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ABSTRACT  18 

Background: In plant-associated fungi, the epigenome is increasingly recognized as an important 19 

regulator of the expression of genes involved in interaction with the host plant. Leptosphaeria 20 

maculans ‘brassicae’ (Lmb) and Leptosphaeria maculans ‘lepidii’ (Lml) are closely-related 21 

phytopathogenic species that exhibit a large macrosynteny but contrasting genome structure. 22 

Lmb has more than 30% of repeats clustered in large repeat-rich regions, while the Lml genome 23 

has only a small amount of evenly distributed repeats. Repeat-rich regions of Lmb are enriched 24 

in effector genes, expressed during plant infection. The distinct genome structures of Lmb and 25 

Lml provide an excellent model for comparing the organization of pathogenicity genes in relation 26 

to the chromatin landscape in two closely related phytopathogenic fungi. Here, we performed 27 

chromatin immunoprecipitation (ChIP) during axenic culture, targeting histone modifications 28 

typical for heterochromatin or euchromatin, combined with transcriptomic analysis to analyse 29 

the influence of chromatin organisation on gene expression.  30 

Results: In both species, we found that facultative heterochromatin are enriched with genes 31 

lacking functional annotation, including numerous effector and species-specific genes. Notably, 32 

orthologous genes located in H3K27me3-domains are enriched with effector genes. Compared 33 

to other fungal species, including Lml, Lmb is distinct in having large H3K9me3-domains 34 

associated with repeat-rich regions that contain numerous species-specific effector genes. 35 

Conclusion: Discovery of these two distinctive heterochromatin landscapes now raises questions 36 

about their involvement in the regulation of pathogenicity, the dynamics of these domains 37 

during plant infection, and the selective advantage to the fungus to host effector genes in 38 

H3K9me3- or H3K27me3-domains.39 
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 40 

Background 41 

Each year, hundreds of millions of tons of agricultural crops are devastated by plant pathogenic 42 

fungi or made unfit for consumption due to contamination by mycotoxins (1). Management 43 

strategies to control fungal infection mainly involve chemical control or breeding for naturally 44 

resistant crop cultivars. However, fungal plant pathogens have proven capable of rapidly evolving 45 

resistance against fungicides (1) and to overcome specific plant resistance genes within a few 46 

years (for instance in Leptosphaeria maculans; 2), emphasising the need for improved control 47 

methods. 48 

Understanding the determinants of the extreme adaptive abilities of fungal plant pathogens is a 49 

critical issue for the development of effective and sustainable control methods. In that respect, 50 

comparative and population genomic analyses have provided new insights into the evolutionary 51 

dynamics of fungal plant pathogens (e.g. 3-5). Notably, transposable elements (TE) have been 52 

shown to play a crucial role in shaping the genome structure of plant-pathogenic fungi. TEs are 53 

often organized in clusters, compartmentalizing the genome into gene-rich regions and TE-rich 54 

regions (e.g. in L. maculans and in Mycosphaerella fijiensis; 4, 6, 7). While the gene density in TE-55 

rich regions is low, genes located in these regions have been shown to evolve faster than genes 56 

located in TE-poor regions (8, 9). Interestingly, rapidly evolving genes in TE-rich regions have, in 57 

many cases, been identified as genes involved in niche adaptation and notably effector genes. 58 

Effectors are considered as key elements of pathogenesis, allowing pathogens to circumvent 59 

host recognition, impede defence reactions and facilitate host invasion. Effectors are mainly 60 

secreted proteins, but can also correspond to secondary metabolites and small RNAs (10, 11, 61 
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12). Plants have evolved strategies to recognize and counteract effectors, exposing them to a 62 

strong selection pressure by the host immune system (2, 13, 14). Indeed, in the course of the co-63 

evolution between a pathogen and its host, the host has developed an active immune system 64 

allowing the direct or indirect recognition of some effector molecules, to activate defence 65 

responses, often involving a local cell death, called the hypersensitive response. Effectors that 66 

can be recognized by the host are called avirulence proteins (10, 15).  67 

Leptosphaeria maculans ‘brassicae’ (hereinafter referred to as Lmb) belongs to the 68 

Dothideomycete class of Ascomycete fungi and is responsible for causing stem canker of oilseed 69 

rape (Brassica napus). Lmb displays a complex, hemibiotrophic life cycle, during which it 70 

alternates between different nutritional modes on its host plant. It causes necrosis on different 71 

plant organs: leaves, more rarely seedpods, and the base of the stem, causing lodging of the 72 

plant and yield losses (16). The most efficient method of disease control relies on the use of 73 

major resistance genes present in oilseed rape and other Brassica species. Although efficient, 74 

this control method is not sustainable, as Lmb is able to “break down” novel sources of genetic 75 

resistance rapidly (2). One third of the Lmb genome is made of TE-rich regions. These regions are 76 

enriched with putative effector genes and include all currently known avirulence genes. These 77 

avirulence genes are highly expressed in the first seven days of leaf and cotyledon infection (17-78 

26). Another set of putative proteinaceous effector genes are located in gene-rich regions of the 79 

genome and are specifically expressed during stem infection (27).  80 

In eukaryotic cells, chromatin can adopt different conformational states directly influencing gene 81 

expression: gene-rich euchromatin, sheltering constitutively expressed genes, and gene-poor 82 

heterochromatin, in which genes are silent. The different chromatin states are characterized by 83 
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different post-translational modifications of histones around which DNA is wrapped. Typically, 84 

heterochromatin is enriched in the trimethylation of the lysine 9 of histone H3 (H3K9me3) and 85 

lysine 27 (H3K27me3) while euchromatin is enriched in the di- (or tri-) methylation of the lysine 86 

4 of histone H3 (H3K4me2) (28). Recent research has focused on dynamic changes in DNA 87 

accessibility and how these may play fundamental roles in the adaptation of different individuals 88 

to abiotic and biotic stresses (29, 30). In fungal plant pathogens or endophytes, evidence is 89 

accumulating that transcriptional reprogramming of effector genes (either proteinaceous or 90 

metabolic) is tightly controlled by chromatin-based regulatory mechanisms (for example in 91 

Fusarium graminearum, Epichloe festucae, Lmb and Zymoseptoria tritici; 31-35). In Lmb, the 92 

location of avirulence genes in TE-rich regions has an influence on their evolution under 93 

selection pressure (6, 36) and plays a role in regulating their expression during axenic culture via 94 

deposition of H3K9me3 (33).  95 

Lmb belongs to the L. maculans / Leptosphaeria biglobosa species complex, comprising species 96 

with different host specialization and genome organization (4). Within the species complex, the 97 

L. maculans species infecting oilseed rape, Lmb, is the only one having large regions of its 98 

genome enriched with TEs while other genomes have a low TE-content (~3-15% compared to 99 

more than 30% TEs in Lmb; 4, 6, 37). For example, the genome of the species that is most closely 100 

related to Lmb, Leptosphaeria maculans ‘lepidii’ (hereinafter referred to as Lml), which infects 101 

crucifers such as Lepidium sativum, and to a lesser extent Camelina sativa and Brassica rapa 102 

(38), has a low TE content (3% of TEs; 4). Interestingly, the genomes of Lmb and Lml show a high 103 

level of macrosynteny, with only a few intra-chromosomal inversions, but differ in their TE 104 

content with Lmb having undergone a massive TE expansion 5 million years ago corresponding 105 
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to the speciation date (4). Invasion of TEs in the genome of Lmb has shaped its genome, with 106 

alternating TE-rich regions and gene-rich regions. In contrast, the Lml genome shows a 107 

homogeneous TE distribution along the chromosomes (4).  108 

The distinct genome organisation shown by Lmb and Lml thus provides us with a model of 109 

choice for comparing epigenomic organization in two closely related phytopathogenic fungi, to 110 

determine the genomic location of pathogenicity/effector genes in relation to the chromatin 111 

landscape and the influence of chromatin structure on gene expression. Comparative 112 

epigenomic analyses, at the intra- or inter-species levels, are very sparse and this remains an 113 

underexplored field of study, at least in fungi (39, 40). We present here the first comparative 114 

epigenomic analysis of both euchromatin and heterochromatin marks in two closely related 115 

phytopathogenic fungi. We first performed ChIP-seq and RNA-seq during axenic culture to 116 

compare the distribution of three histone modifications, H3K4me2, H3K9me3 and H3K27me3, 117 

and then investigated whether chromatin organization is conserved between Lmb and Lml by 118 

assessing whether orthologous genes, and pathogenicity-related genes, are located in similar 119 

chromatin domains in each species. Lastly, we assessed the influence of the chromatin landscape 120 

on gene expression during axenic growth, focusing mostly on pathogenicity related genes that 121 

may be species-specific. 122 

 123 

Methods 124 

Fungal isolates 125 

The isolate v23.1.3 of L. maculans 'brassicae' and the isolate IBCN84 of L. maculans 'lepidii' were 126 

used throughout the analyses (Rouxel et al., 2011; Grandaubert et al., 2014). Fungal cultures 127 
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were maintained as described previously (41). For chromatin immunoprecipitation and 128 

transcriptomic analyses performed during in vitro growth, mycelium of Lmb and Lml were grown 129 

on V8 agar medium at 25°C for seven days. Then 10 plugs of mycelium were inoculated into 100 130 

ml of Fries liquid medium in Roux bottle. Mycelia were harvested after growing for 7 days at 131 

25°C, filtered and washed thoroughly with distilled water, and immediately placed in liquid 132 

nitrogen until further used. ChIP experiments were performed on fresh material.   133 

 134 

Chromatin immunoprecipitation and high-throughput sequencing 135 

ChIP was performed from freshly-harvested mycelium grown in Fries liquid culture, as described 136 

in Soyer et al. (42), with minor modifications. ChIP was performed on native material (without 137 

crosslinking) using antibodies targeting histone modifications H3K4me2 (Merck ref. 07-030), 138 

H3K9me3 (Active Motif, Carlsbad, CA, USA; ref. 39161), or H3K27me3 (Active Motif, Carlsbad, 139 

CA, USA; ref. 39155). Three different ChIPs (i.e. three biological replicates) were performed for 140 

each of the histone modifications. Libraries were prepared from all biological replicates, 141 

individually, according to the Illumina TruSeq protocol “Ultra Low Input DNA library”. Libraries 142 

were sequenced with an Illumina HiSeq 2000 genome analyzer at the Max Planck Genome 143 

centre Cologne, Germany (https://mpgc.mpipz.mpg.de/home/). Sequencing data are available 144 

under the GEO accession number GSE150127.  145 

 146 

Analysis of ChIP-seq data and identification of significantly enriched domains 147 

Analysis of ChIP-seq datasets was performed as described in Schotanus et al. (43). Quality of 148 

Illumina reads was analysed using FastQC 149 
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(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Based on results of this analysis, 150 

ten bp were trimmed from the 5’ end. Processed reads were mapped on the reference genome 151 

of Lmb (37) or Lml (4) using Bowtie2 (44) with default parameters (Additional table 1). Peak 152 

calling analysis was performed on each ChIP sequencing dataset, to identify significantly 153 

enriched domains for either H3K4me2, H3K9me3 or H3K27me3, using RSEG (45). A domain was 154 

considered if identified in at least two out of the three biological replicates. The Integrative 155 

Genome Viewer (46) was used to visualize location of each domain along genomes of Lmb and 156 

Lml according to other genome features (gene annotation, TE-annotation, GC-content). 157 

Coverage of the histone modifications was assessed in 10 kb non-overlapping sliding windows 158 

along the supercontigs and correlation analyses, using Kendall’s Ƭ correlation coefficient, were 159 

performed between biological replicates to check for reproducibility (Additional tables 2 and 3). 160 

In order to assess significant enrichment of H3K4me2, H3K9me3 or H3K27me3 in certain 161 

categories of genes (such as proteinaceous or metabolic effector-encoding genes), a Chi² test 162 

was applied to compare the expected proportion of a given category of genes across the entire 163 

genome to the observed distribution of the gene category in H3K4me2-, H3K9me3- or 164 

H3K27me3-domains (35). Enrichment was considered significant with a P value < 0.01; analyses 165 

were done using R, version 3.0.2 (www.r-project.org). 166 

 167 

RNA extraction, RNA-sequencing and expression analysis 168 

Total RNA was extracted from mycelium grown for one week in Fries liquid medium as previously 169 

described (18). The NEBNext Ultra Directional RNA Library Prep Kit for Illumina (cat. # E7420L 170 

New England BioLabs) was used to prepare RNA-seq libraries and sequencing was performed on 171 

http://www.r-project.org/
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a HiSeq 4000 Illumina genome analyser using 50 paired-end reads. Raw reads were then pre-172 

processed with Trimmomatic (47) to remove short reads (<30 bp) and eliminate sequencing 173 

adaptors. Cleaned reads were then mapped against each genome using STAR with default 174 

parameters (48; Additional table 1). Gene expression was evaluated using the rpkm_count 175 

function of EdgeR (49). Genes with RPKM ≥ 2 were considered expressed. Sequencing data are 176 

available under the GEO accession number GSE150127.  177 

 178 

Identification of orthologues and annotation of genes encoding proteinaceous effectors in Lmb 179 

and Lml 180 

The genome of Lmb encodes 13,047 proteins and that of Lml 11,272 proteins (4, 37). 181 

Orthologous proteins between Lmb and Lml were identified using OrthoFinder with default 182 

parameters (50).  183 

Based on the new assembly and annotation available for the genome of Lmb (37), an updated 184 

repertoire of putative proteinaceous effector genes (encoding Small Secreted Proteins, SSP) has 185 

been predicted. Therefore, to compare effector repertoires of Lmb and Lml, the same pipeline 186 

for the prediction of putative effector genes was applied to both species. Signal peptide and 187 

subcellular localization were predicted by SignalP version 4.1 (51) and TargetP version 1.1 (52) 188 

respectively. Transmembrane domains were predicted by TMHMM version 2.0. The predicted 189 

secretome contained all proteins with no more than one transmembrane domain and either a 190 

predicted signal peptide or a predicted extracellular localization. The final effector repertoires 191 

were created by applying a size cut-off of 300 amino acids on the predicted secretome. In 192 

parallel, EffectorP version 1.0 (53) was used on the predicted secretome and, for Lml, four 193 
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proteins were predicted as effectors with a size higher than 300 amino acids. These four proteins 194 

were added to the SSP set. This predicted a repertoire of 1,080 and 892 SSP-encoding genes for 195 

Lmb and for Lml, respectively.   196 

 197 

Analysis of GO enrichment 198 

Gene Ontology (GO) annotations of the Lmb and Lml genes were retrieved from Dutreux et al. 199 

(37) and Grandaubert et al. (4) respectively. GO term enrichment analysis of the H3K4me2-, 200 

H3K9me3- and H3K27me3-associated genes was performed with the plug-in Biological networks 201 

Gene ontology (BinGo; v3.0.3) of the cytoscape software (54). List of genes submitted to BINGO 202 

were considered as significantly enriched for a given GO term with an associated False Discovery 203 

Rate (FDR) ≤ 0.01 for the biological processes. 204 

A Chi² test, or a Fisher’s exact test for small sized-population, were applied to identify significant 205 

enrichment of H3K4me2-, H3K9me3- or H3K27me3-domains for certain categories of genes: the 206 

expected proportion of a given category of genes across the entire genomes of Lmb or Lml was 207 

compared to the observed distribution of the gene category in the H3K4me2-, H3K9me3- or 208 

H3K27me3-domains. Enrichment was considered significant with a P value < 0.01. All analyses 209 

were done using R, version 3.0.2 (www.r-project.org). 210 

 211 

Results 212 

A different genome organisation but similar epigenomic properties in both genomes  213 

To assess the genome-wide distribution of histone marks in Lmb and Lml during axenic growth, 214 

we performed ChIP-seq experiments using antibodies against histone modifications H3K4me2, 215 

http://www.r-project.org/
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H3K9me3 and H3K27me3 (Additional table 1). Mapping of the ChIP-seq data was followed by 216 

identification of significantly enriched domains, for any of the histone modifications targeted, 217 

and reproducibility of the biological replicates was assessed (Additional tables 2 and 3). Based on 218 

the genomic coordinates of the H3K4me2-, H3K9me3- and H3K27me3-domains, the number of 219 

bases associated with any of the three histone modifications was evaluated, for each genome, in 220 

10 kb sliding-windows. In the genomes of Lmb and Lml, the proportion of H3K4me2 and 221 

H3K27me3 was similar (H3K4me2: 39% in Lmb vs. 32% in Lml; H3K27me3: 19% in Lmb vs. 13% in 222 

Lml) while the proportion of H3K9me3 was strikingly different (33% and 4% for Lmb and Lml, 223 

respectively) (Additional tables 4 and 5). While the median size of the H3K4me2- and 224 

H3K27me3-domains was similar in both genomes, the Lmb genome displayed extremely large 225 

H3K9me3-domains, with a domain encompassing up to 230 kb, while the maximum size of the 226 

H3K9me3-domains in Lml was only 12 kb (Figures 1; 2).  227 

In the genomes of Lmb and Lml, H3K4me2- and H3K9me3-domains were mutually exclusive 228 

(Kendall’s Ƭ: -0.57 and -0.16, P < 2.2.10-16 for Lmb and Lml respectively; Figure 2; Additional 229 

figure 1; Tables 1 and 2). We identified a positive correlation between the location of TEs and 230 

H3K9me3-domains (Kendall’s Ƭ: 0.87 and 0.68, P < 2.2.10-16 for Lmb and Lml respectively; Figure 231 

2; Figure 3A, 3C; Figure S1; Tables 1 and 2) and between the location of coding sequences (CDS) 232 

and H3K4me2 (Kendall’s Ƭ: 0.55 and 0.25, P < 2.2.10-16 for Lmb and Lml respectively; Figure 2; 233 

Figure S1; Figure 3A, 3C; Tables 1 and 2). In the genome of Lmb, a weak correlation was 234 

demonstrated between CDS and H3K27me3-domains (Kendall’s Ƭ: 0.12, P < 2.2.10-16; Figure S1; 235 

Tables 1, 2). For Lmb and Lml, the coverage of H3K9me3 and H3K27me3 was not homogeneous 236 

across all SCs because some are >2-fold more highly enriched with these histone modifications 237 
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compared to others. An extreme example of this situation was identified on the dispensable 238 

chromosome of Lmb (6, 55), which is extremely enriched in TEs compared to the rest of the 239 

genome (35% of TEs in the core genome and 93% of TEs in the dispensable chromosome). 240 

Consistently, a strong enrichment in H3K9me3 was observed in the dispensable chromosome 241 

(32% in the core genome and 90% in the dispensable chromosome), with only a few H3K4me2- 242 

and H3K27me3-domains (Figure 3A and 3B). In Lmb, we found that many sub-telomeric regions 243 

showed overlaps between H3K9me3 and H3K27me3, whereas these marks did not overlap on 244 

the chromosome arms, even within large TE-rich regions (Figure 2). The assembly quality of the 245 

Lml genome was not sufficient to allow us to evaluate whether this was a common feature 246 

between the two species.  247 

 248 

Table 1. Correlation between transposable elements, coding sequences and 

histone modifications in the L. maculans 'brassicae' genome. 

   CDS TE H3K4me2 H3K9me3 H3K27me3 

CDS 1 -0.63 0.55 -0.60 0.12 

TE -0.63 1 -0.58 0.87 -0.25 

H3K4me2 0.55 -0.58 1 -0.57 -0.11 

H3K9me3 -0.60 0.87 -0.57 1 -0.24 

H3K27me3 0.12 -0.25 -0.11 -0.24 1 

The coverage of transposable elements (TE), coding sequences (CDS) and histone 

modifications (H3K9me3, H3K27me3, H3K4me2) along the genome of L. maculans 

'brassicae' was analysed in 1000 bp sliding windows. A Kendall’s Ƭ correlation 

analysis was done using R. 
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Table 2. Correlation between transposable elements, coding sequences and 

histone modifications in the L. maculans 'lepidii' genome. 

 
 

CDS TE H3K4me2 H3K9me3 H3K27me3 

CDS 1.00 -0.22 0.25 -0.25 -0.05 

TE -0.22 1.00 -0.16 0.68 0.00 

H3K4me2 0.25 -0.16 1.00 -0.16 -0.23 

H3K9me3 -0.25 0.68 -0.16 1.00 0.01 

H3K27me3 -0.05 0.00 -0.23 0.01 1.00 

The coverage of transposable elements (TE), coding sequences (CDS) and histone 

modifications (H3K9me3, H3K27me3, H3K4me2) along the genome of L. maculans 

'lepidii' was analysed in 1000 bp sliding windows. A Kendall’s Ƭ correlation analysis 

was done using R. 

 249 

H3K4me2-domains associate with genes involved in primary metabolism while H3K27me3-250 

domains shelter genes involved in niche adaptation and cell wall degradation  251 

Genes associated with H3K4me2-, H3K9me3- or H3K27me3-domains were identified in the 252 

genomes of Lmb and Lml during axenic growth. Overall, the number of genes associated with 253 

any of the histone post-translational modifications was similar in both species, with more than 254 

50% of the predicted genes associated with H3K4me2, ~14% of the genes associated with 255 

H3K27me3 and only a few genes associated with H3K9me3 (104 and 70 respectively in Lmb and 256 

Lml; Figure 4). In Lmb, there was a higher number of genes associated with both H3K4me2 and 257 

H3K27me3 than in Lml (2,044 and 361 for Lmb and Lml, respectively) (Figure 4). In both 258 

genomes, a GO annotation could be assigned to 30-40% of the predicted genes (5,076 and 3,725 259 

genes for Lmb and Lml, respectively; 4, 37). Euchromatin was enriched with genes with a GO 260 

annotation (X² test, P < 2.2.10-16) because more than 40% of the genes associated with H3K4me2 261 

had a GO annotation (3,276 and 2,581 genes for Lmb and Lml respectively). Between 20 and 262 
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28% of the genes associated with H3K27me3 (572 and 288 genes for Lmb and Lml, respectively) 263 

had a GO annotation. However, none of the genes located in H3K9me3-domains, H3K9/K27me3-264 

domains or H3K4me2/H3K27me3-domains had a GO annotation. In other words, genes located 265 

in heterochromatin were enriched with genes lacking any functional annotation (X² test, P < 266 

2.2.10-16). For both species, genes associated with H3K4me2 displayed a wide variety of 267 

annotated functions corresponding to primary metabolism and basic cellular functions, such as 268 

translation (GO:0006412; 206 genes) or cellular protein metabolic process (Additional tables 6, 269 

7). For both species, only a few GO terms were identified among genes associated with 270 

H3K27me3. Nevertheless, in Lmb these genes were significantly enriched in GO terms associated 271 

with carbohydrate metabolic process (GO:0005975; 82 genes), oxydo-reduction process 272 

(GO:0055114; 149 genes) and transmembrane transport (GO:0055085; 104 genes) (P ≤ 0.01) 273 

(Additional table 8). As for Lml, probably due to the lower number of genes associated to 274 

H3K27me3, only a few GO annotation enrichments were detected. Only one GO enrichment was 275 

found in common with Lmb, namely carbohydrate metabolic process (GO:0005975; 41 genes). 276 

Other enrichments corresponded to a few genes classified as response to chemical (GO: 42221; 277 

20 genes), response to nitrogen compound (GO:1901698; 10 genes), response to 278 

organophosphorus (GO: 46683, 10 genes) and others (Additional table 9). Although most GO 279 

enrichments found among sets of genes associated with H3K27me3 in Lmb and Lml did not 280 

overlap, both types of enrichments suggest that H3K27me3-associated genes might be involved 281 

in stress response mechanisms, but may also be involved in feeding or cell wall degradation 282 

processes during plant infection.  283 

 284 
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H3K4me2-domains are associated with expressed genes while H3K9me3- and H3K27me3-285 

domains are associated with silent genes during axenic growth 286 

We performed a genome-wide transcriptomic analysis of fungal cultures grown in vitro, and we 287 

correlated gene expression patterns with the distribution of histone modifications. In Lmb, 288 

10,934 genes (83% of the predicted genes) and 7,735 genes in Lml (69% of the predicted genes) 289 

were expressed during vegetative growth. Considering the top 100 most expressed genes of 290 

Lmb, 68 were associated with H3K4me2 while two were located within a H3K27me3-domain and 291 

none in a H3K9me3-domain (data not shown). In Lml, 71 were located within a H3K4me2-292 

domain while five were located in a H3K27me3-domain (data not shown). These data were 293 

confirmed at a genome-wide scale because H3K4me2-domains were enriched with genes 294 

expressed during axenic culture (7,104 of the genes associated with H3K4me2 were expressed in 295 

Lmb and 5,338 in Lml; Figure 5; P < 2.2.10-16). On the contrary, H3K9me3- and H3K27me3-296 

domains were enriched with genes that were silent during in vitro growth (Figure 5; P < 2.2.10-297 

16). On the other hand, in both species, genes that were associated with both H3K4me2 and 298 

H3K27me3 were expressed during axenic growth (90% and 87% of the genes, respectively, in 299 

Lmb and Lml) and their level of expression was similar to that of genes located in H3K4me2-300 

domains (Figure 5).  301 

In both species, this transcriptomic analysis confirmed that genes located in a H3K4me2-domain 302 

were more likely to be expressed while those located in H3K9me3- and H3K27me3-domains 303 

were more likely to be silent. 304 

 305 

 306 
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Heterochromatin domains are enriched with species-specific genes 307 

A total of 7,393 genes were conserved between both species. H3K4me2-domains were enriched 308 

with genes conserved between these two species, for example 4,892 Lmb genes located in 309 

euchromatin regions during growth in vitro were conserved (X² test, P < 2.2.10-16) and the vast 310 

majority of these (4,298, i.e. 88%) were expressed during axenic growth in both Lmb and Lml. 311 

Most of the conserved genes associated with H3K4me2 were involved in primary metabolism as 312 

mentioned above. Genes associated with both H3K4me2 and H3K27me3 were also enriched 313 

with conserved genes (1,318 and 262 genes, respectively, in Lmb and Lml) representing more 314 

than 65% of the genes in these domains (X² test, P < 5.2.10-3). Two genes involved in 315 

heterochromatin assembly and maintenance were analysed previously through gene silencing 316 

(LmHP1 and LmKMT1/DIM5; 33). LmHP1 is conserved in Lml and located in euchromatin in both 317 

species. LmKMT1 is also conserved in both species, being located in a H3K4me2/H3K27me3 318 

domain in Lmb and within a H3K4me2/H3K9me3 domain in the case of Lml, during axenic 319 

growth. In contrast, H3K27me3- and H3K9me3-domains were significantly enriched with 320 

species-specific genes (a total of 865 genes and 661 genes, respectively, in Lmb and Lml; X² test, 321 

P < 2.2.10-16). Among genes located in heterochromatin in both species (either H3K9me3-, 322 

H3K27me3- or H3K9/K27me3-domains), 445 were conserved between Lmb and Lml; of which 83 323 

were expressed and 182 were repressed during axenic growth in both species. No GO 324 

enrichment was found for these genes and predicted functions were sparse, with less than 45% 325 

of them having a functional annotation. Strikingly, the main enrichment was in genes encoding 326 

putative effectors (16% of the genes).  327 

 328 
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Heterochromatin domains are enriched with proteinaceous and metabolic effector genes  329 

We then focused on candidate proteinaceous or metabolic effectors and wondered whether 330 

they were conserved and showed a distinct pattern of histone modifications. In the genome of 331 

Lmb, 2,478 genes (i.e. 12% of the total genes) were associated with TE-rich regions (i.e. located 332 

within 2 kb distance of a TE sequence), of which 289 genes encoded putative proteinaceous 333 

effectors. Hence, although a new prediction of the effector repertoire was performed here, 334 

based on the new assembly of the Lmb genome, TE-rich regions were significantly enriched with 335 

proteinaceous effector genes, as was already shown by Rouxel et al. (6; X² test, P= 9.6.10-16). 336 

Similarly, both H3K9me3- and H3K27me3-associated genes were significantly enriched with 337 

putative proteinaceous effectors, as they represented, respectively, 36% and 14% of the genes 338 

associated with these histone modifications in vitro (X² test, P< 2.2.10-16; Table 3). Likewise, in 339 

Lml, TE-rich regions, H3K9me3- and H3K27me3-domains were significantly enriched with 340 

putative proteinaceous effector genes while H3K4me2-domains were significantly depleted in 341 

such genes compared to the rest of the genome (Table 3). Among the 1,080 putative 342 

proteinaceous effector genes predicted in Lmb (8.2% of the total predicted genes) and the 892 343 

putative effector genes of Lml (7.9% of the total predicted genes), 274 were conserved between 344 

both species. Hence, more than two-thirds of the effector repertoire is species-specific (X² test, P 345 

< 2.2.10-16), confirming our previous findings (4). Overall, orthologous effector-encoding genes 346 

were associated with the same types of chromatin domains in Lmb and Lml. For example, 98% of 347 

the Lmb effector genes located in a euchromatin environment were also associated with 348 

H3K4me2 in Lml (82% of Lml effector genes located in euchromatin regions were also associated 349 

with H3K4me2 in Lmb). H3K27me3- and H3K9me3-domains were enriched with species-specific 350 
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effector genes in both species (Table 3). As a striking example of the non-random location of 351 

effector genes in the two genomes, and the enrichment of heterochromatin regions with 352 

species-specific effectors, all nine currently known avirulence genes of Lmb were located in 353 

H3K9me3-domains in vitro, consistent with the fact that these genes are located in TE-rich 354 

genomic compartments; none of the nine was conserved in the genome of Lml. Twenty-eight 355 

other proteinaceous effector-encoding genes were located in TE-rich, H3K9me3-domains in Lmb, 356 

and only one of them had a putative ortholog in Lml. The 274 orthologous genes encoding 357 

effectors were then investigated for their distribution in euchromatic/heterochromatic regions 358 

during vegetative growth and for conservation of their location between orthologs. There was 359 

no obvious bias in the distribution of chromatin marks among the 274 genes, which is 360 

comparable to the overall distribution of marks among all genes of the effector repertoires (data 361 

not shown). At the individual gene level, 86 of the 274 orthologs were located in a similar 362 

chromatin domain in Lmb and Lml, including 83 genes associated with H3K4me2 and 47 genes 363 

associated with H3K27me3 in both genomes. In contrast to avirulence genes, ‘late’ putative 364 

effector-genes of Lmb (i.e. expressed during stem colonization) were located outside of TE-rich 365 

regions (27). Three of the 11 experimentally validated ‘late’ effector genes were located in a 366 

H3K4me2-domain while others were located in a H3K9me3- (two cases), a H3K27me3- (three 367 

cases), a H3K9/K27me3- (one case) or a H3K4me2/K27me3-domain (two cases), suggesting that 368 

‘late’ effector genes were also enriched with heterochromatin domains during growth in vitro. 369 

Interestingly, and contrary to the trend observed for Lmb avirulence effector genes (and other 370 

effector candidates associated with TE-rich regions), only two of the 11 ‘late’ putative effector 371 

genes, either located in H3K9me3- or H3K27me3-domains, were not conserved in Lml. Taken 372 
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together, these data show that, independently of the species or the stage at which they are 373 

expressed during infection, proteinaceous effector genes are enriched in H3K9me3- or 374 

H3K27me3-domains during axenic growth.  375 

The genomes of Lmb and Lml contain secondary metabolite gene clusters including key genes 376 

encoding PKS (Polyketide Synthases) and NRPS (Non-Ribosomal Peptide Synthetases). Twenty-377 

seven such genes were predicted in Lmb among which 24 were conserved in Lml, but they were 378 

overall absent from other closely related species (4, 6; Additional table 10). Of these, only three 379 

have been experimentally demonstrated to be involved in Lmb pathogenicity, namely the PKS 380 

responsible for synthesis of abscisic acid (ABA), only expressed during cotyledon infection (56), 381 

the PKS responsible for producing phomenoic acid (57), and the NRPS responsible for 382 

synthetising sirodesmin, a toxin produced during stem infection (58, 59). The ABA PKS and all 383 

seven genes of the cluster, which are intermingled with three TE-rich regions, were entirely 384 

absent from the genome of Lml, while the other two were conserved (Additional table 10). In 385 

Lmb, 81% of the PKS/NRPS-encoding genes were associated to H3K27me3- or 386 

H3K4me2/H3K27me3-domains (22 PKS/NRPS; Fisher’s exact test, P= 1.3.10-7). Likewise in the Lml 387 

genome, H3K27me3-domains were enriched with PKS/NRPS-encoding genes (12 PKS/NRPS; 388 

Fisher’s exact test, P= 1.7.10-4), and all of them had orthologs associated with similar marks in 389 

Lmb. The similar chromatin context also resulted in similar regulation in most of the cases, with 390 

19 of the orthologs being similarly expressed during in vitro growth (17 expressed and two 391 

repressed; Additional table 10). 392 

 393 

Discussion 394 
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The sister species L. maculans ‘brassicae’ and L. maculans ‘lepidii’ exhibit marked differences in 395 

their genome organisation. Notably, Lmb has large TE-rich domains structuring the genome into 396 

alternating gene-rich and TE-rich regions (6). In the genome of Lml, in contrast, TEs are evenly 397 

distributed across the genome and no compartmentalisation of the genome is evident in 398 

relation to TE location (4). The massive invasion of the Lmb genome by TEs occurred ca. 5 MYA 399 

and was postulated to have been instrumental in the separation of the two species (4). This 400 

invasion may also have contributed to the rise of Lmb as a successful pathogen of B. napus due 401 

to the specific localisation of a number of candidate effector genes in TE-rich regions of the 402 

genome (4, 6). Differences in genomic organization between these two closely-related species 403 

could impact the underlying epigenomic landscape and have important consequences for fungal 404 

biology and pathogenicity. This could provide distinct strategies to regulate the expression of 405 

genes involved in stress response or pathogenicity, as it was shown in Lmb that histone 406 

modification H3K9me3 is involved in the repression of avirulence genes during axenic growth 407 

(33). To investigate this question, we here compared the genome-wide location of three 408 

different histone modifications that are typically associated with euchromatin or 409 

heterochromatin in these two closely-related phytopathogenic fungi. We found that differences 410 

in the epigenomic landscape of Lmb and Lml are in accordance with their genome organization. 411 

In Lmb, very large H3K9me3-domains are present, spanning large TE-rich regions, while such 412 

extremely large H3K9me3-domains are not observed in the Lml genome. Our findings 413 

corroborate previous epigenetic analyses of a few genes performed in vitro, pointing out that 414 

avirulence genes are located in heterochromatin, but also demonstrate that putative effector 415 

genes, independently of their expression pattern or their location in TE-rich or gene-rich regions, 416 
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are enriched with heterochromatin during axenic culture. 417 

 418 

Although Lmb and Lml have distinct genome organisations, they share a common distribution of 419 

histone modifications throughout their genome during axenic culture. Gene-rich regions are 420 

enriched with H3K4me2 and H3K27me3, while TE-rich regions are associated with H3K9me3. 421 

The proportion of H3K9me3 in a genome often reflects the TE content, as was described in Z. 422 

tritici (43). In Lmb, having more than 30% of TE, 33% of the genome is associated with H3K9me3 423 

while the genome of Lml, having a low TE content, shows a low enrichment in H3K9me3 (4% of 424 

H3K9me3). Domains enriched with H3K4me2 and domains enriched with H3K9me3 are mutually 425 

exclusive in the genomes of Lmb and Lml, as was shown in Neurospora crassa, Fusarium 426 

fujikuroi, and Z. tritici (43, 60, 61, 62). H3K27me3 has been detected in most filamentous fungi 427 

investigated so far, except in Mucor, Rhizopus or Aspergilli such as Aspergillus nidulans (63; 428 

reviewed in 64). In sub-telomeric regions of Lmb, H3K9me3 and H3K27me3-domains overlap 429 

over repetitive sequences, which is also the case in N. crassa or Z. tritici (43, 60, 61, 65). In the 430 

genome of Lmb, TE-rich regions are enriched with H3K9me3 but, except for the sub-telomeric 431 

regions, no enrichment in H3K27me3 was associated with TEs on chromosomal arms. This 432 

contrasts with the organization of TE-rich regions in Z. tritici, which are enriched with both 433 

heterochromatin modifications (43). The situation in Lmb is also different from that of Fusarium 434 

oxysporum in which most TE sequences are embedded in H3K27me3-domains (66). We 435 

confirmed that, as in most Eukaryotes, H3K4me2-domains are associated with expressed genes 436 

while H3K9me3- and H3K27me3-domains are associated with silent genes. In Lmb, although the 437 

locations of H3K4me2- and H3K27me3-domains do not overlap at a genome-wide scale, more 438 
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than 2,000 genes were found to be associated with both histone methylations. This is strikingly 439 

different to Lml, where only 300 genes were associated with both histone modifications, and Z. 440 

tritici, where 400 genes are embedded in such domains (35, 43). Bivalent domains are defined as 441 

chromatin regions associated with both repressive and permissive histone modifications (67). 442 

The large number of genes associated with H3K27me3 and H3K4me2 during axenic culture in 443 

Lmb might indicate a biological specificity of this species and the existence of bivalent domains, 444 

because these two modifications have antagonistic effects on gene expression (68). Altogether, 445 

our findings show that, despite differences in genomic organization between Lmb and Lml (and 446 

the other fungi in which epigenomic analyses were so far performed), the epigenomic landscape 447 

is overall conserved.  448 

 449 

While H3K9me3 and H3K27me3 are signatures of heterochromatin, H3K9me3 is considered to 450 

be typical of constitutive heterochromatin, being associated with repeats and involved in 451 

genome stability, whereas H3K27me3 is considered to be associated with facultative 452 

heterochromatin that is easily reversed to a euchromatin state under certain abiotic and biotic 453 

stress conditions (69). However, dogmas regarding conventional definitions of facultative or 454 

constitutive heterochromatin seem to be challenged in fungi, or at least in the few plant 455 

pathogenic fungi in which epigenomic analyses have been performed. While the co-localization 456 

of H3K9me3 and TEs in the Lmb and Lml genomes is consistent with a constitutive 457 

heterochromatin state, the fact that H3K9me3-domains encompass genes that are expressed 458 

during interaction with oilseed rape suggests that these regions may correspond to a category of 459 

facultative heterochromatin in this species. Genes associated with H3K9me3 are almost all 460 
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located in the middle of repeated elements, in sub-telomeric areas, or very close to the edge of 461 

regions enriched with repeated elements. Moreover, some of these genes, including the nine 462 

cloned avirulence genes of Lmb which are located within AT-rich isochores (e.g., AvrLm1 or 463 

AvLm6; 17, 18) including subtelomeric regions (e.g. AvrLm3 or AvrLm10; 24, 26), are highly 464 

transcribed upon host infection (6). This finding, together with other studies, questions the 465 

“constitutive” nature of heterochromatin associated with H3K9me3. In contrast, the location of 466 

H3K27me3 in the genomes of Lmb and Lml supports its association with facultative 467 

heterochromatin. Indeed, we found H3K27me3 associated with coding sequences and enriched 468 

with genes encoding proteinaceous and metabolic effectors or proteins involved in stress 469 

responses. Most of these genes are silenced during vegetative growth but induced during plant 470 

infection. In fungi, recent analyses also highlighted a role for H3K27me3 in genome organization 471 

and stability. For instance, the dispensable chromosomes of Z. tritici are twice as rich in TEs as 472 

the core chromosomes, and whereas there is no significant enrichment in H3K9me3 on the 473 

dispensable chromosomes, they are entirely covered by H3K27me3 (43). In Z. tritici, the loss of 474 

H3K27me3 was found to increase the stability of some accessory chromosomes (70). In Z. tritici 475 

and N. crassa, H3K27me3 is relocated towards normal constitutive heterochromatin (i.e. 476 

H3K9me3-domains) under genotoxic stress, such as the loss of H3K9me3 after inactivation of 477 

KMT1 (70, 71). Altogether, these findings suggest that although H3K27me3 is an important 478 

regulator of gene expression involved in development or response to various stresses, it also 479 

plays a role in the maintenance of genome integrity. In Lmb and Lml, no particular association of 480 

H3K27me3 with TEs was identified and the dispensable chromosome of Lmb is not enriched 481 

with H3K27me3. The only association of H3K27me3 with constitutive chromatin was at the 482 
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chromosome ends of Lmb, where we found overlaps between H3K9me3 and H3K27me3. 483 

Inactivation of KMT1 and KMT6 would help investigate whether H3K27me3 could also be 484 

involved in genome stability and relocation of heterochromatin marks in Lmb and Lml. 485 

 486 

The heterochromatin domains of Lmb and Lml are rich in species-specific genes, genes involved 487 

in stress responses and putative proteinaceous or metabolic effectors. This supports the view 488 

that chromatin remodelling mechanisms are an efficient way to rapidly modulate gene 489 

expression under stress conditions or during biotic interactions, although the dynamics of 490 

chromatin structure might not be the sole regulator of these complex biological processes (34, 491 

72). This pattern is conserved in other plant-associated fungi, independently of their mode of 492 

interaction with their host (6, 32, 35, 43, 73, 74, 75, 76, 77). Even outside of TE-rich regions, 493 

heterochromatin is often found enriched with pathogenicity-related genes, whether they 494 

encode proteinaceous effectors or are involved in the production of secondary metabolites (e.g. 495 

31, 32, 35, 43, 62, 66). Importantly, sets of genes up-regulated during host infection are found 496 

associated with heterochromatin in vitro (35, 66, 78). One of our initial postulates was that 497 

invasion of the L. maculans genome by TEs contributed to the rise of Lmb as a pathogen 498 

specialized on Brassicas with greater pathogenic abilities than the non-invaded sister species. 499 

While Lml has never been found to be able to infect B. napus under our experimental conditions 500 

or isolated from our experimental fields (M-H. Balesdent & T. Rouxel, unpublished data), 501 

previous work reported its ability to infect other crucifers (Petrie, 1969). Its isolation from 502 

ascocarps on stems of Lepidium sp. also suggests its infection strategy is similar to that of Lmb 503 

on B. napus. So far, all avirulence genes of Lmb, which can be recognized by the plant immune 504 
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system to set up defence reactions, are located in TE-rich regions and associated with H3K9me3. 505 

In contrast, in both species we found conserved putative effector genes (either proteinaceous or 506 

metabolic) harbored in similar H3K27me3 heterochromatin environments. Moreover, ‘late’ 507 

effector genes are more conserved than avirulence genes between Lmb and Lml, and usually do 508 

not show presence/absence polymorphisms in Lmb (27). The contrasting heterochromatic 509 

environment (H3K9me3 vs. H3K27me3) for avirulence genes and ‘late’ effector genes reflects a 510 

very different adaptive behaviour because effector genes that are expressed early, and likely to 511 

be “recognised” by the plant surveillance machinery at the onset of penetration, are also those 512 

which are subject to accelerated evolution under selection (6). This suggests that there may be a 513 

selective advantage for the fungus to partition genes more likely to be recognised by the host 514 

plant within H3K9me3-domains. Nevertheless, the location of putative pathogenicity genes, 515 

including orthologues, in similar heterochromatin regions in the genomes of Lmb and Lml 516 

suggests that basic pathogenicity programs are independent of genome invasion by TEs, and 517 

points to the likewise importance of chromatin context on transcriptome shaping during 518 

infection. Taken together, these data support our previous hypothesis that the localization of 519 

effector genes in plastic genomic compartments is an efficient way to regulate the expression of 520 

sets of genes scattered throughout the genome that are involved in similar biological processes 521 

(34). 522 

 523 

Conclusions 524 

To the best of our knowledge, previous comparative analyses of histone modifications have been 525 

performed in model organisms such as mouse (79) but none considered multiple histone 526 
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modifications (typical for both heterochromatin and euchromatin) in closely-related 527 

phytopathogenic fungi. Nothing is known about how differences in the location of these 528 

modifications influence pathogenesis. Comparative genomics has allowed analyses regarding the 529 

evolution of genes (notably proteinaceous effectors), the location of effector genes in genomes, 530 

or the diversity of effector repertoires in relation to host specialisation or fungal lifestyles. The 531 

role of the epigenome is increasingly recognized in plant-pathogenic fungi as an important 532 

regulator of genome structure (e.g. 70, 71, 80) and the expression of genes encoding effectors 533 

(e.g. 32, 33, 35). The next step is to exploit comparative epigenomics to better understand the 534 

role of the epigenomic landscape in adaptation to environmental changes, modulation of 535 

interactions with the holobiont, host adaptation and specialization.  536 
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 778 

Figure legends 779 

Figure 1. Size of the histone domains in the genomes of Leptosphaeria maculans ‘brassicae’ 780 

and L. maculans ‘lepidii’. Log2 of the size of the domains was estimated based on the 781 

coordinates of the location of the domains, identified using RSEG (45). Blue: H3K4me2; Purple: 782 

H3K9me3; Orange: H3K27me3; Lmb: L. maculans ‘brassicae’; Lml: L. maculans ‘lepidii’. 783 

 784 

Figure 2. Genome of Leptosphaeria maculans ‘brassicae’ harbors large TE-rich, H3K9me3-785 

domains compared to Leptosphaeria maculans ‘lepidii’. Example of SuperContig 2 of Lmb and 786 

Scaffold 1 of Lml. ChIP-seq was performed with antibodies targeting H3K4me2 (cyan), H3K9me3 787 

(purple) or H3K27me3 (orange); rectangles indicate location of significantly enriched domains 788 

identified using RSEG (45). Blue: location of CDS; red: location of transposable elements; Lmb: L. 789 

maculans ‘brassicae’; Lml: L. maculans ‘lepidii’. Genes encoding proteinaceous effectors are 790 

https://doi.org/10.1101/2020.03.27.012203
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indicated with a red square. 791 

 792 

Figure 3. Coverage of different genome features in the genomes of L. maculans ‘brassicae’ and 793 

L. maculans ‘lepidii’. A. SuperContig 2 of Lmb; B. SC 19, i.e. dispensable chromosome, of Lmb; C. 794 

SC 1 of Lml. SC2 of Lmb and SC1 of Lml are syntenic (4). Coverage of the genome features and 795 

histone modification domains, as identified in axenic cultures, were analysed in 10 kb sliding 796 

windows in the genomes of Lmb and Lml. Lmb, L. maculans ‘brassicae’; Lml, L. maculans ‘lepidii’; 797 

CDS, Coding Sequences; TE, Transposable Elements; SC, Super Contig. 798 

 799 

Figure 4. Number of genes associated with histone modifications in Leptosphaeria maculans 800 

‘brassicae’ and L. maculans ‘lepidii’. A. L. maculans ‘brassicae’, Lmb and B. L. maculans ‘lepidii’, 801 

Lml. Locations of histone modifications in the genomes of Lmb and Lml were identified using 802 

RSEG (45). Blue: H3K4me2; Purple: H3K9me3; Orange: H3K27me3. Genes were considered as 803 

associated with any of the histone modifications when at least one bp of the gene was found 804 

within the borders of the domain.  805 

 806 

Figure 5. Genes associated with heterochromatin are less expressed than genes associated 807 

with euchromatin in L. maculans ‘brassicae’ and L. maculans ‘lepidii’. A. L. maculans 808 

‘brassicae’; B. L. maculans ‘lepidii’. Location of histone modifications in the genomes of Lmb and 809 

Lml were identified using RSEG (45), during axenic culture. RNA-seq was performed from Lmb or 810 

Lml grown one week in FRIES media. Blue: H3K4me2; Purple: H3K9me3; Orange: H3K27me3.  811 
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number 
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c number proportion P value
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Table 3. Number of proteinaceous effector genes located in different genomic compartments in L. maculans  'brassicae' and L. 

maculans  'lepidii'

L. maculans  'brassicae' L. maculans  'lepidii'

a
Genes located up to 2 kb upstream or downstream of a transposable element sequence;

b
Genes located in a H3K4me2-, H3K9me3-, H3K27me3- or H3K9me3/H3K27me3-domain in vitro ; 

c
A X² test was applied to compare proportion of effector genes in the genome and in the genomic compartment analysed.

specific effector-geneseffector-genes effector-genes specific effector-genes

812 
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Additional figure legends 813 

Additional figure 1. Correlation analysis of the location of genes, transposable elements and 814 

domains enriched for H3K4me2, H3K9me3 and H3K27me3 in the genomes of A. Leptosphaeria 815 

maculans ‘brassicae’; B. Leptosphaeria maculans ‘lepidii’. Regions significantly enriched for any 816 

of the three histone modifications analysed were identified through ChIP-seq performed during 817 

axenic culture; correlation analyses were performed using a Kendall’s Ƭ (see Materials and 818 

Methods). K4: H3K4me2; K9: H3K9me3; K27: H3K27me3; CDS: Coding sequences; TE: 819 

Transposable Elements. 820 

 821 

Additional table legends 822 

Additional table 1. Statistics of ChIP-seq and RNA-seq datasets and alignments. Table shows 823 

the number of reads used for the alignment, the number of reads mapping only at one location, 824 

the number of reads aligned more than once and the unmapped reads against the genome of L. 825 

maculans 'brassicae' (Lmb; 37) or L. maculans 'lepidii' (Lml; 4). 826 

 827 

Additional table 2. Correlation analysis between the different ChIP experiments generated 828 

with antibodies targeting histone modifications H3K4me2, H3K9me3 and H3K27me3 in L. 829 

maculans 'brassicae', during in vitro growth. Correlation analyses were performed to analyse 830 

location of the significantly enriched domains, identified using RSEG (45), from the three 831 

different biological replicates generated and analyzed separately. A Kendall's Ƭ correlation test 832 

was performed using R. 833 

 834 
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Additional table 3. Correlation analysis between the different ChIP experiments generated 835 

with antibodies targeting histone modifications H3K4me2, H3K9me3 and H3K27me3 in L. 836 

maculans 'lepidii', during in vitro growth. 837 

Correlation analyses were performed to analyse location of the significantly enriched domains, 838 

identified using RSEG (45), from the three different biological replicates generated and analyzed 839 

separately. A Kendall's Ƭ correlation test was performed using R. 840 

 841 

Additional table 4. Coverage of histone modifications H3K4me2, H3K9me3 and H3K27me3 in 842 

the genome of Leptosphaeria maculans 'brassicae'.  843 

aGenome as published in Dutreux et al. (37) 844 

bLocation of H3K4me2, H3K9me3 and H3K27me3 was determined through ChIP-seq analysis, in 845 

vitro, and regions significantly enriched for any of the modifications was identified using RSEG 846 

(45). 847 

 848 

Additional table 5. Coverage of histone modifications H3K4me2, H3K9me3 and H3K27me3 in 849 

the genome of L. maculans 'lepidii'.  850 

aGenome as published in Grandaubert et al. (4) 851 

bLocation of H3K4me2, H3K9me3 and H3K27me3 was determined through ChIP-seq analysis, in 852 

vitro, and regions significantly enriched for any of the modifications was identified using RSEG 853 

(45). 854 

 855 

 856 
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Additional table 6. GO categories enriched in genes associated with H3K4me2 during axenic 857 

culture of L. maculans 'brassicae'. GO annotation of the Lmb genes were retrieved from Dutreux 858 

et al. (37). Analysis of GO enrichment among the genes associated with H3K4me2 during axenic 859 

culture of Lmb was performed using Cytoscape (Shannon et al., 2003). 860 

 861 

Additional table 7. GO categories enriched in genes associated with H3K4me2 during axenic 862 

culture of L. maculans 'lepidii'. GO annotation of the Lml genes were retrieved from 863 

Grandaubert et al. (4). Analysis of GO enrichment among the genes associated with H3K4me2 864 

during axenic culture of Lml was performed using Cytoscape (54). 865 

 866 

Additional table 8. GO categories enriched in genes associated with H3K27me3 during axenic 867 

culture of L. maculans 'brassicae'. GO annotation of the Lmb genes were retrieved from Dutreux 868 

et al. (37). Analysis of GO enrichment among the genes associated with H3K27me3 during axenic 869 

culture of Lmb was performed using Cytoscape (54). 870 

 871 

Additional table 9. GO categories enriched in genes associated with H3K27me3 during axenic 872 

culture of L. maculans 'lepidii'. GO annotation of the Lml genes were retrieved from 873 

Grandaubert et al. (4). Analysis of GO enrichment among the genes associated with H3K27me3 874 

during axenic culture of Lml was performed using Cytoscape (54).  875 

 876 

Additional table 10. Location of (putative) metabolic effector in L. maculans 'brassicae' and L. 877 

maculans 'lepidii' genomic compartments.  878 
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aGenes located up to 2 kb upstream or downstream of a transposable element sequence;  879 

bGenes with RPKM≥ 2;      880 

cGenes located in a H3K4me2-, H3K9me3-, H3K27me3- or H3K4me2/H3K27me3-domain in vitro; 881 

K4: H3K4me2; K9: H3K9me3; K27:H3K27me3.       882 

 883 



Figures

Figure 1

Size of the histone domains in the genomes of Leptosphaeria maculans ‘brassicae’ and L. maculans
‘lepidii’. Log2 of the size of the domains was estimated based on the coordinates of the location of the
domains, identi�ed using RSEG (45). Blue: H3K4me2; Purple: H3K9me3; Orange: H3K27me3; Lmb: L.
maculans ‘brassicae’; Lml: L. maculans ‘lepidii’.



Figure 2

Genome of Leptosphaeria maculans ‘brassicae’ harbors large TE-rich, H3K9me3-domains compared to
Leptosphaeria maculans ‘lepidii’. Example of SuperContig 2 of Lmb and Scaffold 1 of Lml. ChIP-seq was
performed with antibodies targeting H3K4me2 (cyan), H3K9me3 (purple) or H3K27me3 (orange);
rectangles indicate location of signi�cantly enriched domains identi�ed using RSEG (45). Blue: location



of CDS; red: location of transposable elements; Lmb: L. maculans ‘brassicae’; Lml: L. maculans ‘lepidii’.
Genes encoding proteinaceous effectors are indicated with a red square.

Figure 3

Coverage of different genome features in the genomes of L. maculans ‘brassicae’ and L. maculans
‘lepidii’. A. SuperContig 2 of Lmb; B. SC 19, i.e. dispensable chromosome, of Lmb; C. SC 1 of Lml. SC2 of
Lmb and SC1 of Lml are syntenic (4). Coverage of the genome features and histone modi�cation
domains, as identi�ed in axenic cultures, were analysed in 10 kb sliding windows in the genomes of Lmb
and Lml. Lmb, L. maculans ‘brassicae’; Lml, L. maculans ‘lepidii’; CDS, Coding Sequences; TE,
Transposable Elements; SC, Super Contig.



Figure 4

Number of genes associated with histone modi�cations in Leptosphaeria maculans ‘brassicae’ and L.
maculans ‘lepidii’. A. L. maculans ‘brassicae’, Lmb and B. L. maculans ‘lepidii’, Lml. Locations of histone
modi�cations in the genomes of Lmb and Lml were identi�ed using RSEG (45). Blue: H3K4me2; Purple:
H3K9me3; Orange: H3K27me3. Genes were considered as associated with any of the histone
modi�cations when at least one bp of the gene was found within the borders of the domain.



Figure 5

Genes associated with heterochromatin are less expressed than genes associated with euchromatin in L.
maculans ‘brassicae’ and L. maculans ‘lepidii’. A. L. maculans ‘brassicae’; B. L. maculans ‘lepidii’.
Location of histone modi�cations in the genomes of Lmb and Lml were identi�ed using RSEG (45),
during axenic culture. RNA-seq was performed from Lmb or Lml grown one week in FRIES media. Blue:
H3K4me2; Purple: H3K9me3; Orange: H3K27me3.
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