














terpene synthases (TPSs), and cytochrome P450s, are predomi-
nantly located in telomeric and pericentromeric regions of the F.
graminearum genome. Previous studies show that Kmt6 represses

SM gene expression through H3K27me3 deposition (Tang et al.
2021; Atanasoff-Kardjalieff and Studt 2022). Loss of H3K27me3
in Δkmt6 derepressed genes involved in SM biosynthesis. Given
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Figure 5. Distinct transcriptional roles of Set2 and Ash1 via H3K36me3 in F. graminearum. (A) Heatmaps of Ash1- and Set2-dependent H3K36me3 peaks
across all genes ±3.0 kb. (B) Principal component analysis (PCA) of transcriptomes for PH-1 and deletion mutants. (C) Violin plots of expression for genes
with/without H3K36me3. Different letters indicate statistically significant differences among all groups shown. (D) Venn diagram: Δash1 upregulated ver-
sus Ash1 targets (top); Δset2 downregulated versus Set2 targets (bottom). RF: Representation factor. (E,F ) Gene Ontology (GO) enrichment of overlapping
sets in D. (G) IGV tracks of H3K36me3 and RNA expression of LEU1 in PH-1, Δset2, and Δash1. (H) Colony morphology of strains on FGA (fructose gelatin
agar) medium with/without 0.3 mM leucine after 3 days. (I) Mycelial dry weight of strain of incubation in liquid FGMwith/without 0.3 mM leucine after 3
days (25°C, 180 rpm). Different letters indicate statistically significant differences within each treatment condition. (J) IGV tracks of H3K36me3 and RNA
expression of STF in PH-1, Δset2, and Δash1. (K) Perithecium formation in mating cultures at 14 days postfertilization. Scale bar, 0.5 cm. (L) IGV tracks of
H3K36me3 and RNA expression of NRPS7 in PH-1, Δset2, and Δash1. (M ) Ultraperformance liquid chromatography-mass spectrometry (UPLC-MS) ion
chromatograms of fusaristatin A in PH-1 (blue) and Δash1 (red). Peaks: m/z 659.43 ([M+H]+) and 681.41 ([M+Na]+). (N) IGV tracks of H3K36me3 and
RNA expression of CHSA in PH-1, Δset2, and Δash1. (O) Colony morphologies on CM with Congo red (CR, 0.2 g/L) or calcofluor white (CFW) (100
mg/L) at 3 days. (P) Inhibition rates under indicated stress conditions. Different letters indicate statistically significant differences within each treatment
condition. Data in I and P represent the mean± s.d. of three independent experiments. For panels C, I, and P, statistical significance (P<0.05) was deter-
mined by ANOVA followed by Tukey’s multiple comparisons test.
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H3K36me3 enrichment in telomeric and pericentromeric regions
and Ash1’s role in modulating H3K27me3 deposition, we investi-
gated whether H3K36me3 contributes to SM regulation in F.
graminearum.

Heat map analysis revealed that primarymetabolism gene ex-
pression remained largely unaffected in Δash1, Δset2, and Δset2/
ash1, consistent with patterns in Δkmt6 (Fig. 7A). In contrast, SM
genes exhibited greater transcriptional variability, particularly in
Δash1, where 35.8% (245/683) of SM genes were differentially ex-
pressed. A similar trend was observed in Δkmt6, which showed dif-
ferential expression of 59.5% (407/683) SM genes (Fig. 7B).
Notably, 130 SM genes were upregulated in both Δash1 and
Δkmt6 (Fig. 7C). Furthermore, 85% of SM genes upregulated in
Δash1were restored to wild-type expression in Δset2/ash1, suggest-

ing Set2 also participates in their regulation (Fig. 7B,C). Further
analysis identified 62 key SM genes, including PKSs, NRPSs,
TPSs, and cytochrome P450s, marked by H3K36me3 in PH-1 and
showing significant changes in the single or double mutants
(Fig. 7D). Among these, 34 genes were comarked by H3K36me3
and H3K27me3 and showed elevated expression in Δash1
(Fig. 7D). ChIP-seq showed a substantial reduction in both
H3K36me3 and H3K27me3 at the promoters and gene bodies of
derepressed genes in Δash1, with H3K36me3 levels nearly abol-
ished at promoters (Fig. 7E).

To further elucidate Ash1’s effects on SM gene regulation, we
analyzed the aurofusarin biosynthetic gene cluster as an example
(Fig. 7F). All 13 genes in this cluster were upregulated in Δash1, co-
inciding with reductions of H3K36me3 and H3K27me3 at their
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Figure 6. Ash1 modulates H3K27me3 deposition and target gene transcription. (A) IGV tracks of H3K36me3 in Δset2 and H3K27me3 in PH-1 across all
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promoters (Fig. 7F). This trendwas further validated byChIP-qPCR
and RT-qPCR for two representative genes—AUR1, encoding the
transcription factor, and PKS12, encoding polyketide synthase.
Both genes exhibited decreased promoter enrichment of

H3K36me3 and H3K27me3, with increased transcript levels (Fig.
7G–I). Notably, H3K36me3 enrichment across the gene bodies of
several cluster genes, including AUR4, PKS12, AUR8, and AUR9,
was not altered in Δash1 (Fig. 7F). Elevated expression of the
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aurofusarin biosynthesis cluster in Δash1 led to increased pigment
accumulation on CM plates and in liquid cultures (Fig. 7J,K).
Additionally, AUR1 overexpression under a constitutive tubulin
promoter (∼25-fold increase) enhanced pigment production but
reduced vegetative growth by ∼70% compared to PH-1 (Fig. 7J,
L). Subsequent experiments revealed that purified aurofusarin sig-
nificantly suppressed mycelial growth, conidiation, and conidial
germination in PH-1 (Supplemental Fig. S7). These suggest that
the growth defects in Δash1 are partially due to increased aurofu-
sarin production. To test this, we generated a Δash1/aur1 double
mutant, which partially rescued the growth defects in Δash1 (Fig.
7L). These findings show that Ash1-mediated H3K36me3 and
Kmt6-mediated H3K27me3 cooperatively repress SM gene expres-
sion via promoter occupancy and that growth defects in Δash1 are
partially due to overproduction of toxic SMs, such as aurofusarin.

As observed, Δash1 exhibited phenotypic instability, produc-
ing fast-growing sectors after 2 weeks of incubation. Whole-
genome resequencing of two suppressor mutants identified frame-
shift mutations in CTK1 (FGSG_16718) and SET2 (FGSG_05558)
(Fig. 7M,N). Previous studies show that Ctk1, a cyclin-dependent
kinase, phosphorylates the C-terminal domain (CTD) of RNA
polymerase II (RNAPII) at serine 2 (Ahn et al. 2004; Röther and
Sträßer 2007), facilitating Set2 recruitment and H3K36me3 depo-
sition during transcription elongation (Youdell et al. 2008; Dro-
namraju and Strahl 2014). We hypothesize that frameshift
mutations in Ctk1 and Set2 impair transcription elongation, par-
ticularly in SM genes, which partially alleviates the growth defects
in Δash1. Consistent with this, transcript levels of representative
SM genes were reduced in both Δash1/ctk1 and Δash1/set2 com-
pared to Δash1 (Fig. 7O). Moreover, the growth rates of these dou-
ble mutants were faster than Δash1 and comparable to the
suppressor strains (Fig. 7M).

In conclusion, these findings highlight the cooperative roles
of H3K36me3 and H3K27me3 in regulating SM gene expression.
In PH-1, SM gene promoter regions are co-occupied by Ash1-cata-
lyzed H3K36me3 and PRC2-catalyzed H3K27me3, maintaining
transcriptional repression. Deletion of ASH1 results in a near-com-
plete loss of H3K36me3 at SM gene promoters, with a marked re-
duction in H3K27me3 enrichment. This epigenetic disruption

relieves repression, leading to SM gene activation. Set2 catalyzes
H3K36me3 in the SM gene coding regions, playing a key role in
elongation. This process is facilitated by Ctk1 kinase, which
phosphorylates Ser2 residues in RNAPII’s CTD, transitioning RNA-
PII into a highly phosphorylated state. Phosphorylated Ser2 en-
ables Set2 recruitment to coding regions, where it catalyzes
H3K36me3, ensuring efficient transcription elongation. Impor-
tantly, H3K36me3 levels in SM gene coding regions remain robust
in Δash1, highlighting its critical role in sustaining transcription
elongation of SM genes (Fig. 8).

Discussion

The SET domain is a conserved catalytic domain in HMTs, studied
across diverse species (Veerappan et al. 2008; Herz et al. 2013).
Previous evolutionary analyses, using limited genomic data sets,
suggest SET domain proteins undergo dynamic processes, includ-
ing gene loss, duplication, and functional diversification (Zhang
and Ma 2012; Zhu et al. 2013). Here, we extend these findings
by analyzing 18,718 SET domain proteins from 1038 fungal spe-
cies, providing a comprehensive survey across the fungal kingdom.
A positive correlation between SET domain proteins and genome
size suggests adaptive expansion during fungal evolution. Most
fungal HMTs clustered into conserved groups, with Set2 and
Ash1 showing distinct evolutionary paths. Set2 proteins are con-
served across nearly all analyzed species, whereas Ash1 homologs
are absent in a third of species, suggesting lineage-specific loss or
functional replacement. Phylogenetic analyses suggest early diver-
gence of Set2 and Ash1, highlighting their nonredundant roles.
Functional studies in F. graminearum confirm that Set2 and Ash1
mediate H3K36me3 at distinct loci, with Set2 acting in euchroma-
tin linked to active genes and Ash1 depositing it in heterochroma-
tin to repress transcription. These findings highlight the
complementary, nonredundant functions of Set2 and Ash1 in
chromatin and gene expression. Moreover, our analysis revealed
that the absence of Kmt6 in 417 species, except Ash1, suggests a
shared evolutionary history among HMTs associated with hetero-
chromatic silencing, highlighting the precision of histonemethyl-
ation in gene regulation. In fungi lacking both Ash1 and Kmt6,
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Figure 8. Model of H3K36me3-H3K27me3 interplay in regulating secondary metabolism gene expression. In PH-1, SM genes are repressed by Ash1-
catalyzed H3K36me3 (purple) and PRC2-medicated H3K27me3 (red) at promoters (left). ASH1 deletion causes loss of H3K36me3 and reduced
H3K27me3, releasing repression and activating transcription (right). During elongation, kinase Ctk1 phosphorylates the Ser2 residue of the C-terminal
domain (CTD) of RNA polymerase II (Pol II), facilitating Set2 recruitment. Set2 deposits H3K36me3 along gene bodies to sustain elongation of activated
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alternative silencing strategies likely compensate for the absence of
classical methylation marks. For instance, short double-stranded
RNAs induce RNA silencing through distinct mechanisms
(Meister and Tuschl 2004). Telomere-associated factors such as
DNA helicase Dna2p, telomerase Dot1, and ubiquitinase Dot4p
may also contribute to gene silencing (van Leeuwen et al. 2002;
Gardner et al. 2005).

H3K36me3 is a cotranscriptional modification that facili-
tates transcription elongation and is implicated in repression
(Wagner and Carpenter 2012). With increasing functional char-
acterization across fungal species, evidence suggests that
H3K36me3’s regulatory role varies across distinct chromatin con-
texts (Suzuki et al. 2016; Bicocca et al. 2018). Beyond its con-
served role in cotranscriptional histone modification, where
Set2 associates with elongating RNAPII to deposit H3K36me2/3
along coding regions, several studies have uncovered additional
functions of Set2. Loss of SET2 in Saccharomyces cerevisiae leads
to increased histone exchange and H3K56ac accumulation with-
in gene bodies, facilitating aberrant transcriptional activation
(Venkatesh et al. 2012). Set2-mediated H3K36 methylation is crit-
ical for proper pre-mRNA splicing, and its absence impairs splice
site recognition, leading to unstable transcripts or pre-mRNA deg-
radation, reducing transcriptional levels (Li et al. 2016;
Bhattacharya et al. 2021). In F. graminearum, H3K36me3-mediat-
ed regulation is context-dependent and governed by two distinct
HMTs: Set2 and Ash1. Set2 functions in euchromatin to sustain
transcription, whereas Ash1 operates in heterochromatin to me-
diate silencing. H3K36me3 levels were reduced across gene bodies
in Δset2, while promoter enrichment increased. Conversely,
Δash1 retained H3K36me3 in the gene body but showed reduced
enrichment at promoters. These patterns highlight the distinct
activities of Set2 and Ash1, with Set2 in coding regions and
Ash1 at promoters. Beyond gene expression regulation, Set2-me-
diated H3K36me3 suppresses cryptic transcription initiation and
restores chromatin compaction after RNA polymerase II passes
(Carrozza et al. 2005; Kim et al. 2016). Consistent with this, com-
pared to PH-1, we identified 67 genes with cryptic transcription
in Δset2. These findings suggest that Set2-mediated H3K36me3
is critical for transcriptional fidelity by preventing cryptic tran-
scription in gene bodies, likely conserved across fungi and other
eukaryotes.

Previous studies show thatH3K27me3 andH3K36me3 aremu-
tually exclusive on the same histone H3 and rarely co-occur across
the genome (Schmitges et al. 2011; Alabert et al. 2020). However,
we found that a significant portion of Ash1-marked chromatin dis-
played H3K27me3. In F. graminearum, loss of Ash1-dependent
H3K36 methylation was linked to both decreases and increases in
H3K27me3, suggesting complex interplay between these modifica-
tions. Notably, loss ofASH1 led to increasedH3K27me3 at 63 genes;
however, only 17 exhibited reduced transcript levels. This limited
transcriptional response is likely due to the chromatin context of
Ash1-regulated genes, which are in heterochromatic regions where
expression is low or silent. Transcriptomic analysis further support-
ed this, showing that, of 63 Ash1-regulated genes with increased
H3K27me3 in Δash1, 17 were downregulated, 28 were silent in
PH-1, and 18 showed no significant change (Supplemental Table
S7). These findings suggest that the repressive effect of the newly
deposited H3K27me3 in Δash1 is similar to the repression conferred
by H3K36me3 at these loci. In addition to the interplay between
H3K36me3 and H3K27me3, we observed altered levels of
H4K20me3 in Δash1 (Fig. 2C,D), suggesting a functional connec-
tion between Ash1-mediated H3K36me3 and H4K20me3 in F. gra-

minearum. To investigate this, we performed genome-wide
profiling of H4K20me3 by ChIP-seq in both PH-1 and Δash1. Our
analysis revealed that H4K20me3 is distributed across the F. grami-
nearum genome (Supplemental Fig. S8A). Comparative analysis
identified 874 significantly upregulated peaks and 1003 signifi-
cantly downregulated peaks in Δash1 (Supplemental Fig. S8B,C).
The upregulated peaks were enriched in euchromatic regions,
whereas the downregulated peaks were in facultative heterochro-
matin, showing a pattern similar to Zymoseptoria tritici (Möller
et al. 2023). The regulatory relationships among H3K36me3,
H3K27me3, and H4K20me3 warrant further investigation to eluci-
date their roles in chromatin-based gene regulation.

Set2 and Ash1 play essential, distinct roles in chromatin-based
regulation affecting fungal growth, virulence, and secondarymetab-
olism (Gu et al. 2017; Bicocca et al. 2018; Janevska et al. 2018;
Zhuang et al. 2022; Xu et al. 2023). In F. graminearum, Δash1 exhib-
ited a severe growth defect, with its growth rate reduced by ∼90%, a
phenotype more drastic than in other fungi (Janevska et al. 2018;
Zhuang et al. 2022; Xu et al. 2023). Notably, this severe growth
defect was partially rescued inΔset2/ash1, suggesting a genetic inter-
action between Set2 and Ash1. This partial rescuemay be due to the
overexpression of genes typically silenced in PH-1 after ASH1 dele-
tion. Supporting this, overexpression of AUR1 impaired mycelial
growth,whereas deletingAUR1 inΔash1partially rescued the defect.
Deletion of both SET2 and ASH1 reduced virulence in F. graminea-
rum, consistent with previous findings in other pathogenic fungi
(Gu et al. 2017; Janevska et al. 2018; Xu et al. 2023). Fungal SMs
are smallmolecules with diverse functions and applications inmed-
icine, agriculture, and industry. Their biosynthesis is controlled by
coexpressed genes in gene clusters. Most SM gene clusters remain si-
lent due to tight regulation under laboratory conditions (Brakhage
2013). Environmental cues, chromatin accessibility, and histone
modifications regulate the activation of these gene clusters
(Brakhage 2013; Collemare and Seidl 2019). Efforts to activate silent
SM gene clusters in fungi have primarily focused on histone acety-
lation and methylation (Yu and Keller 2005; Atanasoff-Kardjalieff
and Studt 2022). Acetylation marks like H3K9ac and H3K27ac and
H3K4methylation are enriched at promoters of actively transcribed
SM genes, promoting RNA polymerase II recruitment and transcrip-
tion initiation (Liu et al. 2015). H3K27 methylation, deposited by
PRC2, represses SM clusters in facultative heterochromatin under
noninducing conditions (Connolly et al. 2013). Whereas these
modifications are well characterized, the role of H3K36me3 in regu-
lating SM gene expression is less understood but gaining attention
due to its emerging significance. Deletion of SET2 in F. verticillioides
caused defects in FB1 mycotoxin biosynthesis and pigmentation
(Gu et al. 2017). In F. fujikuroi, deletion of SET2 and ASH1 reduced
gibberellin production but elevated fusarins and fusaric acid level.
ASH1 deletion reduced bikaverin production while increasing fusar-
ubin levels (Janevska et al. 2018). Our findings reveal distinct, com-
plementary roles for Set2 and Ash1 in regulating SM gene
expression in F. graminearum. Ash1-mediated H3K36me3 cooper-
ates with PRC2-dependent H3K27me3 at SM gene promoters to
repress SM gene transcription. Deletion of ASH1 disrupts this bal-
ance, reducing H3K27me3 occupancy and activating SM gene clus-
ters. Set2-mediated H3K36me3, enriched in SM gene bodies,
facilitates transcriptional elongation and proper SM gene expres-
sion. These findings emphasize the complexity of chromatin-based
regulation of SM. A deeper understanding of histone modifications
like H3K36me3 and their interactions with other chromatin regula-
tors will be critical for elucidating and harnessing fungal SM
biosynthesis.
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Methods

Identification of SET domain proteins in fungi

To systematically identify SET domain proteins across fungi, a total
of 23.64 million protein sequences were retrieved from 1038
fungal genomes spanning nine phyla, all obtained from the
NCBI database. Domain annotations were performed using Pfam
(PF00856), SMART (SM000317), and InterPro (IPR001214).
Proteins containing at least one SET domain were retained, result-
ing in the identification of 18,718 SET domain proteins. To inves-
tigate subfamily relationships, the identified sequences were
clustered with CLANS v2.0 (https://github.com/inbalpaz/
CLANS), a Python-based tool for sequence-similarity network
analysis, executed in non-GUI mode with the “-nogui” flag.

Phylogenetic analysis of SET domain proteins in fungi

Phylogenetic reconstruction was performed for cluster 1, which
contained 6640 sequences grouped into 11 groups. Multiple se-
quence alignments were generated with MAFFT v7.475 (Katoh
and Standley 2013), and poorly aligned regions were removed us-
ing trimAl v1.4.1 (Capella-Gutiérrez et al. 2009) with the “gappy-
out” setting. A maximum-likelihood tree was inferred with
FastTree v2.1 (Poon et al. 2010). The reference species tree for the
1038 fungal genomes was obtained from a previous study (Li
et al. 2021), which established phylogenetic relationships using
290 single-copy BUSCO genes. To assess the distribution of major
SET domain subfamilies, the average copy number of SET domain
proteins was calculated across 42 fungal classes spanning seven
phyla (each represented bymore than one species). The groups ex-
amined included group03-H3K9, group04-H3K4, group06-Set2
(H3K36), group15-Ash1 (H3K36), group07-H4K20, and group14-
H3K27.

Strain construction

The wild-type F. graminearum strain PH-1 (NRRL 31084) served
as the parental strain for transformants generated in this study.
All gene deletions, complementations, and H3K36A point muta-
tion were generated using the double-joint PCR method (Supple-
mental Fig. S9A–C), and the resulting DNA fragments were
introduced into protoplasts via polyethylene glycol (PEG)-mediat-
ed transformation as described previously (Yun et al. 2014). Trans-
formants were selected on hygromycin (100 µg/mL) or neomycin
(100 µg/mL), depending on the resistance cassette used, and veri-
fied by PCR or sequencing (Supplemental Fig. S9D–G). Primers
used in this study are listed in Supplemental Table S8. Indel pro-
files of Δset2, Δash1, Δset2/ash1, complemented strains, and the
H3K36A mutant were confirmed by whole-genome sequencing
(WGS) (Supplemental Fig. S9H; Supplemental Table S9). For gene
deletions, the ORF was replaced with either the hygromycin B
phosphotransferase gene (HPH) or the neomycin resistance gene
(NEO). Complementation strains of SET2 and ASH1 were generat-
ed by in situ replacement with GFP-tagged ORFs fused to flanking
regions and the NEO cassette. The PH-1::Tri1-GFP strain was con-
structed using the same strategy. Double mutants (Δset2/ash1,
Δash1/aur1, and Δash1/ctk1) were obtained by replacing the target
ORF with the NEO cassette in the Δash1 background. The H3K36A
allele was generated by substituting lysine with alanine at position
36 of HISTONE3 (FGSG_04290) and confirmed by sequencing.
Overexpression of AUR1 and CHSAwas driven by either the native
TUB promoter (FGSG_09530) or the A. nidulans GPDA promoter
(Frandsen et al. 2008), fusedwith theNEO cassette, and introduced
into the corresponding deletion strains.

Pathogenicity and DON production assays

To evaluate the pathogenicity on wheat heads, 10 µL of conidial
suspension (1×105 conidia/mL) were injected into the central spi-
kelet of individual flowering wheat heads. Each strain was tested
on 15 biological replicates. The number of infected spikelets per
head was recorded 14 days postinoculation (dpi). For wheat seed-
ling stem assays, fresh wheat stems were inoculated with mycelial
plugs, and lesion development was documented at 5 dpi. For
deoxynivalenol quantification, strains were cultured in TBI liquid
medium at 28°C in the dark with shaking at 150 rpm for 7 days.
DON was extracted and quantified using a Deoxynivalenol
(DON) ELISA kit (WS2024-011, Wise Science & Technology
Development, Jiangsu, China) according to themanufacturer’s in-
structions. DONassayswere conductedwith three independent bi-
ological replicates.

In vitro histone methyltransferase assay

In vitro HMT assays were performed as described previously
(Zhang et al. 2024a). Each 200-µL reaction contained 10 µg of syn-
thetic recombinant histone H3 peptide (PSTGGVKKPHRYKPGT),
2 µg S-adenosyl-L-methionine (Solarbio), and ∼100 µg of purified
MBP-Set2, MBP-Ash1, or MBP control protein in HMT buffer (300
mM NaCl, 50 mM Tris-HCl [pH 7.5], 5% glycerol, 1 mM DTT).
Reactions were incubated at 30°C for 20 h and terminated by add-
ing SDS-PAGE loading buffer, followed by boiling at 95°C for
5 min. Reaction products were analyzed by western blot using
anti-H3K36me3 (Abcam, #ab9050) and anti-H3K36me2 (Abcam,
#ab9049,) antibodies, and by ultraperformance liquid chromatog-
raphy-mass spectrometry (UPLC-MS) on a Waters UPLC system
(Waters Corp.). Raw MS data were processed with PEAKS Studio
X+ (Bioinformatics Solutions Inc.) and searched against the F. gra-
minearum PH-1 protein database from UniProt. Search parameters
were: parent mass tolerance, 10 ppm; fragment mass tolerance,
0.02 Da; maximum missed cleavages, 2; variable modifications,
oxidation (M), mono-, di-, and trimethylation (K), acetylation
(K, protein N-term); false discovery rate (FDR) < 1%; mini-
mum peptide score, −10lgP≥10. Label-free quantification was
performed based on extracted-ion chromatogram peak areas.
Peptide-spectrum matches and posttranslational modifications
were validated using PEAKS’ built-in FDR estimation and manual
inspection. Proteins identified with ≥2 unique peptides were con-
sidered confidently identified.

Chromatin immunoprecipitation and ChIP-seq analysis

ChIP assays were performed on PH-1, Δash1, and Δset2 strains us-
ing freshmycelia grown inCMmedium at 25°C for 24 h, following
previously described protocols (Tang et al. 2021). Briefly, 0.6 g of
mycelia was washed twice with cold PBS, crosslinked with 1%
formaldehyde at 25°C for 10min, and quenchedwith 125mMgly-
cine. Samples were lysed in buffer containing 50mMTris-HCl (pH
8.0), 10 mM EDTA, 1% SDS, and protease inhibitor cocktail.
Chromatin was extracted on ice and sonicated to 200- to 500-bp
fragments. A 20-µL aliquot of sonicated chromatin was reserved
as input, and 100 µL were immunoprecipitated with 10 µg
of anti-H3K36me3 (Abcam, #ab9050), anti-H3K27me3 (Active
Motif, #39155), or anti-H4K20me3 (Active Motif, #91107) anti-
bodies at 4°C overnight. The following day, 30 µL of protein A
magnetic beads were added, and samples were incubated for 3
h. Beads were sequentially washed once with buffer I (20 mM
Tris-HCl [pH 8.1], 50 mM NaCl, 2 mM EDTA, 1% Triton X-100,
0.1% SDS), twice with buffer II (10 mM Tris-HCl [pH 8.1], 250
mM LiCl, 1 mM EDTA, 1% NP-40, 1% sodium deoxycholate),
and twice with TE buffer (10 mM Tris-HCl [pH 7.5], 1 mM

Han et al.

2484 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on November 3, 2025 - Published by genome.cshlp.orgDownloaded from 

https://github.com/inbalpaz/CLANS
https://github.com/inbalpaz/CLANS
https://github.com/inbalpaz/CLANS
https://github.com/inbalpaz/CLANS
https://github.com/inbalpaz/CLANS
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280560.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280560.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280560.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280560.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280560.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280560.125/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com


EDTA). DNA was eluted in 300 µL elution buffer (100 mM
NaHCO3, 1% SDS), treated with RNase A (8 µg/mL) at 65°C for
6 h, and digested with Proteinase K (345 µg/mL) overnight at
45°C. Immunoprecipitated DNAwas used to construct sequencing
libraries with theNEXTFLEXChIP-seq Library Prep kit for Illumina
(Bioo Scientific, #NOVA-5143-02) and sequenced on an Illumina
NovaSeq 6000 platform using a paired-end 150-bp (PE150) strat-
egy. Low-quality reads were filtered using Trimmomatic v0.36
(Bolger et al. 2014), and clean reads were mapped to the F. grami-
nearum reference genome using BWA v0.7.15 (Li and Durbin
2009). PCR duplicates were removed with SAMtools v1.3.1 (Li
et al. 2009). Peak callingwas performedwithMACS2 v2.1.1 (band-
width, 300 bp; model fold, 5–50; Q-value≤0.05) (Zhang et al.
2008). ChIP-seq results were validated by ChIP-qPCR using prim-
ers listed in Supplemental Table S8. Relative enrichmentwas calcu-
lated as fold enrichment (ChIP signal divided bymock signals). All
experiments were conducted with three independent biological
replicates.

Identification of cryptic transcription events

To identify genes potentially affected by cryptic transcription ini-
tiation in Δset2, a region-based intragenic coverage analysis was
performed as described previously (McCauley et al. 2021). Gene
bodies were divided into three segments: 5′ (upstream third), mid-
dle (central third), and 3′ (downstream third). Read counts for each
segment were obtained using featureCounts v2.0.1 (Liao et al.
2014) with parameters -t exon -g transcript_id -f -O -T 8 -p -C,
and normalized to TPM. For each gene, a middle-to-edge fold-
change ratio was calculated as the read density in the middle seg-
ment divided by the average of the 5′ and 3′ segments, reflecting
internal transcript accumulation indicative of cryptic initiation.
Fold-change values were calculated separately for PH-1 and Δset2.
Genes with a middle-to-edge ratio >1 in Δset2 and <1 in PH-1,
and a log2 Δset2/PH-1 >1 were considered candidates exhibiting
cryptic transcription initiation in Δset2.

Aurofusarin treatment assays in F. graminearum

To evaluate the biological effect of aurofusarin against F. graminea-
rum, PH-1 conidia were germinated in 2% sucrose at 25°C in the
dark for 5 h, after which aurofusarin was added at a final concen-
trations of 10 or 100 ppm. After 48 h, mycelia were harvested,
dried, and weighed. For conidiation assays, PH-1 was cultured in
CMC liquid medium supplemented with aurofusarin (10 or 100
ppm) at 25°C and 180 rpm in the dark for 5 days. Conidial yield
and septation were quantified microscopically. To assess germina-
tion, conidia were incubated in 2% sucrose containing 10 or 100
ppm aurofusarin for 5 h under the same conditions. Samples
were stained with calcofluor white (CFW) and examined under a
fluorescence microscope.

Statistical analysis

All statistical analyses were conducted using IBM SPSS Statistics
v27. Data are presented as mean± standard deviation (s.d.).
Differences between two groups were evaluated by a two-tailed
Student’s t-test. For multiple comparisons, one-way ANOVA fol-
lowed by Tukey’smultiple-range testwas applied. P-values and rep-
resentation factor (RF) for gene-set overlaps were calculated using
Fisher’s exact test in R (R Core Team 2025), assuming a total F. gra-
minearum genome size of 14,145 genes. Correlation analysis be-
tween the total protein number and SET domain proteins across
fungal specieswas performed using Pearson’s correlation (linear re-
gression) via the Bioinformatics online platform (https://www
.bioinformatics.com.cn; last accessed 10 Dec 2024).
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