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Abstract 

Ustilaginoidea virens causes rice false smut, one of the most devastating rice diseases. The pathogen produces vari-
ous types of mycotoxins, such as ustilaginoidins and ustiloxins, which are harmful to both human and animal health. 
Histone deacetylases in fungi play an important role in regulating chromatin structure and gene expression. However, 
there is limited knowledge about how histone deacetylases control pathogenicity and mycotoxin biosynthesis in U. 
virens. Here, we characterize a putative class I histone deacetylase UvHOS2 in U. virens. The UvHos2-deletion mutants 
exhibit retarded vegetative growth, reduced conidial production and germination, and attenuated virulence. UvHOS2 
positively regulates tolerance to various environmental stresses, including cell wall, cell membrane integrity, osmotic 
and oxidative stresses. UvHOS2 reduces the acetylation levels of histones at multiple Lys sites, including H3K9, H3K14, 
H3K27, and H3K56. ChIP-PCR assays revealed that UvHOS2-mediated H3K9 deacetylation regulates the expression 
of ustilaginoidin biosynthesis genes. Consistently, transcriptome analysis indicates that UvHOS2 regulates the expres-
sion of the genes involved in secondary metabolism, mycelial growth, conidiogenesis, and pathogenicity, thereby 
controlling U. virens virulence and mycotoxin (ustilaginoidins and sorbicillinoids) biosynthesis. This study provides 
a theoretical reference for revealing the epigenetic regulation of pathogenicity and mycotoxin biosynthesis in plant 
pathogenic fungi.
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Background
Rice false smut caused by Ustilaginoidea virens has 
recently become one of the most destructive fungal dis-
eases in rice. The disease not only causes a severe yield 
loss but also threatens food safety due to the production 
of a variety of mycotoxins, such as ustiloxins and usti-
laginoidins (Fu et  al. 2017; Qiu et  al. 2019). Ustilaginoi-
dins consisting of at least 27 derivatives are a group of 
bis-naphtho-γ-pyrones, which are yellow or red powders 
easily soluble in organic solvents (Meng et  al. 2015; Lai 
et  al. 2019; Li et  al. 2019b). The mycotoxins produced 
by U. virens have various biological activities, such as 
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cytotoxicity, antibacterial, and immunosuppressive activ-
ities, and can cause embryonic malformations and mid-
brain cell damage (Lu et al. 2015; Sun et al. 2017, 2020; Li 
et al. 2019b; Wang et al. 2021). The ugs gene cluster has 
been previously predicted and confirmed to be respon-
sible for ustilaginoidin biosynthesis in U. virens (Zhang 
et al. 2014; Li et al. 2019b). However, little is known about 
the regulatory mechanisms of mycotoxin biosynthesis 
in U. virens, especially the regulatory roles of epigenetic 
modification in mycotoxin biosynthesis and pathogenic-
ity. Therefore, an in-depth understanding of the regula-
tory mechanisms of ustilaginoidin biosynthesis in U. 
virens has an important scientific significance and a 
potential practical value for controlling this disease.

Histone acetylation/deacetylation is a common epi-
genetic modification that regulates multiple biological 
processes such as cell cycle, gene replication and tran-
scription, secondary metabolism, and pathogenicity of 
pathogenic microorganisms. Histone acetyltransferases 
(HATs) and histone deacetylases (HDACs) cooperate to 
regulate histone acetylation and gene expression. Gener-
ally, HATs catalyze histone acetylation, which opens up 
chromatin to promote gene transcription, while HDACs 
mediate histone deacetylation, leading to a closed chro-
matin structure and "gene silencing" (Grunstein 1997). 
According to the classification rule of HDACs in yeast, 
fungal HDACs are mainly categorized into three classes: 
class I includes Reduced Potassium Dependency 3 
(RPD3) and HOS2 (HDA One Similar 2); class II contains 
HDA1 (Histone Deacetylase 1) and HOS3; class III, also 
called Sirtuins, includes SIR2 (Silent Information Regula-
tor 2) and HST1-4 (Homologue of SIR two) (Trojer et al. 
2003; Ekwall 2005).

Recent studies have highlighted the involvement of 
histone deacetylases in regulating fungal pathogenic-
ity and mycotoxin biosynthesis. For example, the HDAC 
gene Rpd3 is silenced in Magnaporthe oryzae, causing 
delayed appressorium-mediated penetration, impaired 
invasive growth, and reduced pathogenicity (Lee et  al. 
2021). Similarly, knockdown of the RpdA gene results in 
attenuated pathogenicity in Aspergillus fumigatus (Bauer 
et  al. 2019). In Alternaria alternata, the Hos2 knockout 
mutant exhibits slow vegetative growth, retarded conid-
ial development, and significantly reduced pathogenicity 
compared with the wild-type strain (Ma et  al. 2021). In 
Fusarium fujikuroi, the knockout mutants of the class II 
deacetylase genes Hda1 and Hda2 are significantly atten-
uated in pathogenicity and show reduced biosynthesis of 
secondary metabolites, such as gibberellin and fusaric 
acid (Studt et al. 2013). Gene expression in the polyketide 
synthase (PKS) gene cluster involved in dihydroxynaph-
thalene-melanin biosynthesis is significantly decreased 
in the Penicillium chrysogenum HdaA-knockout mutant, 

thus leading to a substantial reduction in conidial pig-
mentation (Guzman‐Chavez et  al. 2018). In contrast, 
some HDACs negatively regulate secondary metabo-
lism. For instance, the targeted knockout of HstD/Hst4 
in A. oryzae results in a significant increase in penicillin 
and kojic acid production (Kawauchi et al. 2013). When 
the Hda1 homologous genes are deleted, the production 
of 1,8-dihydroxy melanin, ergosterol, and deoxyniva-
lenol is greatly promoted in M. oryzae and in F. asiati-
cum, respectively (Maeda et al. 2017). Therefore, various 
HDACs play different regulatory roles in pathogenicity 
and secondary metabolism.

Recently, progresses have been made on the molecular 
mechanisms of fungal HDACs in regulating pathogenic-
ity and secondary metabolism. The deacetylase HosA in 
A. flavus interacts with the transcription factor SinA to 
form a complex that binds directly to the promoter in the 
aflatoxin B1 (AFB) biosynthetic gene cluster to positively 
regulate AFB biosynthesis (Lan et  al. 2019). The GATA 
transcription factor Brg1 in Candida albicans recruits 
Hda1 to the promoters of hypha-specific genes to regu-
late hyphal development (Lu et  al. 2012). In addition, 
elevated acetylation of H3K56 and H4K16 in Beauveria 
bassiana is essential for Hos2-regulated expression of 
genes for DNA damage repair, cell size, asexual devel-
opment, and virulence (Cai et  al. 2018). However, lit-
tle is known how histone deacetylases, particularly for 
HOS2, function in regulating gene expression, secondary 
metabolism, and pathogenicity in phytopathogenic fungi. 
Therefore, it is important to investigate molecular mech-
anisms of epigenetic modification regulating ustilaginoi-
din biosynthesis and pathogenicity in U. virens.

In this study, we discover that UvHos2 encoding a his-
tone deacetylase is required for mycelial growth, conidia 
development, ustilaginoidin biosynthesis, and viru-
lence. Besides, the levels of acetylation at H3K9, H3K14, 
H3K27, and H3K56 are elevated in the ΔUvhos2 mutant. 
Transcriptome and chromatin immunoprecipitation 
(ChIP)-qPCR analyses indicate that UvHOS2 is involved 
in regulating the expression of the genes involved in sec-
ondary metabolism, mycelial growth, conidiogenesis, and 
pathogenicity, and thereby controls U. virens virulence 
and ustilaginoidin biosynthesis.

Results
UvHOS2 positively regulates mycelial growth and conidial 
production
The U. virens genome contains seven putative HDAC 
genes, among which UVR_04561 is predicted to encode 
a histone deacetylase HOS2. To detect the evolutionary 
conservation of HOS2 homologs across fungal species, a 
phylogenetic tree was generated for type I histone dea-
cetylases in U. virens and the related fungal species, such 
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as B. bassiana, Ustilago maydis, F. graminearum, Saccha-
romyces cerevisiae, M. oryzae, A. alternata, and A. flavus 
using the maximum likelihood method through MEGA 
X software (Additional file  1: Figure S1a). Based on the 
constructed tree, UvHOS2 is the most closely related 
to its orthologs in B. bassiana and F. graminearum. The 
HDAC structural domains were also predicted (Addi-
tional file 1: Figure S1b). To investigate the functions of 
UvHos2, the ΔUvhos2 knockout mutants were gener-
ated through the CRISPR/Cas9 system and homolo-
gous recombination (Additional file  1: Figure S2a). The 
UvHos2-knockout mutants were confirmed by Southern 
blot analyses (Additional file 1: Figure S2b). In addition, 
the complemented strains were generated by introducing 
the constructed plasmid carrying the UvHos2 gene with 
the strong promoter of UVR_08266 into the ΔUvhos2 
mutant. Expression of UvHOS2-FLAG in these comple-
mented strains was confirmed by western blot analysis 
(Additional file 1: Figure S2c).

Subsequently, we observed colony growth, hyphal mor-
phology, conidial development, and germination in the 
wild-type, mutant, and complemented strains. Pheno-
typic analyses showed that the ΔUvhos2 strain exhibited 
a slower mycelial growth on potato sucrose agar (PSA) 
plates compared to the wild-type strain, while the growth 
of complemented strains was restored to the wild-type 
level (Fig.  1a). Furthermore, the interseptal distances in 
hyphae of the strains were measured after the hyphae 
were stained with the cell wall-specific dye Calcofluor 
White. We found that the ΔUvhos2 mutant had a shorter 
interseptal distance than the wild-type strain (Fig. 1b, c). 
The interseptal distance of the complemented strain was 
restored close to the wild-type level (Fig. 1b, c). To inves-
tigate the role of UvHos2 in conidial production and ger-
mination in U. virens, we found that the ΔUvhos2 strain 
produced significantly fewer conidiospores than the wild-
type strain, whereas the wild-type and complemented 
strains exhibited no difference in conidiogenesis (Fig. 1d). 
In addition, the conidia of the wild-type and comple-
mented strains germinated at ~ 3  h, while the ΔUvhos2 
conidia began to germinate at ~ 6  h. The germination 
rates of ΔUvhos2 were much lower than those of the 
wild-type and complemented strains at the tested time-
points (Fig. 1e, f ). Altogether, these results indicate that 
UvHOS2 plays an important role in hyphal growth and 
development, conidial development and germination.

UvHos2 is essential for U. virens virulence 
and ustilaginoidin biosynthesis
To investigate whether UvHOS2 is involved in virulence 
and pathogenicity, conidiospore suspensions prepared 
from the wild-type, ΔUvhos2, and complemented strains 
were injection inoculated into rice panicles of the variety 

Changbai15 before heading. Disease symptoms were 
observed at four weeks after inoculation. The ΔUvhos2 
mutant produced no false smut ball on the inoculated 
panicles. By contrast, the wild-type strain generated 
about ten false smut balls per inoculated panicle. The 
complemented strain partially restored the ability to pro-
duce false smut balls (Fig.  2a, b). These results indicate 
that the ΔUvhos2 mutant is significantly less pathogenic 
than the wild-type strain, suggesting a positive regulatory 
role of UvHOS2 in U. virens pathogenicity.

Furthermore, ustilaginoidins were extracted from four-
week-old mycelial cultures of the wild-type, knockout 
mutant, and complemented strains and were then subject 
to HPLC analyses. The results showed that the ΔUvhos2 
mutant produced a significantly lower amount of ustilag-
inoidins than the wild-type strain, and the complemented 
strain restored the ability to produce ustilaginoidins 
close to the wild-type level (Fig. 2c). The results indicate 
that UvHOS2 positively regulates the biosynthesis of 
ustilaginoidins.

UvHos2 is involved in tolerance to various environmental 
stresses
To investigate the role of UvHos2 in response to vari-
ous environmental stresses, the wild-type, ΔUvhos2, and 
complemented strains were cultured on yeast extract-
tryptone (YT) medium plates containing different stress-
ors, and mycelial growth was measured after 14  days 
of culturing. The ΔUvhos2 mutant exhibited a higher 
growth inhibition rate in the NaCl-containing medium 
than the wild-type strain, indicating that the ΔUvhos2 
mutant is significantly more susceptible to salt osmotic 
stress. On the SDS-containing medium plates, the 
ΔUvhos2 strain was hypersensitive and exhibited almost 
no mycelial growth. In addition, the mutant was more 
susceptible to oxidative stress (0.07% H2O2) and Congo 
Red (70  μg/mL) than the wild-type and complemented 
strains, indicating an important role of UvHOS2 in tol-
erance to oxidative stress and in maintaining cell wall 
integrity (Fig. 3). Because HOS2 belongs to classical his-
tone deacetylases, the sensitivity of the ΔUvhos2 mutant 
to the inhibitor trichostatin A (TSA) of classical HDACs 
was tested. We found that the growth inhibition rate of 
ΔUvhos2 was significantly greater than those of the wild-
type and complemented strains. Altogether, these results 
indicate that UvHos2 deletion causes U. virens to be more 
susceptible to the osmotic, cell membrane, cell wall and 
oxidative stressors, as well as the HDAC inhibitor.

UvHOS2 is involved in histone deacetylation
To investigate whether UvHOS2 is involved in his-
tone deacetylation, we compared the acetylation lev-
els at putative histone acetylation sites in the wild-type, 
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mutant, and complemented strains through western blot 
analyses using site-specific anti-acetylation antibodies. 
The results showed that the acetylation levels at H3K9, 
H3K14, H3K27, and H3K56 in the ΔUvhos2 mutant 
were significantly higher than those in the wild-type and 

complemented strains (Fig.  4a, b), whereas no evident 
alteration in the acetylation level at H3K18, H4K5, and 
H4K8 was detected in these strains. These data indicate 
that UvHOS2 might be involved in deacetylation of his-
tone H3 at H3K9, H3K14, H3K27, and H3K56.

Fig. 1  UvHOS2 is required for hyphal growth, conidial development and germination in U. virens. a Colony morphology of the wild-type, ΔUvhos2 
mutant, and CΔUvhos2 complemented strains after culturing on PSA plates for 14 d. b The interseptal distance in the hyphae of the wild-type, 
ΔUvhos2-51, ΔUvhos2-52, and CΔUvhos2 strains was observed by fluorescence microscopy. The hyphae were stained with Calcofluor White 
after conidia were germinated for 2 d. Scale bars: 20 μM. c The average interseptal distance of the wild-type, ΔUvhos2-51, ΔUvhos2-52, 
and CΔUvhos2 strains. A total of 100 interseptum compartments were randomly selected and measured. Data are presented as mean ± standard 
error (SEM) (n = 100). d The number of conidia generated by the wild-type, ΔUvhos2-51, ΔUvhos2-52, and CΔUvhos2 strains after culturing in PSB 
medium for 7 d. Data are shown as mean ± SEM (n = 3). e Spore germination was observed with microscopy for the wild-type, ΔUvhos2-51, 
ΔUvhos2-52, and CΔUvhos2 strains from 3 to 12 h. Scale bars: 5 μM. f The conidial germination rates of the wild-type, ΔUvhos2-51, ΔUvhos2-52, 
and CΔUvhos2 strains at the indicated time points. A total of 100 spores were randomly selected and observed. Data are shown as mean ± SEM 
(n = 3). Different lowercase letters indicate statistically significant differences (P < 0.05, one-way ANOVA with Duncan’s multiple comparisons)
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UvHOS2 regulates the expression of ustilaginoidin 
biosynthesis genes through H3K9 acetylation
To validate whether the elevated acetylation modification 
in the Uvhos2 mutant is related to the expression of usti-
laginoidin biosynthesis genes, chromatin immunoprecip-
itation (ChIP) was performed using an anti-acetyl-H3K9 
antibody. ChIP-qPCR assays revealed that the enrich-
ment of the promoters of ustilaginoidin biosynthesis 

genes, including UgsR1, UgsR2, UvPKS1, UgsL, UgsZ, 
UgsT, and UgsJ, were significantly reduced in the Uvhos2 
mutant compared with the wild-type strain (Fig.  5a). In 
addition, the promoters of some up-regulated genes 
including UV8b_01772, UV8b_03320, and UV8b_01755 
were enriched by anti-acetyl-H3K9 antibody in the 
mutant strain compared with the wild type (Fig. 5b). The 
results demonstrated that UvHOS2 regulates the expres-
sion of ustilaginoidin biosynthesis genes by affecting 
H3K9 acetylation in U. virens.

UvHOS2 regulates the expression of the genes involved 
in mycotoxin biosynthesis
To investigate whether UvHOS2 plays a regulatory 
role in secondary metabolism, transcriptome analy-
ses of the wild-type and ΔUvhos2 mutant strains were 
performed. Based on Fragments Per Kilobase of exon 
model per Million mapped fragments (FPKM) values, 
2090 differentially expressed genes (DEGs), including 
698 down-regulated and 1392 up-regulated genes, were 
identified according to the criteria of P < 0.05 and |Fold 
Change| > 1.5. A volcano plot showed differences in gene 
expression levels between the wild-type and ΔUvhos2 
strains (Additional file 1: Figure S3).

The DEGs that might be involved in mycotoxin biosyn-
thesis were clustered and analyzed (Fig. 6). The heatmaps 
illustrated the expression profiles of the genes involved in 
the biosynthesis of multiple secondary metabolites, such 
as ustilaginoidins (Fig.  6a) and sorbicillinoids (Fig.  6b). 
Besides, various types of cytochrome P450 genes (Fig. 6c) 
and non-ribosomal peptide synthetase genes (Fig.  6d) 
involved in secondary metabolism were also differentially 
expressed. Remarkably, the majority of these genes were 
transcriptionally suppressed in the ΔUvhos2 mutant.

Furthermore, RT-qPCR assays confirmed that six 
cytochrome P450 genes (UV8b_06946, UV8b_05248, 
UV8b_00584, UV8b_00265, UV8b_04719, and 
UV8b_00540), three polyketide synthase genes 
(UV8b_07639, UV8b_01587, and UV8b_01594), and two 
non-ribosomal peptide synthase genes (UV8b_03234 
and UV8b_07622) were down-regulated in the mutant 
strain (Fig. 6e). The results suggest that UvHOS2 plays an 
important role in secondary metabolism.

Transcriptome analyses also revealed that the redox-
related genes UgsL and UgsZ in the ugs gene cluster were 
down-regulated when UvHos2 was deleted. RT-qPCR 
assays also revealed that the expression of the tested 
genes in the ugs gene cluster was significantly down-reg-
ulated in the ΔUvhos2 mutant compared with the wild-
type strain. In contrast, the expression of these genes 
in the complemented strain was completely or partially 
restored to the wild-type level (Fig.  6f ). Taken together, 
the results indicate that UvHOS2 positively regulates 

Fig. 2  UvHOS2 positively regulates pathogenicity and ustilaginoidin 
biosynthesis in U. virens. a, b The representative disease symptoms, 
and the average number of false smut balls per rice panicles 
after inoculation with the wild-type, ΔUvhos2, and the complemented 
strains. The images were captured, and the disease incidence rate 
and false smut balls were counted at four weeks after inoculation. The 
data from three independent assays are shown as mean ± standard 
deviation (SD) (n = 31, 30, and 33 for the wild-type, mutant, 
and complemented strains, respectively). Different lowercase 
letters indicate statistically significant differences (P < 0.05, one-way 
ANOVA with Duncan’s multiple comparisons). c. HPLC assays 
to detect the amount of ustilaginoidins produced by the wild-type, 
ΔUvhos2-51, ΔUvhos2-52, and CΔUvhos2 strains after 28 d of culturing 
on PSA plates



Page 6 of 16Long et al. Phytopathology Research            (2024) 6:11 

ustilaginoidin biosynthesis through regulating gene 
expression in the ugs gene cluster.

Transcriptome analysis reveals 
the Gene Ontology (GO) terms 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathways that might be regulated by UvHOS2
To uncover the regulatory mechanism of UvHOS2 on 
pathogenicity, mycotoxin biosynthesis, and tolerance to 
environmental stimuli, the GO terms and KEGG path-
ways enriched in down-regulated and up-regulated genes 
were identified through GO and KEGG pathway enrich-
ment analyses. The down-regulated genes were enriched 
in such biological processes as cellular response to 
chemical stimulus, monocarboxylic acid metabolic pro-
cess, organic hydroxy compound metabolic/biosynthetic 
process, fatty acid biosynthetic/metabolic process, and 

MAPK cascade. At the molecular functional level, these 
genes were predominantly associated with DNA binding, 
such as sequence-specific DNA binding, RNA polymer-
ase II transcription regulatory region sequence-specific 
DNA binding, transcription regulatory region nucleic 
acid binding, transcription cis-regulatory region binding, 
and DNA-binding transcription factor activity (Fig.  7a). 
As revealed by KEGG enrichment analysis, the down-
regulated genes were primarily involved in such pathways 
as transporters, protein kinases, MAPK signaling path-
way, and transcription factors (Fig. 7b). By contrast, the 
upregulated genes are primarily associated with such bio-
logical processes related to rRNA processing and matura-
tion, and ribosome biogenesis. At the cellular component 
level, the upregulated genes were involved in biosynthe-
sis of ribosomes and preribosomes, nuclear pore and 
ribonucleoprotein complex, while these genes were 

Fig. 3  UvHOS2 positively regulates tolerance to cell membrane, cell wall, hyperosmotic, and oxidative stresses in U. virens. a Colony morphologies 
of the wild-type, ΔUvhos2-51, ΔUvhos2-52, and complemented strains after culturing on YT medium plates containing various environmental stress 
factors (0.5 M NaCl, 0.03% SDS, 0.07% H2O2, 70 μg/mL Congo Red, or 1 μM TSA) for 14 d. b The growth inhibition rates of the wild-type, ΔUvhos2-51, 
ΔUvhos2-52, and complemented strains on YT medium plates containing different environmental stress factors. The representative data from three 
biological replicates are shown as mean ± SEM (n = 3). Different letters indicate significant differences in the growth inhibition rates according 
to Duncan’s test
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associated with such molecular functions as RNA bind-
ing and RNA polymerase activity (Fig. 7c). The abnormal 
activity of ribosome and RNA metabolism may disrupt 
cellular and biological processes and alter normal meta-
bolic regulatory networks in fungi. Consistently, KEGG 
analysis found that the upregulated genes were primar-
ily associated with ribosome biogenesis, mRNA biogen-
esis, cysteine and methionine metabolism, and valine, 
leucine and isoleucine biosynthesis, and RNA polymer-
ase (Fig. 7d). Collectively, transcriptome analyses identify 
multiple molecular functions and signaling pathways that 
may be affected by UvHos2 mutation and provide insights 
into the regulatory mechanisms of UvHOS2 on patho-
genicity, stimulus responses, and mycotoxin biosynthesis.

Weighted gene co‑expression network analysis reveals key 
factors involving in ustilaginoidin biosynthesis
To further identify the co-expression gene modules 
regulated by UvHOS2, we performed a weighted gene 

co-expression network analysis (WGCNA) based on 
the transcriptomic data (Fig.  8). Interestingly, a char-
acteristic MEblue module (r = −0.99, P < 0.01) was 
found to contain multiple genes in the ustilaginoi-
din biosynthesis gene cluster, including UgsR1, UgsJ, 
UgsH, UgsL, UgsT, and UvPKS1 (Fig.  8a). These usti-
laginoidin biosynthesis-related genes were associ-
ated with 34 up-regulated and 176 down-regulated 
genes in the co-expression module, including 7 puta-
tive transcription factor-encoding genes UV8b_04276, 
UV8b_03854, UV8b_02623, UV8b_03158, 
UV8b_00617, UV8b_00546, and UV8b_00825 (Fig. 8b). 
The annotation of these DEGs provided insights 
into their functions (Additional file  2: Table  S1). The 
up-regulated genes were involved in the synthesis 
of ergosterol (UV8b_07747, ergosterol biosynthe-
sis ERG4/ERG24 family), hydrolysis of carbohydrates 
(UV8b_04720, glycosyl hydrolase family 32), the phe-
nol hydroxylase (UV8b_05045, phenol hydroxylase, 

Fig. 4  UvHOS2 is involved in histone deacetylation at H3K9, H3K14, H3K27, and H3K56 in U. virens. a Western blot analyses to detect the acetylation 
levels at different Lys residues of H3 and H4 in the wild-type, mutant, and complemented strains using the indicated site-specific anti-acetylation 
antibodies. β-actin, H3, and H4 proteins were also detected as internal controls through western blotting. b The relative acetylation levels 
at different Lys residues in H3 and H4 were quantified by densitometry using ImageJ. Data from three biological replicates are shown as mean ± SEM 
(n = 3). Different lowercase letters indicate statistically significant differences in the site-specific acetylation levels among different strains (P < 0.05, 
one-way ANOVA with Duncan’s multiple comparisons)
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C-terminal dimerisation domain), signaling processes 
(UV8b_02672, pleckstrin homology domain) or tran-
scription regulation (UV8b_04276, transcription fac-
tors). The down-regulated genes were predicted to 
associate with a wide array of functions, such as metab-
olism of various compounds (UV8b_00584, cytochrome 
P450), biosynthesis of polyketides (UV8b_01134, acyl 
transferase domain in polyketide synthase enzymes; 
UV8b_03322, polyketide synthase), biosynthesis of 
aromatic amino acids (UV8b_07897, prephenate dehy-
drogenase), epigenetic regulation of gene expression 
(UV8b_00355, methyltransferase domain) and tran-
scription regulation (UV8b_02623, UV8b_03854, 
UV8b_00546, UV8b_00617, UV8b_00825, 
UV8b_03158, transcription factors). Collectively, we 

identified key factors associated with ustilaginoidin 
biosynthesis, and functional annotation has revealed 
their potential roles in this process, notably includ-
ing transcription factors involved in gene expression 
regulation. These findings provide important clues for 
understanding the regulatory mechanisms of UvHOS2 
in ustilaginoidin biosynthesis.

Discussion
Histone deacetylases in phytopathogenic fungi play 
important roles in hyphal growth and development, 
secondary metabolism, and virulence through distinct 
mechanisms (Baidyaroy et  al. 2001; Tribus et  al. 2010; 
Hnisz et al. 2012). In this study, we show that the HDAC 
UvHOS2 globally regulates vegetative growth, conidial 
development and germination, response to environmen-
tal stresses, secondary metabolism, and pathogenicity 
in U. virens. Transcriptome and ChIP-qPCR analyses 
reveal that UvHOS2 regulates the expression of the genes 
involved in ustilaginoidin biosynthesis and pathogenicity 
partially through affecting H3K9 acetylation.

The class I HDACs HOS2 and RPD3 in U. virens have 
the closest homologs in B. bassiana among the closely 
related fungi (Additional file 1: Figure S1). In consistent 
with the reduced ability to produce conidia and attenu-
ated virulence in the ΔUvhos2 strain, the Δhos2 mutant 
in B. bassiana shows altered conidial properties, reduced 
conidiation capacity and virulence (Cai et  al. 2018). 
Interestingly, BcRpd3 overexpression in Botrytis cinerea 
also causes defects in growth, conidial germination and 
pathogenicity (Zhang et al. 2020). Interestingly, MoRpd3 
overexpression in M. oryzae leads to increased conidia-
tion but loss of pathogenicity (Lin et al. 2021). Therefore, 
fungal class I HDACs play a significant role in asexual 
reproduction and pathogenicity.

The shorter hyphal interseptal spacing and slower 
mycelial growth in the ΔUvhos2 mutant indicate that 
UvHos2 plays a crucial role in vegetative growth. Consist-
ently, Hos2 and Rpd3 in A. alternata are required for fun-
gal growth and conidiation (Ma et al. 2021). In M. oryzae, 
the deletion of MoHst4 results in a significant reduction 
in mycelial growth and conidial development (Lin et  al. 
2021). In contrast, Hos2 deletion in B. bassiana causes 
increased cell size and length (Cai et al. 2018). The Δhos3, 
Δhda1, Δhst2, and Δsir2 mutants of A. alternata display 
wild-type levels of vegetative growth and conidiation (Ma 
et al. 2021). These findings indicate that fungal HDACs, 
even close homologs, function differentially in mycelial 
growth and conidial development.

Besides hypersensitivity to the classical HDAC inhibi-
tor TSA, the ΔUvhos2 strain was more sensitive to the 
osmotic, cell membrane, and antioxidative stresses than 
the wild-type and complemented strains. Similarly, the 

Fig. 5  ChIP-qPCR assays to show relative enrichment 
of ustilaginoidin biosynthesis genes and some up-regulated genes 
by acetylated H3K9 in the wild-type and ΔUvhos2 mutant strains. 
a, b The relative enrichment of the promoters of ustilaginoidin 
biosynthesis genes and some up-regulated genes by acetylated H3K9 
in the wild-type and ΔUvhos2 mutant strains. Chromatin fragments 
were immunoprecipitated with an anti-H3K9ac antibody. Quantitative 
PCR was performed with the primers specific for the promoters 
of different genes listed in Additional file 2: Table S3. Representative 
data from three biological replicates are shown as mean ± SD (n = 3). 
*, P < 0.05 and **, P < 0.01 indicate significant and highly significant 
differences between the wild-type and mutant strains (Student’s 
t-test)
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Colletotrichum gloeosporioides Hos2 knockout mutants 
are less tolerant to oxidative and salt osmotic stresses 
(Liu et al. 2022). The Δhos2 mutant in B. bassiana exhib-
ited a reduced tolerance to hydrogen peroxide (Cai et al. 
2018). However, the deletion of the Hos2 homologue 
gene Hdf1 causes F. graminearum to be more tolerant to 
hydrogen peroxide (Li et al. 2011). These results indicate 
that fungal HOS2 homologs respond to environmental 
stresses using various mechanisms.

The phenotypic alterations after UvHos2 deletion 
can be partially explained by transcriptome data. A set 
of genes associated with pathogenesis and conidiation 
are transcriptionally inhibited in the UvHos2-deletion 
mutant (Additional file  2: Table  S2). Reduced virulence 
is also attributable to decreased conidiospore production 
and delayed conidial germination (Fig. 1e, f ). Moreover, 
BLAST searches and homologous comparison revealed 
that some genes involved in conidial development 
(UV8b_06435, UV8b_04229, UV8b_04359, UV8b_04568, 
and UV8b_02287), cell wall integrity (UV8b_03905, 

UV8b_00692), and mycelial growth (UV8b_05833) were 
down-regulated (Additional file  2: Table  S2). The genes 
related to the biosynthesis of secondary metabolites, 
including ustilaginoidin biosynthesis genes, cytochrome 
P450 genes, and non-ribosomal peptide synthetase 
genes, were also significantly down-regulated (Li et  al. 
2019a; Liu et al. 2022; Qu et al. 2022). These data indicate 
that UvHos2 plays a crucial role in secondary metabolism 
in U. virens. In addition, down-regulation of the genes 
related to transporters, MAPK pathways, and protein 
kinases disrupts normal biological processes and signal-
ing transduction network, thus leading to the decrease of 
ustilaginoidin biosynthesis and the delay in growth and 
development in U. virens. Furthermore, the decreased 
expression of cytochrome P450 and non-ribosomal pep-
tide synthetase genes suggests that UvHos2 might be 
involved in fungal adaptation to various environmen-
tal conditions, because the two groups of enzymes are 
responsible for the detoxification of xenobiotics and the 
production of bioactive peptides, respectively (Moktali 

Fig. 6  UvHOS2 regulates secondary metabolism and ustilaginoidin biosynthesis in U. virens. Heatmaps to show the expression levels of the genes 
involved in the biosynthesis of ustilaginoidins a and sorbicillinoids b, and the genes encoding cytochrome P450 c and non-ribosomal peptide 
synthetases d associated with secondary metabolism in the wild-type and ΔUvhos2 mutant strains. Transcriptome analyses were performed 
with three replicates. The color column indicates the levels of gene expression that were scaled using the "Normalized" method, with red 
representing higher expression levels and blue indicating lower expression levels. e, f RT-qPCR assays to validate the expression levels of some 
cytochrome P450 genes, PKS genes and redox-related genes, and ustilaginoidin biosynthesis-related genes in the wild-type, ΔUvhos2, 
and complemented strains. The significance of differences was analyzed using one-way ANOVA with Duncan’s multiple comparisons. Different 
lowercase letters indicate statistically significant differences (P < 0.05)
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et  al. 2012). It is interesting to investigate whether the 
genes involved in the synthesis of mycotoxins are essen-
tial for U. virens virulence. Such investigations might 
provide valuable insights into developing novel strate-
gies for controlling rice false smut disease and mycotoxin 
contamination.

Notably, the up-regulated genes caused by UvHos2 
knockout are enriched in ribosome biogenesis, rRNA 
processing, and RNA binding in U. virens, suggesting that 
histone acetylation is implicated in the maturation and 
processing of rRNA, and ribosome assembly. Ribosomal 
RNAs prevent chromosome clustering (Ma et al. 2022a, 
b), which likely affects the synthesis of secondary metab-
olites, growth, and development in fungi. The 3D genome 
structure might facilitate elucidating molecular mecha-
nisms of excessive rRNA in regulating the pathogenicity 
and secondary metabolism of U. virens.

UvHOS2 positively regulates ustilaginoidin produc-
tion and elevates the expression of the genes involved in 
mycotoxin production, particularly ustilaginoidin bio-
synthesis. Interestingly, the gene co-expression network 

analysis revealed that multiple transcription factor genes 
(UV8b_03854, UV8b_02623, UV8b_03158, UV8b_00617, 
UV8b_00546, and UV8b_00825) were linked to ustilagi-
noidin biosynthesis genes and were also down-regulated 
after the deletion of UvHos2, suggesting that these tran-
scription factors regulate ustilaginoidin biosynthesis.

In fungi, histone deacetylases alter the acetylation lev-
els at different Lys residues. The absence of Hos2 in yeast 
causes an elevated H4K16 acetylation level required for 
high expression of growth-related genes (Wirén et  al. 
2005), whereas hyperacetylation occurs at the H3K18 
site when Hos2 is deleted in M. oryzae (Ding et al. 2010). 
Interestingly, we showed that the UvHos2 mutant had 
significantly higher acetylation levels at H3K9, H3K14, 
H3K27, and H3K56 than the wild-type and comple-
mented strains (Fig. 4). Collectively, HOS2 homologs in 
diverse fungi are responsible for the deacetylation of dif-
ferent Lys sites in histones. Notably, HOS2 in M. oryzae 
forms a histone deacetylase complex with Sin3, Sap18, 
and Sap30, which is indispensable for the maintenance 
of H3K27me3 occupancy and the repression of gene 

Fig. 7  GO and KEGG pathway enrichment analyses of differentially expressed genes. a The GO terms enriched in down-regulated genes as revealed 
by GO enrichment analysis. b The KEGG pathways enriched in down-regulated genes as revealed by KEGG enrichment analysis. c The GO terms 
enriched in up-regulated genes as revealed by GO enrichment analysis. d The KEGG pathways enriched in up-regulated genes as revealed by KEGG 
enrichment analysis. P values were indicated by a color bar
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expression (Lin et al. 2022). Therefore, it would be inter-
esting to investigate whether HOS2 is associated with 
other transcriptional repressors to regulate secondary 
metabolism and gene transcription in U. virens.

Distinct types of HDACs differentially regulate second-
ary metabolism in fungi (Miyamoto et al. 2012; Ma et al. 
2022a, b). The aflatoxin B1 synthesis genes are down-
regulated when the class I HDAC gene HosA/Hos2 is 
knocked out in A. flavus. ChIP-Seq analysis reveals that 
HOS2 directly binds to the aflatoxin synthesis genes aflD, 
aflM, and aflP to regulate aflatoxin biosynthesis (Lan 
et al. 2019). In contrast, multiple class II and III HDACs 
have been reported to negatively regulate secondary 
metabolism and mycotoxin synthesis. The knockout of 
HdaA significantly increases the production of penicillin 
and norsolorinic acid in A. nidulans (Shwab et al. 2007). 
Besides, the ΔsirE mutant exhibits an increased aflatoxin 
production in A. flavus (Wen et al. 2022), and UvHST2 
negatively regulates ustilaginoidin biosynthesis in U. 
virens (Liu et al. 2023). Interestingly, histone deacetylases 
are also involved in post-translational modifications, 
such as the removal of β-hydroxybutyrylation by UvSirt2 
and UvSirt5 in U. virens (Chen et al. 2023).

The deletion of UvHos2 leads to a significant increase 
in the level of H3K9 acetylation. This, in turn, inhibits 
the expression of Ugs genes but activates other impor-
tant genes, as revealed by ChIP-qPCR assays (Fig.  5). 
Notably, H3K9ac enrichment occurs at active secondary 
metabolite gene clusters associated with gibberellin or 
fusarin C biosynthesis in F. fujikuroi (Niehaus et al. 2013; 
Studt et  al. 2013), while in A. nidulans, H3K9ac plays a 
role in activating biosynthetic gene clusters for secondary 
metabolites, including sterigmatocystin, terrequinone, 
and penicillin (Nützmann et al. 2013). However, hypera-
cetylation of H3K9 caused by UvHos2 deletion results in 
transcriptional inhibition of ustilaginoidin biosynthesis 
genes and a decrease in ustilaginoidin production in U. 
virens. Therefore, it is of great interest to elucidate differ-
ent regulatory mechanisms involving H3K9 acetylation 
in distinct fungi through some novel strategies, such as 
Hi-C technology.

Conclusions
In this study, we have identified and characterized the 
class I histone deacetylase UvHOS2 that is required for 
vegetative growth, conidiation, ustilaginoidin synthesis, 

Fig. 8  WGCNA analysis reveals the co-expression gene module associated with ustilaginoidin biosynthesis. a The correlation analysis 
between module eigengenes (MEs) and traits. Each module is composed of a group of genes with a similar gene expression pattern. The 
heatmap showed the module-trait relationship, in which the color intensity represents the strength of positive or negative correlation. A deeper 
red color indicates a stronger positive correlation, while a deeper blue color indicates a stronger negative correlation. b The gene co-expression 
network in the MEblue gene module. The nodes in the network represent individual genes, while edges denote connections between genes, 
reflecting their similarity in expression patterns. The colors of nodes correspond to gene expression status: pink and blue represent up-regulated 
and down-regulated genes, respectively. The underline genes on the nodes are annotated to encode putative transcription factors. UvPKS1: 
Polyketide synthase, UgsJ: Methyltransferase, UgsH: Hypothetical protein, UgsR1: Transcription initiation factor, UgsL: Laccase, UgsT: MFS multidrug 
transporter
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and pathogenicity in U. virens. UvHOS2 is involved in 
the deacetylation of histones at H3K9, H3K14, H3K27, 
and H3K56 in U. virens. Transcriptome analysis reveals 
the regulatory network involved in pathogenicity and 
secondary metabolism in U. virens. These findings not 
only provide new clues for elucidation of the molecu-
lar mechanism of epigenetic modification in regulat-
ing pathogenicity and mycotoxin biosynthesis but also 
lay the groundwork for the management of mycotoxin 
contamination.

Methods
Strains and culture conditions
The U. virens isolate P1 was used as the wild type for con-
structing gene deletion mutants. U. virens was cultured 
on potato sucrose agar (PSA, decoction of 200 g potato, 
20 g sucrose, 20 g agar in 1 L ddH2O) plates or in potato 
sucrose broth (PSB) at 28°C.

Construction of gene knockout and complemented strains
The gene-deletion mutants were generated through the 
CRISPR/Cas9 system and homologous recombination 
(Liang et  al. 2018). Briefly, the primers S1/S2 and S5/
S6 were used to amplify the upstream and downstream 
fragments (~ 1 kb) of UvHos2. The resultant PCR frag-
ments of UvHos2 were fused into 5′- and 3′-ends of the 
hygromycin resistance gene by fusion PCR, respectively. 
The sgRNA primers were designed with the sgRNA-
design online tool (https://​porta​ls.​broad​insti​tute.​org/​
gpp/​public/​analy​sis-​tools/​sgrna-​design) and ligated into 
pmCas9-tRP-gRNA. The constructed plasmid and fusion 
PCR products were co-transformed into the protoplasts 
isolated from newly germinated U. virens hyphae via 
PEG-mediated transformation. The transformants were 
screened by PCR, and the candidate knockout mutants 
were confirmed by Southern blot analyses. To gener-
ate complemented strains, the UvHos2 coding sequence 
was amplified and subcloned into the vector pY2P102-
Uv_08266pro:3FLAG with a strong promoter and neomy-
cin resistance gene (Li et  al. 2019a, b). The constructed 
vector was introduced into the protoplasts of the knock-
out mutant by PEG-mediated transformation. Expres-
sion of UvHOS2-FLAG in the complemented strains was 
detected by western blot analysis.

Southern blot analysis
Southern blot analysis was performed as described 
previously (Slaton et  al. 2004). Briefly, genomic DNA 
was extracted by the cetyltrimethyl  ammonium  bro-
mide (CTAB) method. After digestion by the restriction 
enzyme Sac I, genomic DNA was separated on agarose 
gels and was then blotted onto the nylon membrane. The 
probe was amplified and labelled using a DIG High Prime 

DNA Labeling and Detection Starter Kit I (Roche). The 
membrane was hybridized with the probe and was then 
visualized with NBT/BCIP chromogenic reagent.

Western blot analysis
The mycelia grown on PSA plates were collected and 
were then flash-frozen by liquid nitrogen. The samples 
were ground into powder and were added into 1 × SDS 
loading buffer. After boiling for 10 min, the sample was 
centrifuged at 11,600  g for 5  min. The proteins in the 
supernatant were electrophoresed on 10% polyacryla-
mide gels and were then blotted onto PVDF membranes. 
The membranes were probed with an anti-FLAG anti-
body (Sigma). The signals were captured by a Tanon 
4600SF Chemiluminescence Imaging System after the 
membranes were incubated with the mixture of eECL-A 
and eECL-B solutions (CWBIO) for 3–5 min.

Conidiation and conidial germination
The wild-type, mutant, and complemented strains were 
cultured in PSB medium at 28°C with shaking at 150 rpm 
for 7  days. The conidiospores were collected by filtra-
tion through a funnel with three layers of sterilized filter 
paper, followed by rinsing with 25  mL of PSB medium. 
The conidiospores in the filtrate were counted using a 
hemocytometer.

The conidiospores in the filtrate were collected by cen-
trifugation at 1200  g for 10  min. The collected conidia 
were resuspended in PSB medium and then adjusted to 
a concentration of 106 spores/mL. Conidiospore suspen-
sion (100 μL) was evenly coated on PSA plates. After the 
plates were incubated in a 28°C incubator for 3 h, 6 h, 9 h, 
and 12 h, conidial germination was observed and counted 
under a Zeiss microscope.

Measurement of interseptal spacing
The collected conidiospores were cultured in PSB 
medium at 28°C with shaking at 150  rpm for germina-
tion. After 2 d culturing, the newly germinated hyphae 
were stained with Calcofluor White (Sigma, #18909). The 
interseptal lengths were measured for 100 hyphal cells 
of each strain with confocal microscopy. The assay was 
independently repeated three times.

Inoculation assay
Inoculation assay was performed as described previously 
(Qu et  al. 2022). Briefly, U. virens conidial suspension, 
together with fragmented mycelia, was diluted to 2 × 106 
conidia/mL and was then injection-inoculated into rice 
panicles of the variety Changbai15 at about 7 days before 
heading. At least 10 rice panicles were inoculated for 

https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design
https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design
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each strain, and false smut balls formed on the inoculated 
panicles were counted at ~ 4 weeks after inoculation.

Tolerance to environmental stresses
To determine the sensitivity of U. virens mutant strains 
to various stress factors, U. virens strains were cultured 
on YT (0.1% yeast extract, 0.1% tryptone, and 1% glu-
cose) medium plates supplemented with 0.5  M NaCl, 
0.07% H2O2, 0.03% SDS, 70 μg/mL Congo Red or 1 μM 
TSA. After 14 d culturing at 28°C, sensitivity to vari-
ous environmental stresses was evaluated by measuring 
colony diameter. The growth inhibition rate was calcu-
lated according to colony diameters with three technical 
replicates.

Detection of histone acetylation
Total proteins were extracted from the mycelia of the 
wild-type, mutant, and complemented strains using 
phosphate buffer saline (PBS) buffer. The proteins were 
quantified using a BCA Protein Assay Kit (Sangon Bio-
tech, Shanghai, China). The histone acetylation levels at 
different Lys sites were detected by western blot analy-
sis using different site-specific anti-acetylation antibod-
ies, including anti-acetyl-histone H3K9, H3K14, H3K18, 
H3K27, H3K56, H4K5, H4K8 antibodies. H3, H4, and 
Actin proteins were also detected as internal controls 
using anti-H3, anti-H4, and anti-β-Actin antibodies 
(Abclonal, Wuhan, China), respectively.

Quantification of ustilaginoidins
The hyphae of the wild-type, mutant, and complemented 
strains were collected after culturing on PSA plates for 
4 weeks at 28°C. The collected hyphae were immersed in 
ethyl acetate overnight, shaking at 150 rpm at 28°C. The 
ethyl acetate solution was then dried by rotary evapo-
ration at 40°C, and the dried extracts were dissolved in 
100% acetonitrile. After being filtered with a 0.22  μm 
membrane filter, ustilaginoidins were detected by high-
performance liquid chromatography (LC-20A, Shimadzu, 
Japan). The sample (10  μL) was loaded on the Eclipse 
XDB-C18 column (4.6 μm × 250 mm, 5 μm) at 30°C with 
a flow rate of 1 mL/min under a gradient program as fol-
lows: 0–2 min, 55% acetonitrile; 2–18 min, 55–70% ace-
tonitrile; 18–20  min, 70–100% acetonitrile; 20–28  min, 
100% acetonitrile. The eluants were detected at a wave-
length of 290 nm.

Transcriptome analysis
U. virens mycelia were collected for RNA isolation after 
14-d culturing. RNA quality was tested by an ultravi-
olet-spectrophotometer. The mRNA was enriched 

by magnetic beads with oligo (dT) and was then frag-
mented by ultrasonic. The first strand of cDNA was 
synthesized via the M-MLV reverse transcriptase sys-
tem (TaKaRa) using fragmented mRNA as a template 
and random oligonucleotides as primers. RNA strand 
was subsequently digested with RNaseH, and the sec-
ond strand of cDNA was synthesized through DNA 
polymerase I (CWBIO). The purified double-stranded 
cDNA was subjected to end repair and the addition 
of A-tail and the sequencing adapter. The cDNA frag-
ments (about 200  bp) were purified by AMPure XP 
beads, and then PCR-amplified. The PCR products 
were purified by AMPure XP beads again, and finally, 
the library was successfully constructed for subsequent 
transcriptome sequencing.

RNA-seq was performed with a second-generation 
high-throughput sequencing Illumina platform, thus 
producing 150-bp paired-end raw reads. The STAR 
software (Dobin et  al. 2013), an Ultrafast universal 
RNA-seq aligner, was used to map the reads to the ref-
erence genome (ASM68747v2: UV-8b) (Zhang et  al. 
2021), after the elimination of adapter sequences and 
the filtering of low-quality raw reads. Fragments Per 
Kilobase of exon model per Million mapped fragments 
(FPKM) was used to normalize the gene expression lev-
els of the transcriptome. Genes showing an adjusted 
P-value < 0.05 and |Fold Change| > 1.5 were considered 
as differentially expressed genes (DEGs). The R pack-
age “pheatmap” (v1.0.12) (https://​CRAN.R-​proje​ct.​org/​
packa​ge=​pheat​map) was employed to create a heatmap 
showing the expression levels of P450, PKS, and non-
ribosomal peptide biosynthetic-related genes in the 
wild-type and mutant strains.

The R package “Clusterprofiler” (Yu et  al. 2012) was 
used to perform GO term and KEGG pathway enrich-
ment analyses. The corrected P-value < 0.05 was used as 
a threshold for the significantly enriched GO terms and 
KEGG pathways. The bar plots of significant GO func-
tional description and KEGG pathways were visualized 
by the “Clusterprofiler” packages. To perform the link-
age among DEGs in enriched GO terms or KEGG path-
ways, the “cnetplot” function was used to construct the 
category netplot by Clusterprofiler.

RT‑qPCR assay
RT-qPCR assay was performed after mRNAs were 
reversely transcribed into cDNAs by the PrimeScript™ 
RT reagent kit (TAKARA, China). The gene expression 
levels were detected using a LightCycler®96 real-time 
PCR instrument (Roche, Switzerland). The α-tubulin 
gene was used as an internal reference gene, and the 

https://CRAN.R-project.org/package=pheatmap
https://CRAN.R-project.org/package=pheatmap
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relative gene expression levels were calculated using the 
2−ΔΔCT method (Schmittgen et al. 2000).

Weighted gene co‑expression network analysis
WGCNA was implemented to identify gene modules and 
key regulators associated with UvHos2 deletion using 
“WGCNA” package (Langfelder and Horvath 2008) in 
R software based on RNA-seq data. After hierarchical 
clustering according to the gene expression levels, the 
gene co-expression modules with a minimum module 
size of 30 genes and a merging threshold of 0.25 were 
identified through the dynamic tree cut method. Mod-
ule eigengenes (MEs) were calculated as the first prin-
cipal component for each module, which represents the 
overall expression pattern within the module, to infer the 
relationship between the identified gene modules and 
the Hos2 knockout trait. Pearson correlation coefficients 
were then computed between MEs and traits to identify 
Hos2 knockout-relevant modules. The co-expressed net-
work was visualized by the Gephi v0.9.2 (https://​github.​
com/​gephi/​gephi/​relea​ses) for the module significantly 
correlated with the knockout of Hos2. The eggnog-map-
per online program (http://​eggnog-​mapper.​embl.​de/) was 
employed to gain insights into the biological functions of 
the identified module.

ChIP‑qPCR assay
DNA was extracted following the instructions of the 
ChIP Kit (IEMed-K308, China). Briefly, 7-day-old cul-
tures of the wild-type and ΔUvhos2 strains were collected 
and ground into powder using liquid nitrogen. The sam-
ples were crosslinked with 1% formaldehyde in 1 × PBS 
buffer for 10 min, and then 150 mM glycine was added to 
stop crosslinking. After centrifugation at 102 g for 5 min, 
the pellet was thoroughly re-suspended with 1.6  mL of 
IP lysis buffer with 15 μL protease inhibitors. The cells 
were subject to sonication on an ice bath for 30–50 min. 
Subsequently, the binding enhancer buffer (400 μL) 
was added. After centrifugation at 12,000  g at 4°C for 
10 min, the supernatants were mixed with 20 μL of clean 
beads and were then incubated at room temperature 
for 20 min. Protein A/G beads were pre-incubated with 
anti-acetyl-H3K9 antibody (Abcam, A7255) or IgG in AB 
binding buffer on a rotary shaker for 30 min. The super-
natants (900 μL) were incubated with antibody- or IgG-
pretreated Protein A/G beads on a rotary shaker at room 
temperature for 1 h. The beads were rinsed with 500 μL 
of ChIP washing buffer three times. Finally, immunopre-
cipitated DNA was eluted with 30 µL of elution buffer. 
ChIP-qPCR was performed using immunoprecipitated 
DNA as a template. The qRT-PCR primers were listed in 
Additional file 2: Table S3.
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Additional file 1: Figure S1. The phylogenetic tree and domain architec-
tures of class I histone deacetylases in U. virens and other related fungal 
species. a The phylogenetic tree of the class I HDACs in U. virens and eight 
related fungal species (A. alternata, A. flavus, B. bassiana, C. albicans, U. 
maydis, F. graminearum, M. oryzae, and S. cerevisiae). The evolutionary tree 
was constructed using the maximum likelihood method. Bootstrap values 
based on 1000 replicates were shown at nodes. b The conserved domain 
architectures of class I HDACs in the related fungal species. The rectangles 
represent the conserved domains with the indicated length of domains. 
Distinct types of domains are indicated by different colors. The scale bar 
indicates the number of substitutions per amino acid residue. Figure S2. 
Southern blot and western blot analyses to confirm the knockout and 
complemented strains of the deacetylase gene UvHos2 in U. virens. a A 
schematic diagram to show the probe design strategy to confirm the 
UvHos2 deletion mutant. b Southern blot analysis to confirm the ΔUvHos2 
knockout mutants. WT, the wild-type strain. c The expression levels of 
UvHos2-FLAG in different CΔUvHos2 complemented strains were detected 
by western blot analysis with an anti-FLAG antibody. The ΔUvHos2 
knockout mutant was used as a negative control. Figure S3. Volcano 
plot showing differentially expressed genes between the wild-type and 
ΔUvHos2 strains (|Fold Change| > 1.5 and P-value < 0.05). Red and blue 
dots represent up-regulated and down-regulated genes, respectively, 
while gray dots indicate the genes with no change in expression.

Additional file 2: Table S1. The annotation of the differentially expressed 
genes related to Ugs genes in MEblue module. Table S2. The homologous 
proteins in U. virens identified based on sequence similarity to the proteins 
known for pathogenicity, cell wall integrity, conidial generation, or myce-
lial growth in other fungi. Table S3. The primers used in this study.
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