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Abstract

:

In recent years, many publications have established histone lysine methylation as a central epigenetic modification in the regulation of chromatin and transcription. The histone lysine methyltransferases contain a conserved SET domain and are widely distributed in various organisms. However, a comprehensive study on the origin and diversification of the SET-domain-containing genes in fungi has not been conducted. In this study, a total of 3816 SET-domain-containing genes, which were identified and characterized using HmmSearch from 229 whole genomes sequenced fungal species, were used to ascertain their evolution and diversification in fungi. Using the CLANS program, all the SET-domain-containing genes were grouped into three main clusters, and each cluster contains several groups. Domain organization analysis showed that genes belonging to the same group have similar sequence structures. In contrast, different groups process domain organizations or locations differently, suggesting the SET-domain-containing genes belonging to different groups may have obtained distinctive regulatory mechanisms during their evolution. These genes that conduct the histone methylations (such as H3K4me, H3K9me, H3K27me, H4K20me, H3K36me) are mainly grouped into Cluster 1 while the other genes grouped into Clusters 2 and 3 are still functionally undetermined. Our results also showed that numerous gene duplication and loss events have happened during the evolution of those fungal SET-domain-containing proteins. Our results provide novel insights into the roles of SET-domain genes in fungal evolution and pave a fundamental path to further understanding the epigenetic basis of gene regulation in fungi.
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1. Introduction


Histones are subject to numerous post-translational modifications, including acetylation, methylation, phosphorylation, ubiquitylation, sumoylation, and ADP-ribosylation [1]. In recent years, histone modifications, especially histone lysine methylation, have been demonstrated as a significant epigenetic modification in the regulation of gene expression and chromatin organization [2,3,4]. Histone lysine methylation is usually catalyzed by the histone lysine methyltransferases (HMTs) with an evolutionarily conserved motif named SET domain, with the exception of Dot1, which mediates the H3K79 methylation [5,6]. The SET domain stands for “Suppressor of variegation, Enhancer of zeste and Trithorax”, which are the three genes initially derived from Drosophila melanogaster [7,8]. At present, SET-domain-containing genes have been found in various organisms ranging from Prokaryotes to Eukaryotes [9]. The SET domain is mainly comprised of approximately 130-150 amino acid residues, which are capable of catalyzing mono-, di-, or tri-methylation of their lysine substrates, and lysine residues in different histones that can be methylated by the SET domain including K4 (K is the abbreviation for lysine), K9, K27, K36, and K79 in histone H3; K20 in histone H4; K59 in the globular domain of histone H4; and K26 in histone H1B [10]. The methylation of lysine residues in histone protein can serve as an epigenetic marker to regulate gene expressions at the post-translational level. Diverse biological mechanisms such as transcriptional activation and repression, enhancer function, mRNA splicing, and DNA replication have all been associated with SET-domain-containing genes [3,11,12].



In fungi, the modification of histone N-terminal tails is overall conserved. In general, the histone modification landscape usually generates as transcriptionally active or transcriptionally repressive. The cross-talk between various modification machineries formed interconnected positive and negative feedback loops that control gene regulation [13]. It has been frequently asserted that H3K9me is associated with the silent regions of both euchromatin and heterochromatin, and responsible for transcriptional repression [14,15,16], while H3K4me is related exclusively to actively transcribed genes [17]. In addition, H3K36me, which is catalyzed by SET2, is also associated with gene activity [18]. Moreover, trimethylation of histone H3 lysine 27 (H3K27me3) has been recognized as important for differentiation and development in fungi [19,20]. Aside from its relatively well-understood role in transcriptional repression, accumulating evidence suggests that H3K27 methylation has an important role in controlling the balance between maintenance and generation of novelty in fungal genomes [21]. Those histone lysine modifications have been extensively investigated to play vital roles in fungal development and various biological processes. For instance, in Neurospora crassa, a histone H3K9 methyltransferase Dim-5 was reported to be required for normal growth and full fertility of N. crassa [22]. NcSet2, the sole lysine histone methyltransferase responsible for the methylation of H3K36, is essential for normal growth and development in N. crassa [23]. ScSet4 has been characterized as a regulated chromatin factor required for controlling gene expression in response to stress in Saccharomyces cerevisiae [24]. MoSet1, a histone H3K4 methyltransferase in the phytopathogenic fungus Magnaporthe oryzae, has been confirmed to regulate global gene expression during infection-related morphogenesis [25]. FvSet1 was also found to play an important role in vegetative growth, virulence, and environmental stress responses in the plant pathogen Fusarium verticillioides [26]. All these studies provided strong evidence that SET-domain-containing methyltransferases play crucial roles in regulating a variety of biological processes in fungi, including growth, differentiation, development, metabolic processes, and environmental adaptation [27,28].



Although the importance of SET-domain containing methyltransferases in fungi has been confirmed, the SET-domain genes have only been identified in a limited number of representative fungal species, primarily in model filamentous fungi such as N. crassa and M. oryzae and in model yeasts S. cereviseae and Schizosaccharomyces pombe [4,29]. Similarly, studies related to the evolution of SET-domain genes in fungi have been limited to a few fungal species [30]. Thus, the pattern of conservation and diversification of SET genes among fungal species remains largely unknown. Therefore, in this study, we conducted a large-scale phylogenomic survey of SET-domain genes from 229 fungal species, which cover all the phyla within the fungal kingdom. We aimed to identify the evolutionary dynamics and functional divergences of SET-domain genes among diverse fungal species. Our results provide a comprehensive understanding of the evolution of SET-domain genes in fungi.




2. Materials and Methods


2.1. Identification and Homologous Searches of SET-Domain Containing Genes in Fungi


To find all the putative SET-domain containing sequences from fungi, the HMM profile SET domain (PF00856; http://pfam.xfam.org/family/PF00856, accessed on 1 August 2022) was downloaded and used as a query with E values <10−5 in the program and HMMSEARCH from the HMMER package (http://hmmer.wustl.edu/, accessed on 4 August 2022) to search the homologous proteins in 229 fungal genome sequences. All 229 fungal genomes were available from the Mycocosm of Joint Genome Institute (https://mycocosm.jgi.doe.gov/mycocosm/home, accessed on 27 July 2022), Fungal Genome Research (http://fungalgenomes.org/, accessed on 27 July 2022), and the NCBI database. This is the first analysis of SET-domain-containing genes covering such a range of fungal species with different lifestyles.




2.2. Distribution, Structure Identification of SET-Domain Containing Genes in Fungi


A Java-based software program, CLANS, was used to elucidate the relationships between and within subfamilies of the Hmmsearch results [31]. After the identifications of groups, the conserved functional domain structures of some representative sequences of each group were predicted using the InterProScan 5.0 (http://www.ebi.ac.uk/interpro/, accessed on 1 August 2022, Hinxton, UK) and MEME suite (https://meme-suite.org/meme/, accessed on 1 August 2022, Seattle, WA, USA) with default parameter settings. We combined both the two analysis results to figure out the domain structures of the SET-domain containing proteins in each cluster.




2.3. Phylogenetic Analysis of SET-Domain Containing Genes in Fungi


Before phylogenetic analysis, MUSCLE v3.7 was used to generate protein alignment with default settings [32]. Then, the aligned sequences for each group were analyzed using two different tree construction methods: Neighbor-joining (NJ) analysis and Maximum likelihood (ML) analysis. For NJ analysis [33], the data were analyzed using MEGA X (Hachioji, Japan) [34] using bootstrap analysis (BS) with 1000 replicates. For ML analysis, the best-fit models of protein evolution for each subfamily were first estimated using the program ProtTest [35], then the recommended models and parameters were used for ML analysis with FastTree [36].




2.4. Analysis of Family Size over Evolutionary Time


In order to identify the expansions and contractions over evolutionary time about the five groups (Group 2, 4, 5, 6, and 12), which conduct the histone methylations of H3K27me, H3K4me, H3K9me, H3K36me, H4K20me, respectively, we chosen 20 representative fungal species to compare their family size for each group using the program Computational Analysis of gene Family Evolution v5 that use phylogenomics and family sizes to estimate the timing of gene family evolution (CAFE5; https://github.com/hahnlab/, accessed on 1 August 2022, CAFE5, Gothenburg, Sweden) [37,38]. Ultrametric phylogenies were generated using Orthofinder v2.3.11 (Oxford, UK) [39] and TimeTree was generated by the r8s [40].




2.5. Collinearity Analysis of SET-Domain Genes in Specific Fungal Species


To understand the collinearity relationships of the SET-domain gene family, five extensively studied Ascomycota fungal species, including three Eurotiomycetes fungi Aspergillus fumigatus, Aspergillus niger, and Penicillium chrysogenum, and one Sordariomycetes fungus N. crassa and one yeast species from Taphrinomycotina (S. pombe), with their genomes chromosomal-level assembled, were investigated using the TBtools (Guangdong, China) with MCScanX (Athens, GA, USA) [41,42]. In addition, using TBtools [41], we also visualized the chromosomal distribution of the SET-domain genes in the A. fumigatus genome.





3. Results and Discussions


3.1. Distribution of SET-Domain-Containing Genes in Fungi


We analyzed the SET-domain-containing genes in the fungi according to the flow chart shown in Figure 1. Firstly, we downloaded the HMM profile of the SET-domain from http://pfam.xfam.org/family/PF00856 and used this profile as a query model in the program HMMSEARCH. A total of 4172 SET-domain proteins were identified from 229 fungal species with different lifestyles with E values <10−5. To elucidate the relationships among these SET-domain sequences, a clustering analysis that relied on the sequence similarities of proteins was conducted using the CLANS program [31]. CLANS is a Java-based software program that visualizes pairwise sequence similarities in either two-dimensional or three-dimensional space [31]. In cases where a sequence showed low sequence similarities with other sequences, it would be set as a separate point in the CLANS program. Thus, those sequences that showed low sequence similarities with other sequences would be formed as the separated points in the CLANS program [31]. As seen in Figure S1, several sequences cannot group together with any other genes. For example, the Jumonji C (JmjC) genes identified from a few Pezizomycetes species, which have been identified to play roles in the modulation of histone methylation marks [43], showed low sequence similarities with each other and have been set as separated points in the CLANS program. Thus, those sequences, including JmjC-SET genes, are not considered in the following analysis because they cannot be well-grouped into any families. Finally, a total of 3816 SET-domain genes were used to conduct subsequent cluster analysis in this study, after removing the separated points in the CLANS program (Figure 2).



The taxonomic information and the identified number of SET-domain-containing genes from each species and group are presented in Table S1. Specifically, those 3816 SET-domain genes from 229 fungal species can mainly be classified into three distinct clusters based on amino acid sequence similarities (Cluster 1, 2, and 3, respectively), and 12, 6, and 9 groups can be observed in each of the three clusters (Figure 2). Remarkable variations in the number of SET-domain-containing genes were observed among different fungal species (Table S1). A considerable variation in numbers was found within the Ascomycota, Basidiomycota, Chytridiomycota, Mucoromycota, Zoopagomycota, and Microsporidia fungi, ranging from 0 to 43 (Table S1). The Basidiomycota fungus Coprinopsis cinerea contains 43 SET-domain sequences, whereas no specific SET-domain gene was identified from several Microsporidia fungi. The explanation for why those ancestral Microsporidia fungi did not contain any SET-domain genes may be associated with their genome size. As we can see in Table S1, all the genome sizes of Microsporidia fungal species were less than 10Mb, suggesting that these species have only retained those essential functional genes to maintain their lives. In addition, scientists have found that the yeast Cryptococcus neoformans has lost the methylase gene between 50–150 mya, but the methylation in C. neoformans has persisted because an epigenome has been propagated for >50 million years through a process analogous to the Darwinian evolution of the genome [44,45]. Thus, although it is still hard to explain how the lysine methyltransferase activity could work in the fungi without the SET-domain gene, we supposed that there may be some uncovered mechanisms for those fungi to activate their lysine methyltransferase. Among the Pezizomycotina fungi of Ascomycota, the majority contain more than 10 SET-domain-encoding genes, and the Leotiomycetes fungus Acephala macrosclerotiorum contains 41 SET-domain genes, which is the largest number identified in Ascomycota fungi. For the yeast-like fungi of Ascomycota fungi, the gene number of most of the Saccharomycotina fungi is less than 10. In contrast, the total number of the SET-domain genes in each Taphrinomycotina fungi is larger than 10, suggesting that there may have been a constraint on the number of SET-domain genes after the split of Saccharomycotina and Taphrinomycotina fungi. These variations imply that gene duplication and loss may have played significant roles during the evolution of the fungal SET-domain-containing genes.




3.2. Conserved Motifs and Residues in SET Domain Proteins of Fungi


A protein sequence alignment of the SET domains from several representative histone lysine methyltransferases (HKMT) grouped according to their histone-lysine specificity showed that they contain conserved short conserved binding and catalytic motifs. According to the solved structures of the SET domain, we found that the SET-domain sequences contained the two most-conserved sequence motifs (RFINHXCXPN and ELXFDY, see Figure 3) binding to S-adenosylmethionine (AdoMet) and the target lysine of the SET domain. Moreover, the residues of the catalytic site; an intra-molecular interacting salt bridge; and a F/Y switch controlling whether the product is a mono-, di-, or tri-methylated histone were also identified. Previous studies supposed that the two conserved motifs binding to AdoMet were brought together by the “pesudoknot” fold to form an active site in a location immediately next to the pocket where the methyl donor binds to the peptide-binding cleft. Most notably, the substrate-binding clefts are connected through a deep channel that runs through the core of the SET domain and permits the transfer of the methyl group from AdoMet to the -amino group of the lysine substrate.




3.3. Collinearity Analysis of SET-Domain Genes in Specific Fungal Species


Subsequently, using a Toolkit for Biologists integrating various biological data-handling tools (TBtools) with the Multiple Collinearity Scan toolkit (MCScanX) method [41,42], we explored the collinearity relationships of the SET-domain genes among five chromosomal-level assembled Ascomycota species, including A. fumigatus, Aspergillus niger, P. chrysogenum, N. crassa, and S. pombe (Figure 4). Collinearity is a more specific form of synteny, which requires conserved gene order [42]. In our analysis, a total of 5895 gene pairs showed collinearity relationships between A. fumigatus and A. niger. In addition, 5642 gene pairs showed collinearity relationships between A. fumigatus and P. chrysogenum. Moreover, 13 SET-domain genes from A. fumigatus have collinearity relationships with A. niger, and P. chrysogenum (Figure 4). The great collinearity relationships among A. fumigatus, A. niger, and P. chrysogenum are consistent with their closed phylogenetic relationships. However, although 455 gene pairs showed collinearity relationships between A. fumigatus and N. crass, only one SET-domain gene pair was identified from these two species (Figure 4). Moreover, no SET-domain gene pairs were identified between A. fumigatus and S. pombe, which can be explained by their far phylogenetic relationships. Using A. fumigatus genome annotation information and TBtools [41], we also visualized the chromosomal distribution of the SET-domain-containing genes. Results from Figure S2 indicate that the 13 SET-domain genes derived from A. fumigatus are unevenly distributed on the eight chromosomes, and the number of genes on each chromosome is irrelevant to chromosome size. Moreover, no segmental duplication events occurred among all the identified SET-domain genes in A. fumigatus (Figure S2).




3.4. Characterization of Each Identified SET-Domain-Containing Gene in Fungi


To study the evolution of the SET-domain genes in fungi, we conducted a phylogenetic analysis based on the SET-domain genes identified from 20 representative fungal species according to their taxonomy classification. Phylogenetic trees were constructed based on the three distinct clusters of these SET-domain genes (Figure 5, Figure 6, and Figure 7). To show the relationships with SET-domain genes identified in previous studies and attempt to make the names of the SET genes less confusing, we used a nomenclature system according to previous research on the SET domain proteins in fungi. In addition to the families reported before, we also found some novel groups identified here.



3.4.1. Cluster 1


Cluster 1 was comprised of 12 distinct groups. The genes in this cluster are known to catalyze di- and tri-methylation of H3K27, H3K4, H3K9, H3K36, and H4K20 (Group 2, 4, 5, 6, and 12, respectively) (Figure 5). Phylogenetic analysis of Cluster 1 genes identified from 20 representative fungal species showed that these 12 groups clustered into distinct clades with each other (Figure 5). Also, the functional domain structures of each group showed that the genes within the same group shared similar motif features while different group genes had different motif elements.



The SET3/4 Family (Group 1)


This group of proteins was commonly present in most of the fungal lineages except for Chytridiomycota (Figure 8). Structure analysis showed that proteins belonging to this group contain the conserved SET domain and a conserved PHD (plant homeodomain) finger domain at their N-terminal (Figure 5). Previously identified ScSet3 (Sc-NP_012430), ScSet4 (Sc-NP_012954) from S. cerevisiae, NcSet4 (Nc-XP_957466) from N. crassa, and SpSet3 (Sp-NP_594837) from S. pombe were clustered in this group (Table 1 and Figure 5). A previous study suggested that the ScSet3 and NcSet4 were components of a conserved histone deacetylase complex (HDAC), which can bind histone H3 dimethylation at lysine 4 (H3K4me2) to mediate deacetylation of histones in 5′ transcribed regions via their PHD finger [46]. In yeast, ScSet3 is involved in the meiosis-specific repression of sporulation genes [47] and is required for cellular protection against oxidative stress [24]. C. albicans Set3C is required for efficient biofilm production and drug resistance [48].




The Enhancer of Zeste (EZ) Family (Group 2)


This group’s proteins were also named the Enhancer of Zeste (Ez) family because they are components of the Polycomb PRC2 complexes, which play as a transcriptional suppressor for genes. The structures of the E(z)-type group genes include a CXC domain and a SET domain, whereas the Nc-XP_965043 from N. crassa further processes another EZH2 domain (Figure 5 and Table 1). Earlier studies reported the absence of this group’s genes in the Saccharomycotina and the S. pombe genomes. However, in our analysis, we found this group’s genes from most of the Pezizomycotina fungi and identified several genes from Basidiomycota and the Chytridiomycetes and Microsporidia fungi. In contrast, no E(z)-type gene was found in Mucoromycota, Zoopagomycota, and the yeast-like fungi employed in our study (Table S1 and Figure 5). CAFE results from 20 fungal species showed that this group’s genes may have been lost before the split of Saccharomycotina and Taphrinomycotina fungi. Moreover, this group’s genes may have been lost by the ancestor of Basidiomycota but the Agaricomycetes fungi gained another gene copy during their evolution (Figure 9). Also, gene duplication has occurred in the fungus Armillaria gallica. Furthermore, we also found that several Eurotiomycetes fungi have lost the E(z)-type gene during their evolution (Figure 9). At present, the E(z) methylases have been reported to specifically mediate the H3K27me3 within Polycomb PRC2 complexes [9,49]. Thus, the Group 2 genes are predicted to account for the deposition of H3K27me3.




The ASH1-Like Family (Group 3)


The genes in Group 3 were defined as an ASH1-like family because their two recognizable structural motifs (cysteine-rich peptide AWS, and SET domain) show similar motif structures to the ASH1 genes of Drosophila melanogaster but lack AThooks and other motifs found in the Drosophila ASH1 protein (Figure 5). In our study, this group’s proteins were not identified from the yeast-like fungi, the Agaricomycetes, Kickxellomycotina, and Microsporidia fungi (Table S1 and Figure 5). Interestingly, although this group’s genes identified from other fungal species showed a similar domain structure to those genes from the Pezizomycotina fungi, their sequence lengths were significantly different. However, although the epigenetic activator ASH1 of Drosophila has been characterized as a multi-catalytic histone methyltransferase (HMTase) methylating H3K4, H3K9, H4K20, and H3K36 [50,51], the substrates and functions of the ASH1-related proteins in fungi remain unknown.




The SET1 Family (Group 4)


This group of genes commonly exists in all the fungal lineages examined in this study (Table S1 and Figure 5), suggesting their importance in fungi. Besides the conserved N-SET and SET domains at the C-terminus, this group’s proteins also contain a SET-associated (SET-assoc) domain and an RNA recognition motif (RRM) domain at their upstream regions (Figure 5). The RRM domain has been considered to affect the level of K4 methylation [27,52]. CAFE results showed that this group of genes conserved existed in the Ascomycota and Basidiomycota fungi with only one gene copy (Figure 9). However, in the Chytridiomycota fungus Neoallimastix lanate, the Zoopagomycotina fungus Syncephalis fuscata, and the Mucoromycota fungus Rhizopus delemar, this group genes may have suffered expansion (Figure 9). It has been confirmed that the ScSet1 (Sc-NP_011987) is responsible for the overall chromatin mono-, di-, and tri-methylation of histone H3-lysine 4 (H3K4) in S. cerevisiae. Thus, we predicted that this group’s genes might conduct the function of H3K4me in fungi.




The SU(Var)3-9 Family (Group 5)


NcDim-5 (Nc-EAA28243) of Neurospora crassa and SpClr4 (Sp-NP_595186) of fission yeast S. pombe, which have been characterized as Su(var)3-9 family genes, are clustered in this group (Table S1 and Table 1). Thus, group 5 is also named the Su(var)3-9 family. Previous studies showed that Su(var)3-9 family proteins have HKMT activity to conduct the methylation of H3K9 depending on their functional regions in pre-SET [14,53]. The pre-SET domain, which is involved in the structural stability of the SET domain, contains nine invariant cysteine residues, coordinating three zinc ions [54]. Thus, the genes within this group may all have the potential functions to perform the methylation of H3K9. This group’s genes contain a pre-SET motif located upstream of the SET domain (Figure 5). Moreover, several genes such as SpClr4 (Sp-NP_595186) from S. pombe and Ao-AOL_s00076g661 in this group also contain an additional chromodomain at their N-terminus. The Su(var)3-9 family genes in this group were found in the early diverging fungal lineages (Table S1). However, in the yeast-like fungi, it is interesting that this group’s genes were totally lost in the Saccbaromycotina fungi but still presented in the Taphrinomycotina fungi (Table S1). In Ascomycota, almost all filamentous fungi contain one copy of this group’s genes. CAFE results showed that these group genes have been lost in the Saccbaromycotina fungi, while gene duplication events have occurred in the Chytridiomycota fungus Neoallimastix lanate, the Zoopagomycotina fungus Linderina pennispora, and the Agaricomycetes fungus Suillus tomentosus and Armillaria gallica (Figure 9).




The SET2 Family (Group 6)


The representative genes of the Group 6 include the methyltransferase ScSET2 (Sc-NP_012367) from S. cerevisiae, SpSET2 (Sp-NP_594980) from S. pombe, NcSET2 (Nc- XP_957740) from N. crassa (Table 1). Thus, this group is also named as SET2 family. This group’s genes are commonly found in all fungal lineages, with only one gene identified from one of the Microsporidia fungus Mitosporidium daphniae while most of the other fungal species employed in this study contain only one gene copy (Table S1, Figure 5, and Figure 8). It is interesting that our CAFE result showed that the gene expansion only occurred in the Mucoromycota lineage while the other fungal lineages conserved keep this group’s genes, suggesting the importance of this group’s genes (Figure 9). The structure motifs of this group’s proteins show similarity to those of the ASH1-like family (Group 3) proteins, which both process the AWS (Associated With SET), and SET domains. However, the two domains in the ASH1-like family were located at the C-terminal, while those domains in the SET2 family were located at the N-terminal (Figure 5). In addition, this group’s proteins also carry an SRI motif (Figure 5), which has been identified to mediate RNA polymerase II interaction [55,56]. In addition, several genes in this group contain another WW-peptide motif and Med26 motif (Figure 5). It is known that the SET2 methyltransferases in the yeasts S. cerevisiae and S. pombe are responsible for mono-, di-, and tri-methylation of H3K36 [55,57]. The orthologue SET2, which methylates H3K36 in N. crassa, is required for normal growth and expression of genes in both the asexual and sexual differentiation pathways [23]




The Group 7-11 Family


Group 7 consists of 31 genes from several fungi belonging to Pezizomycotina fungi except for the three Orbiliomycetes fungal species, suggesting this group’s genes are Pezizomycotina-specific (Table S1). SET domain, which is located at the N-terminal is the only recognizable conserved structural motif among this group’s genes. It is interesting that the gene derived from the fungus Paraphoma chrysanthemicola contains a DEAD and a helicase_C domain at its C-terminal (Figure 5). Group 8 consists of 35 genes from several fungi belonging to Chytridiomycetes, Mucoromycota, and Zoopagomycota fungi (Table S1).



Group 9 genes were identified from most of the fungal lineages except for the yeast-like and the Microsporidia fungi. For Group 10, we obtained 85 genes from several fungal species. We only identified Group 11 genes from the Chytridiomycota and Zoopagomycotina fungi. For these four group genes, the SET domain is the only recognizable conserved structural motif among them. Up to now, the functions of these two groups’ genes have not been identified (Figure 5).




The SU(Var)4-20 Family (Group 12)


Group 12 genes were represented in most of the fungal lineages except for the Zoopagomycotina fungi. Intriguingly, we did not find the group 12 genes in most of the Saccharomycotina fungi except for Yarrowia lipolytica, which contains one gene in this group (Table S1, Figure 5 and Figure 8). Thus, our CAFE results showed that this group gene was constrained in the Saccharomycotina fungi and Zoopagomycotina fungi, but this group’s genes have expanded in the Paraphoma chrysanthemicola because two genes were identified in this fungus (Figure 9). Moreover, in the Mucoromycota fungus R. delemar third group, 12 genes were identified (Figure 9). Thus, gene expansion has occurred in this fungus. It is interesting that the putative SET9 homologs (SpSet9, Sp-NP_588078) identified from the fission yeast S. pombe are present in this group (Table 1). This group’s genes only carry only one SET domain located at the N-terminal (Figure 5). It’s known that SpSet9 carries out mono-, di-, and trimethylation of H4K20 and is involved in the maintenance of heterochromatin in metazoans [56,58].





3.4.2. Cluster 2


The genes grouped into Cluster 2 can be divided into six groups (Group 9–13) (Figure 6). Groups 13 and 14 commonly existed in most of the fungal lineages except for Zoopagoycotina and Microsporidia in Group 13 and the Chytridiomycota, Zoopagomycota fungi, and Microsporidia in Group 14 (Figure 8 and Table S1). For Group 13, the SET domain is the only domain identified while in Group 14, another RubiscoMS domain has been identified downstream of the SET domain. Within Group 13, SpSet11(Sp-NP_588349) and Sc-NP_010484 were identified (Table 1). SpSet13 (Sp-NP_594072) and the other two genes (Nc-XP_958526 and Sc-NP_010543) were clustered into Group 14 (Table 1). For Group 15, 22 genes were identified from several Pezizomycotina and Taphrinomycotina fungi. In this group, N. crassa (Nc-XP_960703) and SpSet8 (Sp-NP_593610) were included in this group (Table S1 and Table 1). As an Ascomycota-specific group, this group’s genes may have emerged after the separation of Ascomycota and Basidiomycota fungi (Figure 8 and Table S1). Group 16 also mainly consisted of the genes from several Pezizomycotina fungi but also include several genes from Chytridiomycota and Mucoromycota fungi (Figure 8 and Table S1). Intriguingly, the genes from Pezizomycotina fungi contain a partial SET domain, a RubiscoMS, and a MYND-finger (myeloid, nervy, and DEAF-1 factor), whereas the genes in this group from the Chytridiomycota and Mucoromycota fungi only contain a SET domain (Figure 6), suggesting that the Pezizomycotina fungi have obtained another function during their evolution. MYND motif is a Zn-binding domain involved in H3K36- and H3K4-specific methylation [59,60]. However, although NcSet9 (Nc-XP_963594) from N. crassa is also included in this group, nothing is known about its activity or function yet (Table 1). For the genes in Group 17, two genes (Sc-NP-011824 and Sc-NP-015116) from S. cerevisiae and the gene SpSet10 (Sp-NP-595446) in S. pombe were identified (Table 1). It is interesting that no Group 18 genes were identified from the Pezizomycotina fungi, suggesting that this group’s genes have been lost by the Pezizomycotina fungi.




3.4.3. Cluster 3


In our study, Cluster 3 was divided into nine groups (Group 19–27) (Figure 7). SpSet11(Sp-NP_588361) from S. pome is clustered into group 19 (Table 1). Group 22 genes are only identified from the Eurotiomycetes fungi, suggesting this group’s genes were Eurotiomycetes-specific. Moreover, none of the Group 24 genes were identified from the Pezizomycotina fungi, while no Group 25 genes were identified from the Ascomycota fungi (Figure 8 and Table S1), indicating that these genes have been lost by the Pezizomycotina and Ascomycota fungi, respectively. Domain structure analysis showed that those genes from Group 25 contain a domain named MAS20 upstream of the SET domain (Figure 7). The genes belonging to Group 21 also carry the MYND domain (Figure 7), suggesting their potential H3K36- and/or H3K4- methylation abilities, though their specific functions are still unknown. The ScSet5 (Sc-P38890) from S. cerevisiae clustered into Group 21 and it has been identified as an H4K5, K8, and K12 methyltransferase that functions with Set1 to promote repression at telomeres [61]. However, the exact functions of genes belonging to other groups remain unstudied. The gene ScSET6 (Sc-Np_015160) from S. cerevisiae belonged to Group 26. Group 21 is the biggest SET-domain-containing gene group in fungi. It contains 541 genes, and the gene numbers range from 0-16 within individual species (Table S1). Although so many genes are grouped into this Group, their functions are still unknown yet.





3.5. Different Families/Groups Have Distinct Evolutionary Histories


At present, the functions of most SET genes identified here have not been characterized, but undoubtedly not all the SET domain proteins are histone methyltransferases. At present, only five clades genes have known histone targets, suggesting that H3K4, H3K9, H3K27, and H3K36 methylation is likely an ancient ability. However, the gene that mediates H3K27 (Group 2) was found in Pezizomycotina fungi but was totally lost in the yeast-like fungi (Table S1 and Figure 8). It is interesting that the genes that mediate H3K9 (Group 5) were also not observed in the Saccharomycotina fungi, and not all the Basidiomycota fungi contain the genes (Table S1 and Figure 8). To study the evolutionary history of the SET-domain genes in fungi, we built phylogenetic trees at the species and gene levels. Using phylogenomic and family sizes to estimate the gene family evolution, the numbers present on each node correspond to the expansion and contraction numbers of orthologous genes predicted by CAFE. As seen in Figure S3, the CAFE analysis showed that there were various expansions and contractions among the fungal lineages (Figure S3). With the further characterization of the five SET domain groups that conduct the function of histone modification in fungi, we found that different gene duplication and loss events have occurred in the five gene groups along with the main evolutionary lineages of fungi, leading to the diversification of their functions in different fungi (Figure 4 and Figure 8). However, for each group’s proteins, too many expansions and contractions have not occurred, which means the fungal species retained a similar gene number of each SET-domain gene, suggesting their conservation and functional importance for fungi.



Our analysis showed that some SET-domain-containing gene groups are lineage-specific groups because this group’s genes are only present in several specific lineages (Figure 4 and Figure 8). For instance, the genes in Group 5 were all lost in Saccharomycotina fungi and the genes belonging to Chytridiomycota were not identified in Group 1 (Figure 8 and Table S1). Interestingly, some SET-domain genes were lost in a specific lineage while emerging in a few species of other lineages. For instance, the genes from Groups 7, 15, and 22 are only present in Pezizomycotina fungi, implying that these SET-domain genes have emerged during the evolution of Pezizomycotina lineages (Table S1 and Figure 8). The genes belonging to Groups 8 and 11 were only present in the Zoopagomycota, Chytridiomycota, and other early diverged fungal lineages but disappeared in the Ascomycota and Basidiomycota fungi (Table S1 and Figure 8), suggesting that they were lost by Ascomycota and Basidiomycota fungi. The functions of those genes only presented in specific groups are still unknown. However, they may be expected to modify histones or have very different biological functions during the evolution of fungal species. Thus, studying their functions will be an exciting task. However, although some SET-domain genes within Cluster 2 and Cluster 3 have identified functions, such as function as methylases of ribosomal proteins or elongation factor eEF1, the functions of most are unknown. This is especially the case with some genes that emerged recently and are only present in some lineages, or some genes that are only retained in a few ancestral fungal species.



In general, genes clustered into one clade might have similar functions, whereas novel functions might have formed among the genes clustered into separate clades. The genes within the same group showed highly conserved structured organizations, suggesting they have similar activities (Figure 5, Figure 6 and Figure 7). Thus, although their potential activities have not yet been functionally identified through molecular experiments, we can propose their chemical activities according to the reported activity of homologous genes in the same group. For example, NcDim-5 and SpClr4, which both conduct the methylation of H3K9 were clustered in Group 5 (Figure 5). Thus, we could speculate that the genes that are within this Group but distributed in other fungal species may all mediate the methylation of H3K9. However, more molecular experiments are still required to confirm their specific functions in the future. Interestingly, although the genes within a group have similar sequence and structure organizations, their functions may differ. For example, ScSet3C in S. cerevisiae functions as a repressor of meiosis-specific genes [47], mediated by the recruitment of Set3C and ScSet2 by long noncoding RNAs [62,63], the homologs of ScSet3 from S. cerevisiae was catalytically inactive due to the conserved NHS tripeptide has been changed to RRS [30], and the Set3C protein from C. albicans has been confirmed to play a role in biofilm production and drug resistance [48].



Genes within the same species but belonging to different groups may have obtained different functions. For example, in the model filamentous fungus N. crassa, 16 SET-domain genes were identified in our study, and several of them are known to have different functions (Table 1). Previous studies have confirmed that NcDim-5 is responsible for all H3K9me2/3 [46,64], and Ash1-like NcSET-3 may methylate H3K36 [4]. However, the other SET-domain genes in N. crassa were neither functionally identified nor activity confirmed.



Furthermore, the genes belonging to different SET groups may have similar functions. For example, the histone methyltransferases Set5 and Set1 share overlapping functions of gene silencing and telomere maintenance in the different fungal SET Groups. In conclusion, although not all the functions of the SET-domain-containing genes have been functionally characterized, those genes may play different roles in increasing adaptability or helping fungi survive in various ecological habitats.
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Table 1. Distribution of the SET Domain Proteins in N. crassa, S. cerevisiae and S. pombe.
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Cluster

	
Groups

	
Previous Names

	
Presence of Methylation

	
Neurospora crassa

	
Saccharomyces cerevisiae

	
Schizosaccharomyces pombe






	
Cluster 1

	
Group 1

	
SET3C family

	

	
XP_957466 (SET4)

	
NP_012430(SET4)/NP_012954 (SET3)

	
NP_594837 (SET3)




	
Group 2

	
Ez family

	
H3K27me

	
XP_965043 (SET7)

	

	




	
Group 3

	
Ash1 family

	

	
XP_964116 (SET3)

	

	




	
Group 4

	
SET1 family

	
H3K4me

	
XP_961572 (SET1)

	
NP_011987 (SET1)

	
NP_587812 (SET1)




	
Group 5

	
SUV39 family

	
H3K9me

	
EAA28243 (DIM-5)

	

	
NP_595186 (Clr4)




	
Group 6

	
SET2 family

	
H3K36me

	
XP_957740 (SET2)

	
NP_012367 (SET2)

	
NP_594980 (SET2)




	
Group 7

	

	

	

	

	




	
Group 8

	

	

	

	

	




	
Group 9

	

	

	

	

	




	
Group 10

	

	

	

	

	




	
Group 11

	

	

	

	

	




	
Group 12

	
Suv4-20 family

	
H4K20me

	
EAA33797 (SET10)

	

	
NP_588078 (SET9)




	
Cluster 2

	
Group 13

	

	

	

	
NP_010484

	
NP_588349 (SET11)




	
Group 14

	

	

	
XP_958526

	
NP_010543

	
NP_594072 (SET13)




	
Group 15

	

	

	
XP_960703

	

	
NP_593610 (SET8)




	
Group 16

	

	

	
XP_963594 (SET9)

	

	




	
Group 17

	

	

	

	
NP_011824/NP_015116

	
NP_595446 (SET10)




	
Group 18

	

	

	

	
NP_009586

	




	
Cluster 3

	
Group 19

	

	

	

	

	
NP_588361 (SET7)




	
Group 20

	

	

	
EAA35550/NCU00870

	

	




	
Group 21

	

	

	
XP_957968(SET11)/XP_963161/NCU_00296

	

	
NP_588413 (SET5)




	
Group 22

	

	

	

	

	




	
Group 23

	

	

	

	

	




	
Group 24

	

	

	

	

	




	
Group 25

	

	

	

	

	




	
Group 26

	

	

	

	
NP_015160(SET6)

	




	
Group 27

	

	

	
NCU_002962

	
P38890(SET5)

	
NP_596514 (SET6)











4. Conclusions


So far, only a tiny number of SET-domain genes in fungi have been characterized, and almost all studies have focused on the nonpathogenic model species. Thus, it would be challenging yet fascinating to study the functions and molecular mechanisms of SET-domain genes in those non-model species, especially the important plant and animal pathogens. Our analysis indicated the SET-domain containing genes in fungi had undergone a considerable number of duplications, diversification, and loss events, resulting in broad functional diversities among various fungal species. The evolutionary dynamics help them obtain novel functions, leading them to help fungi adapt to various environments. We expect our study can provide a guideline for the functional research on SET-domain genes of fungi in future studies.
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Figure 1. Pipeline schematic of the SET domain proteins in fungi. Predicted protein sets for a given species are fed into the pipeline. In the first step, the protein sets are searched with the SET-domain (PF00856) HMM profile. Next, candidate SET-domain genes are filtered and sorted into families by CLANS program. Then those identified 3816 SET-domain genes were subsequently analyzed with structure analyses, phylogenetic analysis, gene family size analysis, and collinearity analysis. 
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Figure 2. CLANS clustering of 3816 SET domain sequences obtained from 229 whole-genome sequenced fungal species. Three Clusters and 27 groups among the 3816 SET domain sequences were identified. Those 27 groups within these three Clusters were marked with different colors and shapes. 
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Figure 3. Alignment of several representative SET-domain-containing histone lysine methyltransferases (HKMT) grouped according to their histone-lysine specificity from N. crassa (Nc), S. cerevisiae (Sc), and S. pombe (Sp). Those HKMTs all belong to Cluster 1 in Figure 2 with NcDIM-5 and SpCLR-4 belonging to Group 5, NcSET1, ScSET1, and SpSET1 belonging to Group 4, NcSET2, ScSET2, and SpSET2 belonging to Group 6, and NcSET10 and SpSET1 belonging to Group 12. The residues of the AdoMet, target lysine, catalytic site, the structural pseudoknot, an intra-molecular interacting salt bridge, and a F/Y switch controlling whether the product is a mono-, di- or tri-methylated histone are indicated. 
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Figure 4. Collinearity analysis of the SET-domain genes from five species. A total of 13 SET-domain genes derived from A. fumigatus (AFUA_1G03000, AFUA_1G11090, AFUA_2G08510, AFUA_2G08775, AFUA_2G10080, AFUA_3G06400, AFUA_3G06480, AFUA_4G09180, AFUA_5G06000, AFUA_5G12710, AFUA_6G04520, AFUA_6G06335, and AFUA_7G04410) to show the collinearity relationships with the orthologous from other four species. These 13 SET-domain genes were distributed into all the three clusters from Figure 2. The gray lines indicate gene blocks in A. fumigatus that are orthologous to the other genomes. The blue lines delineate the syntenic SET-domain gene pairs. 
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Figure 5. Phylogenetic analysis and domain organization of the Cluster 1 SET domain sequences from 20 representative 20 fungal species. The protein domains were labeled with different colors based on the domain type. Domain organization of SET-domain-containing proteins was detected by the InterProScan 5.0 (http://www.ebi.ac.uk/interpro/) and MEME suite (https://meme-suite.org/meme/) with default parameter settings. Phylogenetic analyses were performed using NJ with MEGA X and ML analysis with FastTree. 
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Figure 6. Phylogenetic analysis and domain organization of the Cluster 2 SET domain sequences from 20 representative 20 fungal species. The protein domains were labeled with different colors based on the domain type. Domain organization of SET-domain-containing proteins was detected by InterProScan 5.0 (http://www.ebi.ac.uk/interpro/) and MEME suite (https://meme-suite.org/meme/) with default parameter settings. Phylogenetic analyses were performed using NJ with MEGA X and ML analysis with FastTree. 






Figure 6. Phylogenetic analysis and domain organization of the Cluster 2 SET domain sequences from 20 representative 20 fungal species. The protein domains were labeled with different colors based on the domain type. Domain organization of SET-domain-containing proteins was detected by InterProScan 5.0 (http://www.ebi.ac.uk/interpro/) and MEME suite (https://meme-suite.org/meme/) with default parameter settings. Phylogenetic analyses were performed using NJ with MEGA X and ML analysis with FastTree.



[image: Jof 08 01159 g006]







[image: Jof 08 01159 g007 550] 





Figure 7. Phylogenetic analysis and domain organization of the Cluster 3 SET domain sequences from 20 representative 20 fungal species. The protein domains were labeled with different colors based on the domain type. Domain organization of SET domain containing proteins were detected by the InterProScan 5.0 (http://www.ebi.ac.uk/interpro/) and MEME suite (https://meme-suite.org/meme/) with default parameter settings. Phylogenetic analyses were performed using NJ with MEGA X and ML analysis with FastTree. 
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Figure 8. Diversification of SET-domain genes in fungi. Distribution pattern of SET genes in different fungal taxonomic groups. Those 3816 SET-domain genes from 229 fungal species can mainly be classified into three distinct clusters (Cluster 1, 2, and 3, respectively), and twelve, six, and nine groups can be observed in each of the three clusters. One representative is elected for each order. “Plus” indicates the presence of SET genes, and “Slash” indicates the absence of SET genes. 
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Figure 9. The evolution of five groups SET-domain genes analyzed with CAFE. Each tip of the tree represents a species. The numbers present on each node correspond to the number of SET-domain genes predicted by CAFE. Blue = No change; Red = Expansion; Purple = Contraction. 






Figure 9. The evolution of five groups SET-domain genes analyzed with CAFE. Each tip of the tree represents a species. The numbers present on each node correspond to the number of SET-domain genes predicted by CAFE. Blue = No change; Red = Expansion; Purple = Contraction.



[image: Jof 08 01159 g009]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
Cluster 2

+13
. 17+ r

widn 86
18 ;

-

Cluster 1





nav.xhtml


  jof-08-01159


  
    		
      jof-08-01159
    


  




  





media/file18.png
Group2-H3K27me

Ascom;

Pezizomycotina

-1250 -1000 750 500 250
C

Group5-H3K9me
-1250 -1000 750 500 250

Groupi2-H4K20me

Ascom;

Sordariomycetes
Leotiomycetes
Eurotiomycetes
Dothideomycetes
Pezizomycetes
Orbiliomycetes

Ascomycota

Saccharomycotina
Taphrinomycotina GmuM-H3K4me

Agaricomycetes

Tremellomycetes
Ustilaginomycotina

Basidiomycota

Chytridiomycota
Zoopagomycota

Mucoromycota

Pezizomycotina

Sordariomycetes

Taphrinomycotina

Ascomycota

Agaricomycetes

Basidiomycota

Mucoromycota

Microsporidia

Chytridiomycota

Zoopagomycota

Microsporidia

-1250 -1000 750 500

250

Sordariomycetes

Leotiomycetes
Eurotiomycetes

Orbiliomycetes

Saccharomycotina
Taphrinomycotina

Ascomycota

Agaricomycetes

Ustilaginomycotin

Basidiomycota;

Chytridiomycota

Zoopagomycota

Mucoromycota

Microsporidia

) D
H
£
§
- Ascom
= Group6-H3K36me
g
§
Ustilaginomycotinag E
Chytridiomycota "
Zoopagomycota
Mucoromycota
Microsporidia
-1250 -1000 750 -500 250

Ascomycota

Agaricomycetes

Tremellomycetes

Ustilaginomycotin:y

Basidiomycota;

Chytridiomycota

Zoopagomycota

Mucoromycota

Microsporidia

-1250

-1000

50






media/file16.png
Clusterl Cluster 2 Cluster3

456789101112131415161718192021222324252627

o

-+

/

Sordariomycetes Ll

Leotiomycetes
Pezizomyco{ina Eurotiomycetes

Dothideomycetes

Ascomycota

Pezizomycetes

Orbiliomycetes

—l Saccharomycotina

~ N

Taphrinomycotina

idiomycot Agaricomycetes
L'_‘ Tremellomycetes

Ustilaginomycotina

Chytridiomycota

Neocallimastigomycetes

Chytridiomycetes

Zoopagomycota
} Kickxellomycotina

Zoopagomycotina

Mucoromycotina

Mortierellomycotina

N+ F N+ F NN+ A+ A+

NNy

~
~
DR T U S U NG S N N S S S NG

/
/
/
/
B
/
/
/
/
/
/
/
/
/
/

Stk et e+

N+ oF o+ NN o+ 4+ NN+ + + o+

|+
+
#
/
+
+
+
4
+
+
+

NN NN NN N NN+ o+ o+
D N N e N T U T N

+

N

+
~N + + + + N+ + +~ +

+
+
+
+
+
+
/
/
/
+
+
/
+
/
/
/
/
/

~S~SF Tt X+ PN FT A+ F NN

+\\\\+\\++\\++++++~

+
+
¥
+
+
+
ks
o+
/
+
/
¥
sk
ks
s
3
/

/

AN N N N N SN

N NN NN N NN NN N N+ o+ o+
N N NN NN+ N+ 4+

/
E
/
/
/

/

Microsporidia





media/file2.png
Retrieval of 229 fungal genomes from JGI
and Fungal genome database

v
SET domain-containing proteins prodiction
using HmmSearch

R

Filtration and sorting into clusters of SET
domain containing proteins using CLANS

e ¥
Structure Phylogenetic analysis Analysis of family Collinearity
identification for each cluster from size over analysis using
using the representive fungal evolutionary time TBtools with
InterProScand species using MEGA using OrthoFinder MCScanX
MEME suite X and FastTree and CAFE method






media/file5.jpg
e Y05

Kdme ST
S

ik G

= ﬁmm SRR

Koo

Ksome L
S
k2o

Y






media/file3.jpg





media/file1.jpg





media/file7.jpg





media/file10.png
— T

prg—— o SET

—— — Pre-SET
- s (Chromo

= S S

_— .- s —_— HDET.CXC

— - N ]

_ - - - — = —

—_— - s AWS

e SR

FTTT

——— - s RRM |
- —
— - — s BT MCSS
———— e o FZHI
Terfezia claveryi Terclal_1095597 _- re— )
isiae NP_01. — - —————— . e lclicase C
Arthrobotrys oligospora Artoll 351(%401. nmmlg —-_—-—-—_—-_-l_ pre— T
Mortierella gamsii MorgamI_363. 5‘ — -
Rhizopus delemar Rhior3 _ 313%453 RO3G 01297 — -
s globosum Rhihyl 699531 S
Rhizoclosmatium globosum Rhihyl_ 814065 —E
— i ti Neolanl_1272832 — -
p— wwmz 1274972 —
Fusarium Fusgrl 9276_FGSG_08916T0 s ——————

graminearum 5.
Neurospora crassa XP_964116_SET3

Aspergillus fumigatus AFUA_3G06480
A%MI_SJM_ADL_M&M)
Terfezi i Terclal_147847

" 1lfr

1 _—
eo Lnnithll 1321915
Neocallimasti lanati Neolani” 1327728 I
lanati Neolanl_959197 o —

it Morgam1_364829
izopus delemar Rhior3 5510 RO3G 14228

Rhior3 11085 RO3G 01379

mp; ;

jum graminearum Fuusgrl_8626_FGSG_07445T0
Bm)ﬂsmﬂml 8619 BCIT | Wlﬂ

| 515980

Aspergillus. ﬁllm A_6G06335

Tafwadmu)v Terclal _ laDlTIJ

Artol | 3554 AOL_s00054g887
" 0””7

Sdlmclnmowmlkm’ 17
Ustilago maydis Ustma2 2 9908 IIIRWA UMG 02677
G;mum(‘ 1_349966

7907
Newuwuamwmlj
Fusarium graminearum Fusgrl 3174 FGSG_02778T0
m«mwt 14629656‘71' 17188
11

phoma chrysanthemicola Parchl_27883
Ammm’;'w-mw 4564_AOL_s00076g661
Terfezia claveryi Terclal _ lM?
panteNP
i'sm kmg_ 16552

Armillaria gallica Armgal 9.
s.wsmmsmi mm
il “Ustma2 2 12852

ﬂh*giwiigm&illu

[

W

7 RO3G_08740

w

[

WH

1

Syncephalis fuscata Synfusl_456114
oligospora Artoll_6247 AOL

Mortierella Mavgml 434579

gamsii &
oligospora Artoll_5627 AOL_s00079g401

Paraphoma chrysanthemicola Parch1_21 —

Rhizopus delemar Rhior3_4092 RO3G. 03759

; ftmm ™

Arllwow: aﬁwvdmll 2714_AOL_s00054g47
Mortierella gamsii Morgam! 2
Ustilago maydis Ustma2 2 7359 mRNA_ UMAG 00543

Ustma2_2_ 7210 mRNA_UMA|

Neocallimastix
Neocallimastix lanati Neolan1_1741605

Egg

39

T T
1200 1500

e~
oA
g
e
=
=

300

1
1800





media/file12.png
|—'|— Bottytzs cinerea Botcil_2278 BCIT_13548
pora crassa XP_960703 7

L Schi / yces pombe NP_ 5

Aspergillus fumigatus AFUA_ 6
Paraphoma chrysanthem:cola Parcﬁl
cerewstae

Cd
I

Rhizopus delemar Rhior3_11187 R(
eocallimastix lanati Neolanl _

Syncephalis fuscata Synfusl 451925
Saccharomyces cerevisiae NP_0
Rhizopus delemar Rhior3_5321_RO3G_14
T Armillaria gallica Armgal 1011782
1 Cryptococcus curvatus Cryc £
Neocallimastix lanati Neolanl_1001944
Armxllarm gallica Armgal_1023947

ys oligospora Artoll_4667_A(
Schzzosaccharomyces pombe NP_595446_Setl10
I yees cerevisiae NP_01

L Rluzopus delemar Rhior3_7153_RO3G_06807
cerevisiae NP_015116

Sccaromyce cerevisiae NP_070484 '

I Armillaria gallica Armgal_1052¢
1

L Suillus tomentosus Suitom 3
Schi haromyces pombe NP_588:
Mortierella gamsii Morgami_442254
Rhizopus delemar Rhior3_10421_RO3G_00648
Linderina pennispora Linpel 259659
Rhizocl tium globosum Rhihyl 7171
Syncephalis fuscata Synfusl gggg ;

Aspergillus fumigatus AFUA_
Fusarium graminearum Fusgrl 93
Botrytis cinerea Botcil 5294 BCIT _
Paraphoma chrysanthemicola Parchl_508159

Terfezia claveryi Terclal 1275233

Arthrobotrys oligospora Artoll_5337 AOL_s00(

0.3

_SET

A @ MYND
k 5' 3'
0 100 400 600 700






media/file9.jpg





media/file14.png
SET

ZH-MYND

MAS20

dCMP cyt deam 1
TPRE

FAD binding_3

Botrytis cinerea Botcil 15387 BCIT 11856
Endocarpon pusillum EndpusZ1 8122 EPUS_01183T0
Aspergillus fumigatus AFUA 3G12710
Fusarium graminearumn Fu.s'frl 3333 FGSG
Fusarium graminearum Fusgrl 55 FGSG_00040T0
Arthrobotrys 0115‘04.?0m ArtolT_1456_AOL _

Neumspora crassa E.

rospora crassa NCU00S70
Par IJ‘IIIUIIW ch ’ysan themicola P am"l 577199

Fus g earum Fusgrl 4264 FGSG_03833'

raAm)U'l 57 AOL_s
onys ligospora A

lica Armgal_1053465

J#f&@?ﬂ;ﬁ%’lf ¢

Aspergillus fumigatus fr f' ,U,ff A

I N,
|—Lmderma penmspom Lx
T bo?umrkhdg
izoclosmatium glo
w‘flllana galliga #’rm al
rvalus uI 39915
Ustilago maydts UstmaZ 2 11.03

ﬂm “TTILWMW

|

Rhi;
"""“"""rgll;m" M0 1 255334
i rgam
|—|:M§'spirgu7a‘s"f7f'n'fgafuurm mﬁ;ma oo
H—Paraphafng cﬁ% cola P
st greminee g e 6

I Fi

5

~ L Syncephalis uscalaejm usl_34644-

] 'Veo%all#wslix); lanl 1676219

I 1 Schizosaccharomyces pombe NP_596514_Set6

L Arthrobotrys oligospora Artoll_4886 AOL_s000
I llimastix lanati Neolanl 921947

Wm‘”ﬂff

— ocallimastix lanati Neolan]_13962¢
Neocallimastix lanati Neolanl 1713394

) P2 s
| l— Nmalllmasrix lanati leanl 1029004
1 496804

Mortii amsii Mo, aml 97612
Mogmrel la ﬁm orgaml_436303
,....phahs]ascatas nfusl_452305
N astix lamm eolatl_1322674
inderina | penmspara Linpel 16516 ~
Neocallmesdly [gnesy Neplanl 262001 cs4 Rg G 06469
Armillaria gallica Armg '7

63 829
Paraph h th 'mcala F rchl_524310
accharomyces cerewsme NP_015160. l | "Set6
—Linderina penm

R il Armgal 1058850

s Sl iy
Mo ml 394204

Rhi del Rluar] 16826 ROJG 08887

Linderina penm’spara Linpel 264854

.l}
Ustm%m"f laria gallica Armgal_987813
illus tomentosus Smmml 74991 7

— 4lsls”r’aag[i :uwl:&%ﬁvﬂ 2 75?’6 m'RNA UMAG_00758
Ka 17090 RO3G_01384

"#';ie"r'fs”cai 335'%"7"75’21 YR vasss
<. 'mlls {uscata & { u‘: "“""lﬂ Pﬂff 11417
l Coll- 2 ” !

1 4927
— Fusarmm grammearum ﬁ_l’ 8128 FGSG 0703270
llus [um gams
Paraph Y micola Farchl 563577
Arthrob: ‘, ", ‘m-" 1448 AOL s00007g196
| r Botrytis cil otcil_10411_BCIT 0796
Botrytis ci) lril 6249 BCIT 13826
‘ Rhizoclosmatium globosum Rhihyl 718347
hizoclosmatium globosum iyl
RI // ium glob RhiliyI” 729836
hizoclosmatium Iglabosum Rhihyl 724809
r—Armillaria galhca Arm al 10656
_Armlllaria galllca Armgal 9744,
rammearum Fusgrl 13269 FGSG_11277T0
I -mumm gram mFusng 624_FGSG_01400T0
r ‘millaria galll a Armgal_161781
Armillaria gallica Armgal_966955
-Armillaria gallica Armgal- 993115
Armillaria gallica al 161807
Armillaria gallica Armgal 10 0533
Armillaria gallica Armgal 993135
Armllla ria gallica Armgal_1080532
laria gallica Armgal 1165603
Armillaria galhca Armga 868
-Armillaria gallicaA al 9;146
Armillaria gallica Armgal_368341
Armillana gallica Armgal 932182
IS cinerea 30101112329 al,!lC; T 0‘%859505‘
anthemicola Parci
Armillaria gallica Armg i

e - f"fﬁ” &gArmgaI 893037

&
Adrmillari 1. ‘,m,,,,l

Al ntinmnll,

I inderii
RE

um.r“"*“umrm B

!u

I

1

?

!

f

ii Morea 0
- Paraplwma chr samhemicola Parchi 5204297
arapho, chrysamhemlcora Parchi_585461

homa ck fh e 50%'”“56227
'w" o é;migamx AFUA_2G08775

P, J, 1
ol Armill llica Aringal 921356
Paraphoma ch h thl 535816

Y

Nf’U00296"
Rhizocl ium g 1 712966
1yt Rnlﬂ' 71509 BCIT 08948
Paraphoma chqsanlllemtcola Parchl 493796
g rl_13280 FGSG_11267T0
f{l 6675_FGSG_12802T0

}

h Y lmcola Parchl_53i
XP 963161

tis cinerea Botcil 4346 BC T 14963

'Botrytis cinerea Botcil_4348 BCIT 14965

L

413 S
Botryii Bm l?705 BCIT 02446
PR LT ligosy Artol] 723’/1 0097255

D, 4 1,

p Pareci
L Botrytis cinerea Botcil_748_BCIT 12451

Ui

|

H
v
H
H
I
.
H
)
.
?
y
I
H

B

oo





media/file8.png
Aspergillus niger § = =0 © T2 |0 O Q | 50 0 2 T2 | T/ D 8 = =

, \“T“——

Aspergillus fumigatus ————

Penicillium chrysogenum e ) () —— (————

Neurospora crassq U/ o/ o/ U/ | e/ &——=> D

Schizosaccharomyces pombe e 3 e S





media/file11.jpg
|
|

[

|

uu;p‘”‘l





media/file6.png
Sal: bridge

Catalytic site

NcDIM-5 CPVNI KRG
H3K9me SpCLR-4
NeSET1
H3K4me ScSET1 LDS
SpSET1 N
NcSET2 NT
H3K36mes SE12 E

SpSET2 D P ' 3
NeSET10 TI VIYEASI TAR QRNETI KYLAGI QVVI .
H4K20me
SpSET10 S§SKPEA RESI NAGEDI TDLCGTII KL.
AdoMet binding AdoMet binding _ Tareet Lys
—t—y getLy

HSSRLDSNCLF

NeDIM-5 g1 N . GDHADKHI HD B . KISENT 317
H3K9me o ) r s [IAFN . RNHGFRTI YDL B QQ 475
NcSET1 ED 1313
H3K4me ScSET1 5 N 1080
SpSETl DD N 920

NcSET2 ED 322

H3K36me scSET2 E)D 235
SpSET2 ) 320

NeSET10 [93ANE DONANARLI TRGQAGI EII. . . ... .. E) 254
H4K20me o cp 110 [V . KRIVLR. ....... v ED | SSNY. . 244

L]
Pseudoknot
F/Y switch





media/file15.jpg





media/file17.jpg





