containing KMT proteins. In order to find all the SET domain KMT orthologs in U. Maydis, we first searched for all annotated U. maydis SET domain proteins in the Interpro database. We then performed a blast analysis for each protein against S. cerevisiae, S. pombe, F. graminearum and M. oryzae proteomes in order to identify those SET domain-containing proteins from U. maydis with high similarity to KMTs with documented histone methylation activities from any of these organisms. After identifying putative U. maydis KMTs we performed a phylogenetic analysis together with all SET domain containing KMTs from the other species. As can be observed in Figure 4 and Table 1, U. maydis lacks a KMT6 homolog, responsible for H3K27 trimethylation (KMT6, FGSG00899 and MGG00152), which is the main hallmark of facultative heterochromatin. In this respect, U. maydis is more similar to S. cerevisiae and S. pombe, which lack both H3K27 and cytosine DNA methylation, than to F. graminearum and M. oryzae plant pathogens that possess both modifications. Although the combined loss of H3K27 and cytosine DNA methylation is common in fungi, occurring in Aspergillus species for example, most studied fungal plant pathogens seem to keep both or at least one of these modifications (reviewed in [START_REF] Freitag | Histone Methylation by SET Domain Proteins in Fungi[END_REF]). However, the abolishment of both modifications in M. oryzae and H3K27 trimethylation in F. graminearum has only a minor effect on infection [START_REF] Connolly | The Fusarium graminearum histone H3 K27 methyltransferase KMT6 regulates development and expression of secondary metabolite gene clusters[END_REF][START_REF] Jeon | Genome-wide profiling of DNA methylation provides insights into epigenetic regulation of fungal development in a plant pathogenic fungus, Magnaporthe oryzae[END_REF][START_REF] Pham | MoSET1 (Histone H3K4 Methyltransferase in Magnaporthe oryzae) Regulates Global Gene Expression during Infection-Related Morphogenesis[END_REF].

U. maydis harbours homologs for KMT2 (H3K4me2/3) and KMT3 (H3K36me3), the two KMTs involved in modifications related to active genes. KMT2 is a member of the COMPASS (COMplex Proteins ASsociated with Set1) complex, which is mainly associated with active genes, while KMT3 is involved in transcription elongation through trimethylation of H3K36. As shown in Figure 4, KMT2 and KMT3 from F. graminearum and M. oryzae are more similar to the KMTs from S. cerevisiae.

On the other hand, U. maydis KMT2 (Um02677) and KMT3 (Um02500) are closer to their S. pombe homologs. KMT2 deletion impairs the virulence capacity of M. oryzae and F. graminearum [START_REF] Liu | Histone H3K4 methylation regulates hyphal growth, secondary metabolism and multiple stress responses in Fusarium graminearum[END_REF][START_REF] Pham | MoSET1 (Histone H3K4 Methyltransferase in Magnaporthe oryzae) Regulates Global Gene Expression during Infection-Related Morphogenesis[END_REF]. In M. oryzae, KMT2 is the only KMT with a strong effect on virulence, highlighting the relevance of H3K4me2/3 for plant infection in this organism [START_REF] Pham | MoSET1 (Histone H3K4 Methyltransferase in Magnaporthe oryzae) Regulates Global Gene Expression during Infection-Related Morphogenesis[END_REF]. In addition, KMT3 deletion shows a mild effect on virulence as well. Unexpectedly, this deletion does not strongly affect H3K36 methylation levels [START_REF] Pham | MoSET1 (Histone H3K4 Methyltransferase in Magnaporthe oryzae) Regulates Global Gene Expression during Infection-Related Morphogenesis[END_REF]. This could be explained by the fact that M. oryzae possesses another class of KMT with the potential to perform this modification, KMT2H (ASH1L in humans) (MGG02937, figure4). This KMT is also present in F. graminearum and U. maydis but not in S. cerevisiae or S. pombe (Figure 4). Recently, initial characterizations have been performed on this enzyme in filamentous fungi. In Fusarium fujikuroi it has been shown that FfAsh1 and FfSet2 (KTM3) are responsible for the deposition of H3K36me3 at subtelomeric regions and euchromatic areas, respectively. In addition, a role for FfAsh1 in virulence has been described [START_REF] Janevska | Elucidation of the Two H3K36me3 Histone Methyltransferases Set2 and Ash1 in Fusarium fujikuroi Unravels Their Different Chromosomal Targets and a Major Impact of Ash1 on Genome Stability[END_REF]. Consistent with this observation, Neurospora crassa NcAsh1 dimethylates H3K36 at inactive genes, affecting the accumulation of H3K27me2/3 [START_REF] Bicocca | ASH1-catalyzed H3K36 methylation drives gene repression and marks H3K27me2/3-competent chromatin[END_REF].

Viewed simplistically, the formation of constitutive heterochromatin requires three main sequential steps. First, it requires the recruitment of KMT1 methyltransferase to specific chromatin locations. Once bound to the chromatin, KMT1 di-and trimethylates H3K9, which is used as a readout of heterochromatin formation. Finally, trimethylated H3K9 is recognized by HP1, which creates a docking platform for the recruitment of many heterochromatin specific factors. In this scenario, one would expect that in organisms lacking HP1, the KMT1 methyltransfease would be absent, as is the case in S. cerevisiae. However, in U. maydis, where HP1 is missing, there is a putative KMT1 homolog, Um05327 (Figure 4). U. maydis also possesses a KMT5 homolog, an enzyme involved in H4K20 trimethylation. This modification, implicated in gene silencing, DNA damage repair, DNA replication and chromatin compaction [START_REF] Jorgensen | Histone H4 Lysine 20 methylation: key player in epigenetic regulation of genomic integrity[END_REF], has been shown to co-localize with H3K9me3 at heterochromatin regions in metazoans in an HP1-dependent manner [START_REF] Schotta | A silencing pathway to induce H3-K9 and H4-K20 trimethylation at constitutive heterochromatin[END_REF].

Because U. maydis lacks HP1, it would be interesting to investigate the relationship between H3K9me3 and H4K20me3 in this biological context. One possibility is that both modifications are completely independent. In S. pombe, H4K20me3 has been detected in regions excluded from heterochromatin [START_REF] Sanders | Methylation of histone H4 lysine 20 controls recruitment of Crb2 to sites of DNA damage[END_REF], which opens the possibility that in U. maydis H3K9me3 and H4K20me3 are located at structurally different chromatin regions.

The fact that U. maydis contains a putative H3K9 methyltransferase but lacks HP1 is especially puzzling. Under this scenario there are two likely possibilities: (i) the KMT1 homolog in U. maydis is not methylating H3K9, which gives rise to the question about the possible targets of this enzyme or (ii) this organism is capable of H3K9 trimethylation, the main hallmark of heterochromatin, but independently of HP1. In the latter situation, it would be interesting to study the genomic distribution of H3K9me3, which proteins recognise this histone mark and which are its possible biological implications including its role in plant pathogenesis. The role of this modification in fungal phytopathogenesis remains poorly understood. In M. oryzae, the deletion of KMT1 resulted in a partial reduction of H3K9 trimethylation, which could indicate that other enzymes can bypass the lack of this protein or just be a technical limitation, for example due to antibody specificity problems. Nevertheless, the KMT1 deletion mutant shows only slight virulence defects [START_REF] Pham | MoSET1 (Histone H3K4 Methyltransferase in Magnaporthe oryzae) Regulates Global Gene Expression during Infection-Related Morphogenesis[END_REF]. Deletion of KMT1 in F. graminearum resulted in the complete loss of K3K9m2/3 but no significant phenotypes were observed [START_REF] Freitag | Histone Methylation by SET Domain Proteins in Fungi[END_REF]. Thus, it would be interesting to study the effect of deleting KMT1 during U. maydis infection which probably possesses a different heterochromatin arrangement.

In addition to the SET domain-possessing KMTs, it is worth mentioning the presence of a homolog to the SET domain independent KMT Dot1 (KMT4) in U.

maydis. The role of Dot1 in plant pathogenesis has only been partly addressed in

Aspergillus flavus where its deletion causes a reduction in the fungal capacity to colonize maize seeds [START_REF] Liang | The Putative Histone Methyltransferase DOT1 Regulates Aflatoxin and Pathogenicity Attributes in Aspergillus flavus[END_REF]. Studying the roles of Dot1 during U. maydis pathogenesis would be of particular interest so little is known about the involvement of this KMT in virulence processes.

Perspectives and future directions

The role of histone PTMs in gene expression regulation during the infection process of plant pathogenic fungi is a growing field, which is still in its first steps of development. In light of works reviewed here it seems clear that histone posttranslational modifications play crucial roles in the virulence of these organisms.

However, we are a long way away from having an overall picture of how these modifications respond to external stimuli and which signalling pathways are involved in their regulation. Detailed mechanistic characterization of individual histone modifying enzymes and their target genes during fungal pathogenicity would provide important inputs in the regulation of gene expression in response to environmental changes. On the other hand, many chromatin modifying enzymes work as part of multi-protein complexes and very little is known about the composition and dynamics of these complexes in fungi other than S. cerevisiae and S. pombe. The characterization of chromatin-modifying complexes in pathogenic fungi will very likely provide useful information about the compositional-flexibility of these complexes and their functional mechanisms. In recent years, it has also become evident that histone post-translational modifications cannot be analysed as isolated events. On the contrary, they form part of a complex regulatory system in which one modification affects another. This crosstalk provides an extremely versatile system for regulating gene expression in response to environmental stimuli, by controlling chromatin state and structure at particular locations of the genome. Thus, the environmental and biological context in which these studies are performed will likely impact how the obtained results should be interpreted.

Therefore, the study of chromatin biology in different model systems may allow us to propose general gene expression regulation mechanisms based on chromatin modifications. A major constraint in handling this type of molecular analysis in many fungi are the technical limitations at genetic and biochemical levels, compared to the classical S. cerevisiae and S. pombe yeast models. However, new techniques have been developed at an exponential rate over the last decade, which should significantly reduce these limitations in coming years. For instance, CRISPR technology has been already successfully implemented in many fungal systems [START_REF] Shi | CRISPR/Cas9based genome editing of the filamentous fungi: the state of the art[END_REF], allowing genetic manipulations that were previously tedious, time consuming or just impossible. Up to now, most applications of CRISPR in fungi have been based on gene Knock-out and Knock-in. The development of CRISPR platforms that allow more sophisticated genome editing approaches would advance our understanding of how epigenetics control fungal infection in the near future. For example, artificial targeting of chromatin modifiers to specific DNA locations through CRISPR technology could be applied in fungi to precisely dissect the role of these modifications in gene regulation and function.

This approach has been recently developed in mammalian cells to specifically alter DNA methylation by targeting Tet1 or Dnmt3a fused to a death-Cas9 to specific loci [START_REF] Liu | Editing DNA Methylation in the Mammalian Genome[END_REF]. Additionally, the ongoing improvement of high-throughput genomic approaches, like RNA-seq and chromatin immunoprecipitation followed by deep sequencing (ChIP-seq), will be of crucial importance to understanding chromatin biology in pathogenic fungi. Both technologies are evolving to become more sensitive and cheaper, which will probably allow obtaining quality data in conditions where the fungal material is limiting, such as at certain steps of the infection process. In the case of ChIP, new methods to avoid DNA-protein crosslinking, improve genome fragmentation or avoid library amplification problems have also been developed, as for example CUT&RUN or ChIPmentation [START_REF] Schmidl | ChIPmentation: fast, robust, low-input ChIP-seq for histones and transcription factors[END_REF][START_REF] Skene | An efficient targeted nuclease strategy for high-resolution mapping of DNA binding sites[END_REF].

We expect that the study of chromatin modifications in fungi other than S. cerevisiae or S. pombe will help expand our understanding of chromatin molecular processes. As seen in this review, each fungus has different particularities regarding chromatin regulation that could be key to our comprehension of how gene expression can be controlled. Additionally, many of these fungi have a known natural environment where different hypothesis can be tested beyond the artificial and controlled laboratory conditions.

U. maydis is an excellent fungal model system where several of the techniques mentioned above have been successfully applied. It is one of the easiest plant pathogenic fungus to manipulate genetically, with a highly efficient homologous recombination system and the CRISPR technology already set up [START_REF] Schuster | Genome editing in Ustilago maydis using the CRISPR-Cas system[END_REF]. Recently, RNA-seq analyses have been performed at different stages of its pathogenic cycle [START_REF] Lanver | The Biotrophic Development of Ustilago maydis Studied by RNA-Seq Analysis[END_REF], providing detailed data about the transcriptional stage of each gene during the infection process. In addition to the adaptation of existing techniques to U. maydis, new tools have been specifically developed for infection studies in this organism. One such approach is the iPool-Sec method, a genetic screening system for virulence factors [START_REF] Uhse | In vivo insertion pool sequencing identifies virulence factors in a complex fungal-host interaction[END_REF], with huge potential for the identification of new regulators of the infection process. Finally, as a biotrophic plant pathogen, U. maydis provides an excellent scenario for studying chromatin processes in its native natural environment inside the plant.

Figure legends

Figure 1: Ustilago maydis Histone acetyltransferases. Molecular phylogenetic analysis inferred using the Maximum Likelihood method based on the JTT matrix-based model [START_REF] Jones | The rapid generation of mutation data matrices from protein sequences[END_REF] with full-length HAT proteins from Saccharomyces cerevisiae (Sc), Schizosaccharomyces pombe (Sp), Fusarium graminearum (FGSG), Magnaporthe oryzae (MGG) and Ustilago maydis (UMAG). Scale bar represents an evolutionary distance of 0.5 amino acid substitutions per site. Evolutionary analyses were conducted in MEGA7 [START_REF] Kumar | MEGA7: Molecular Evolutionary Genetics Analysis Version 7.0 for Bigger Datasets[END_REF]. Scale bar represents an evolutionary distance of 1 amino acid substitutions per site.

Evolutionary analyses were conducted in MEGA7 [START_REF] Kumar | MEGA7: Molecular Evolutionary Genetics Analysis Version 7.0 for Bigger Datasets[END_REF]. Ustilago Molecular phylogenetic analysis inferred using the Maximum Likelihood method based on the JTT matrix-based model [START_REF] Jones | The rapid generation of mutation data matrices from protein sequences[END_REF] with full-length SET domaincontaining histone lysine methyltransferase proteins from Saccharomyces cerevisiae (Sc), Schizosaccharomyces pombe (Sp), Fusarium graminearum (FGSG), Magnaporthe oryzae (MGG) and Ustilago maydis (UMAG). Scale bar represents an evolutionary distance of 0.5 amino acid substitutions per site. Evolutionary analyses were conducted in MEGA7 [START_REF] Kumar | MEGA7: Molecular Evolutionary Genetics Analysis Version 7.0 for Bigger Datasets[END_REF]. The main KMT families with their principal modification are highlighted in colour.

Figure 2 :

 2 Figure 2: Ustilago maydis sirtuins. (A) Molecular phylogenetic analysis inferred using the Maximum Likelihood method based on the JTT matrix-based model (Jones et al., 1992) with full-length class III NAD dependent HDAC proteins from Saccharomyces cerevisiae (Sc), Schizosaccharomyces pombe (Sp), Fusarium graminearum (FGSG), Magnaporthe oryzae (MGG) and Ustilago maydis (UMAG).

  maydis proteins are named by the closer homolog (red names). (B) Class distribution of U. maydis UmHst5 and UmHst6 sirtuins. (C) Phylum distribution of U. maydis UmHst5 and UmHst6 sirtuins excluding Basidiomycota from the analysis.
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 3 Figure 3: Ustilago maydis SET domain-containing Histone methyltransferases.
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