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Abstract
Most fungi display a mixed mating system with both asexual and sexual reproduction. The timing of the two modes of 
reproduction must be carefully coordinated through signal perception and coordination in the cell along with chromatin 
modification. Here, we investigated coordination of reproductive output by investigating the function of the histone chaper-
one anti-silencing factor 1 (ASF1) in a fungal species amenable to characterization of both asexual and sexual reproduction. 
We used knockout approach to show that SeASF1 influenced asexual and sexual reproduction in Stemphylium eturmiunum. 
SeASF1-deleted strains failed to produce pseudothecia, but produce abnormal conidia and showed an irregular distribution 
of nuclei in mycelium. Transcriptome sequencing was then used to identify genes with altered expression in the SeASF1-
deleted strains. The transcriptional expression of the identified SeDJ-1 was strongly regulated by SeASF1. The interaction 
of SeDJ-1 and SeASF1 was confirmed using Y2H, Co-IP, and pull-down. Due to some components of phosphatidylinositol 
3-kinase/protein kinase B (PI3K/AKT) signaling pathway were known to interact with DJ-1 in mammals, we verified SePI3K, 
an element of PI3K/AKT signaling pathway in S. eturmiunum, was directly linked to SeDJ-1 and then these two proteins 
were defined as a coordinator of reproduction. However, knockout of SeDJ-1 or SePI3K altered the asexual and sexual repro-
duction, but SePI3K recovered the asexual and sexual development of ∆Sedj-1. The SeDJ-1-M6 segment of SeDJ-1 was 
essential for its interaction with SePI3K and played a critical role in restoring sexual reproduction in the ∆Sepi3k, providing 
a deep understanding of the regulatory mechanism of SeDJ-1 in S. eturmiunum development. Summarily, SeASF1 is able to 
trigger SeDJ-1 and SeDJ-1can also activate SePI3K, which is orchestrally involved in asexual and sexual reproduction in S. 
eturmiunum. All these results reveal that SeASF1 manipulates asexual and sexual reproduction in S. eturmiunum by SeDJ-1 
perception of PI3K/AKT signaling pathway. These data highlight the deep similarities in coordinating asexual and sexual 
processes in both fungi and eukaryotes in general.
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Introduction

Fungi are widely distributed in ecosystems and have a vari-
ety of forms, including yeasts, molds, and macro fungi (e.g., 
mushrooms) (Yuan et al. 2020). In the last 20 years, fun-
gal surveys in Asian countries such as China and Thailand 
have provided additional evidence of the size of the fungal 
kingdom (Dai et al. 2015; Hyde et al. 2018). Many fungi 
species can reproduce both asexually and sexually (holo-
morph). However, no less than 20% of fungi, especially most 
of species in ascomycete fungi lack of a known sexual phase 
(teleomorph) and exclusively reproduce asexually (anamo-
rph) (Dyer and O’Gorman 2011). Studies have shown that 
amorphic fungi are also likely to reproduce sexually under 
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specific conditions (Han et al. 2003; Kück and Pöggeler 
2009). Reproduction is the critical phase distinguishing 
the winners and losers in the survival of the fittest. Both 
mitosis and meiosis are deep rooted in the evolution of life 
(Wilkins and Holliday 2009), and the sexual process shows 
deep similarity in all eukaryotes, yet details of how gam-
etes are formed and manage to fuse show ample variation 
(Mori et al. 2015; Nair 2020). Fungi are excellent models to 
study the evolution and diversification of the sexual process 
due to the myriad ways in which they have diversified the 
sexual and asexual process (Fu et al. 2019). It has been sug-
gested that sex is indispensable in fungi (Ni et al. 2011), and 
although not apparent, sexual reproduction can be detected 
in the form of recombination. Many species in Ascomycota 
have a mixed mating system where in sex is reserved for 
particular occasions and may occur very rarely. The regu-
latory overlap between asexual and sexual reproduction in 
fungi is poorly understood but is essential for understand-
ing how environmental signals lead to differential modes of 
reproduction in fungi or Ascomycota which mostly show a 
mixed mating system.

The genus Stemphylium is classified into the family Ple-
osporaceae of the phylum Ascomycota (Câmara et al. 2002; 
Simmons 1989). Stemphylium is closely related to genera 
Alternaria and Ulocladium (Simmons 1967). While the 
sexual state of the asexual Ulocladium has not yet been 
identified (Wang et al. 2017), the sexual states of some 
asexual Stemphylium and Alternaria species are revealed 
as Pleospora and Lewia, respectively (Lucas and Webster 
1964; Simmons 1969, 1989; Inderbitzin et al. 2005). Nev-
ertheless, most species within these three genera are mainly 
classified upon asexual states (Câmara et al. 2002; Wouden-
berg et al. 2013, 2017). Due to lack of understanding of 
the sexual mechanism, efforts to link the asexual and sexual 
states in all these fungi have been challenged. Previous work 
on S. eturmiunum has shown how it can serve as a model 
for understanding the interplay between asexual and sexual 
reproductive modes (Wang et al. 2022).

Sexual reproduction is the predominant reproductive 
strategy among eukaryotes (Dacks and Roger 1999; Ramesh 
et al. 2005). In fungi, it depends not only on environmental 
factors such as habitat, nutrient, light and temperature (Han 
et al. 2003; Lee et al. 2010; Peberdy 1980; Wang et al. 2016; 
Wallen and Perlin 2018), but also on their sexual compat-
ibility which is regulated by mating-type genes (Böhm et al. 
2013; Coppin et al. 1997). The mating-type genes manipu-
late selfing and control how cells signal their compatibility 
through the expression and reception of pheromone compo-
nents (Bobrowicz et al. 2002; Lin et al. 2011), G proteins (Li 
et al. 2007; Studt et al. 2013), and velvet proteins (Bayram 
and Braus 2012). The signaling pathways of mitogen-acti-
vated protein kinase (MAPK) (Bayram et al. 2012; Chen 
et al. 2002; Saito 2010), cell wall integrity (CWI) (Teichert 

et  al. 2014; Zhang et  al. 2020), and cyclic adenosine 
monophosphate/protein kinase A (cAMP-PKA) (Dos Reis 
et al. 2019) are all highly conserved in eukaryotes and also 
regulators of sexual mating in fungi. However, many aspects 
of this regulation remain unclear and sexuality in fungi is a 
confusing and an interesting topic in biology of many fungi.

There are few genes other than the mating type genes 
that are known to effect on sexual development. ASF1, anti-
silencing function 1, was one such gene which was identified 
as playing a conserved role in mating in diverse filamentous 
ascomycetes (Gesing et al. 2012). ASF1, an H3-H4 chaper-
one are highly conserved from yeast to mammals, was first 
identified in Saccharomyces cerevisiae (Le et al. 1997). 
ASF1 plays an important role in nucleosome assembly/dis-
assembly (Avvakumov et al. 2011; Eitoku et al. 2008; Min 
et al. 2020; Prado et al. 2004; Sanematsu et al. 2006), normal 
cell cycle progression (Groth et al. 2007; Sutton et al. 2001), 
genomic instability along with histone modification (Das 
et al. 2014; Li et al. 2008; Recht et al. 2006), mating type 
(Le et al. 1997), and sexual reproduction (Gesing et al. 2012; 
Messiaen et al. 2016).

Because ASF1 plays the multi-faceted roles in the cell 
and is able to interact with the highly conserved core histone 
proteins that involved in transforming chromatin between 
active and inactive states of transcription, we hypothesize 
that ASF1 is likely to play an important role in regulat-
ing the output of asexual and sexual reproduction in the S. 
eturmiunum, a fungus with a mixed mating system in the 
Dothideomycetes.

DJ-1 was first identified as a causative gene for autosomal 
recessive, encoded a causative gene of familial Parkinson’s 
disease (PARK7) (Bonifati et al. 2003). Recently, evidences 
show that DJ-1 is an oncogene related to numerous types 
of cancer (Bai et al. 2012; Chen et al. 2012; Scumaci et al. 
2020) and an essential regulator of multiple cellular pro-
cesses, including anti-oxidative stress, anti-apoptotic effects, 
and protein degradation (Hijioka et al. 2017; Mukherjee 
et al. 2015; Taira et al. 2004). As a multifunctional protein, 
DJ-1 plays a major role in the phosphatidylinositol-3-kinase/
protein kinase B (PI3K/AKT) signaling pathway (Yang et al. 
2005). The PI3K/AKT signaling pathway manipulates a 
variety of biological processes, including cell differentiation, 
proliferation, growth, metabolism, survival, genomic stabil-
ity, protein synthesis, angiogenesis, cancer development, 
inhibition of apoptosis, oxidative stress, and regulation of 
various molecules (Engelman et al. 2006; Gong et al. 2018; 
Liu et al. 2020; Patra et al. 2019; Srinivasan et al. 2005; 
Yang et al. 2018; Zhou et al. 2017). This pathway can also 
modulate sexual reproduction in mammals (Fu et al. 2020; 
Shao et al. 2019). Manipulation of the expression of this 
gene may therefore be a means of determining whether the 
(PI3K/AKT) signaling pathway regulates sexual and asexual 
reproduction in S. eturmiunum.
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ASF1 shows a ubiquitous function for regulating sexual 
development in animals, plants, and fungi. However, it is not 
understood how ASF1 may modulate the switch between 
asexual and sexual development in ascomycete fungi. Here, 
we show that SeASF1 interacts with SeDJ-1 or SeH4, and 
that SeDJ-1 as well as SeASF1 promotes the asexual and 
sexual development in S. eturmiunum. Furthermore, SeDJ-1 
also binds to SePI3K and then activates the PI3K/AKT path-
way to modulate asexual and sexual features. Thus, ASF1 
manipulates asexual and sexual reproduction in S. eturmiu-
num by SeDJ-1 stimulation of PI3K/AKT pathway. In con-
trast, SeH4 functions as an inhibitor of asexual and sexual 
development.

Materials and methods

Strains and culture conditions

We generated or used the following strains in this study to 
explore the function of Seasf1: Stemphylium eturmiunum 
strain (EGS 29-099) was cultured on PDA or CM medium 
(casein acid hydrolysate 0.5 g/L, casein enzymatic hydro-
lysate 0.5 g/L, glucose 10.0 g/L, Ca(NO3)2·4H2O 1.0 g/L, 
 KH2PO4 0.2 g/L,  MgSO4·7H2O 0.25 g/L, NaCl 0.15 g/L, 
yeast extract 1.0 g/L, and agar 15.0 g/L) at 25 °C under the 
dark condition. Escherichia coli DH5α and Agrobacterium 
tumefaciens AGL-1were incubated in LB (Luria–Bertani) 
medium at 37 °C or 28 °C (Lennox 1955).

Generation of asf1 knockout mutants in S. 
eturmiunum

Cloning and propagation of recombinant plasmids (Table S1) 
were done under standard conditions (Sambrook and Russell 
2001). The knockout vector pXEH carrying an Hph resist-
ance cassette was used in this study. Seasf1 was cloned from 
the S. eturmiunum strain upon its genome sequence (did not 
upload). Seasf1-pXEH vector was constructed as follows: 
the flanking regions of Seasf1, including 1500 bp upstream 
and 1500 bp downstream of its open reading frame, were 
separately amplified using primer pairs (Seasf1-5f/Seasf1-
5r and Seasf1-3f/Seasf1-3r) (Table S2). The upstream frag-
ment of Seasf1 was inserted into pXEH vector by XhoI/BglII 
digestion. The downstream fragment of Seasf1 was then 
inserted into pXEH vector via BamHI/XbaI digestion. To 
obtain Seasf1 knockout mutants, Seasf1-pXEH vector was 
transformed into S. eturmiunum strain using Agrobacterium 
tumefaciens-mediated transformation (ATMT) (Bernardi-
Wenzel et al. 2016). The knockout strains were screened 
on HygB-resistance by PCR and southern blot. Then, nine 
other genes, including Sedj-1, SeH4, Sepi3k, Se01950, 
Se03485, Se04320, Se07693, Se10206 and Se10302, were 

deleted upon the same method. The primers for obtaining 
the mutants of these nine genes were shown in Table S2.

Generation of Seasf1 complement transformants

To generate complement transformants of Seasf1, Seasf1 
was inserted into EGFP-pHDT vector. The EGFP-pHDT-
Seasf1 was obtained and then transformed into ∆Smasf1 
(Sm: Sordaria macrospora) (S90177) and Seasf1 knockout 
strains, respectively. These experiments were carried out 
by ATMT method (Bernardi-Wenzel et al. 2016). All these 
transformants were screened by G418-resistantand further 
confirmed by PCR and western blot.

Generation of the tested genes overexpression 
transformants

To generate Sedj-1 overexpression transformants, Sedj-1 
was cloned from S. eturmiunum strain using the primers 
(Table S2) and then inserted into the EGFP-pHDT vector 
to create recombinant plasmids EGFP-pHDT-Sedj-1. The 
recombinant plasmids were transformed into the Sedj-1 
knockout mutants using the ATMT method (Bernardi-Wen-
zel et al. 2016). Overexpression transformants resistant to 
G418 were screened using qRT-PCR and western blot. Over-
expression transformants of Sepi3k or truncations of Sedj-1 
were produced by the same method.

Southern blot

Seasf1 knockout and S. eturmiunum strains were inocu-
lated in PDA medium and grown at 25 °C for 7 days in the 
dark condition. Genomic DNA was extracted from myce-
lia of Seasf1 knockout or S. eturmiunum strains by CTAB 
(Štorchová et al. 2000). Southern blot was performed using 
the DIG High Prime DNA Labeling and Detection Starter 
kit (version I) upon the manufacturer’s instructions (Roche 
Diagnostics, Mannheim, Germany). The Hph gene was 
amplified from S. eturmiunum strain using primer pairs 
(Table S2) and produced a DIG-labeled probe for hybridi-
zation. Each experiment was repeated at least three times.

RNA extraction and qRT‑PCR

The mycelia of all tested strains, including overexpression 
transformants and S. eturmiunum stains, were inoculated in 
PDB (Potato Dextrose Broth) cultures at 25 °C for 4 days. 
For RNA extraction, the mycelia were frozen and powered in 
liquid nitrogen followed by extraction using the Fungal RNA 
Kit (OMEGA Biotechnology, USA). Reverse transcription 
was done using 1 µg of total RNA per 20 µL reaction. SYBR 
Color qRT-PCR was performed in 20 µL reactions system, 
including 0.4 µg of cDNA, 0.4 µL of gene-specific primers 
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(Table S2), 10 µL of 2×  SYBR Green qPCR Mix (Shandong 
Sparkjade Biotechnology Co., Ltd.), and 5.2 µL of  ddH2O. 
The qRT-PCR was performed on an ABI QuantStudio™ 6 
Quantitative Real-Time PCR System (Applied Biosystems) 
under the following conditions: 95 °C for 5 min, 40 cycles at 
95 °C for 10 s, and 60 °C for 30 s to calculate cycle threshold 
values, followed by dissociation at 95 °C for 15 s, 60 °C for 
1 min, and 95 °C for 15 s to obtain melting curves. Relative 
expression levels of selected genes were calculated using the 
 2−∆∆CT method (Livak and Schmittgen 2001). The house-
keeping gene actin was used as an internal standard in each 
case. This experiment was repeated technically three times.

RNA sequence analysis

For total RNA extraction, the mycelia of Seasf1 knockout 
mutants and S. eturmiunum strains were grown for 4 days 
in PDB medium, and RNA was then extracted using the 
Fungal RNA Kit (OMEGA Biotechnology, USA). The eligi-
ble mRNA was enriched using magnetic beads with Oligos 
(dT), and then broken into short fragments using Fragmen-
tation buffer. The mRNA of Seasf1 knockout mutants or S. 
eturmiunum was used as a template. First-strand cDNA was 
synthesized with random hexamers. Second-strand cDNA 
was synthesized by adding buffer, dNTPs, and DNA poly-
merase I to the mixture of first-strand cDNA. AMPure XP 
beads were used to purify the double-stranded cDNA. Sub-
sequently, the purified double-stranded cDNA was subjected 
to end repair, annealed to sequencing adapters, and selected 
fragment size using AMPure XP beads. Finally, PCR enrich-
ment was performed to obtain a final cDNA library.

RNA sequencing (RNA-Seq) analysis was performed on 
cDNA library from the Seasf1 knockout mutants or S. etur-
miunum stains using Illumina Hiseq4000 sequencing (Berry 
Genomics, Beijing). Approximately 300 bp fragments were 
inserted into every library, in which 100 bp sequences were 
read. Low-quality raw reads were filtered out. Resulting 
paired-end sequencing reads were aligned and quantified 
using TopHat and Cufflinks with default parameter values. 
Denovo transcriptome analysis was used to estimate tran-
script abundance and differential expression. Gene expres-
sion was calculated as fragments per kilobase of transcript 
per million mapped fragments (FPKM).

Gene ontology

The data of transcriptomic analysis was used the Gene 
Ontology (GO) Biological Process, KEGG (Kyoto Ency-
clopedia of Genes and Genomes), Swiss-Prot (a manually 
annotated and reviewed protein sequence database), PIR 
(Protein Information Resource), and PRF (Protein Research 
Foundation) databases at FungiDB (Stajich et al. 2012) and 
Blast2GO v2.5. To characterize the differentially expressed 

genes (DEGs), GO-based trend tests were carried out using 
Fisher’s exact test. A fold change greater than 2.0 and a P 
value less than 0.05 were considered statistically significant.

Phosphopeptide enrichment and Nano‑UHPLC‑MS/
MS analysis

Hyphae of both Seasf1 knockout mutants and S. eturmiu-
num strains were collected into an Eppendorf tube, and then 
milled immediately with lysis buffer (1% SDS, 8 M urea, 
and 1× Protease Inhibitor Cocktail (Roche Ltd. Basel, Swit-
zerland) and vibrated three times for 5 min. The sample was 
then lysed on ice for 30 min and centrifuged at 15,000 rpm 
for 15 min at 4 °C. The supernatant was collected and trans-
ferred into a new Eppendorf tube. The protein concentration 
was determined by Bicinchoninic Acid (BCA) protein assay. 
Approximately 1 mg protein was then transferred into a new 
Eppendorf tube and adjusted to a volume of 400 μL with 
8 M urea, followed by adding 20 μL of 0.5 M Tris (2-car-
boxyethyl) phosphine (TCEP). After incubating at 37 °C for 
1 h, 40 μL of 1 M iodoacetamide was added into the sample 
to incubate for 40 min under the dark condition at 25 °C.

Five volumes of pre-chilled acetone were poured into the 
samples to precipitate the protein overnight at − 20 °C. The 
samples were centrifuged for 20 min at 14,000 rpm (4 °C). 
The precipitates were washed twice using 1 mL pre-chilled 
90% acetone aqueous solution and then dissolved in 400 μL 
of 100 mM Tetraethylammonium Bromide (TEAB). Trypsin 
(Promega, Madison, WI) was added into the mixture of 
TEAB at the ratio of 1:50 (enzyme: protein, mass ratio) to 
digest the proteins overnight at 37 °C. For phosphopeptide 
enrichment, the digested peptide mixture was desalted by 
C18 ZipTip and quantified by Pierce™ Quantitative Colori-
metric Peptide Assay (23275). The sample was selectively 
enriched with High-Select™  TiO2 Phosphopeptide Enrich-
ment Kit (Thermo Fisher Scientific, MA, USA) following 
the manufacturer’s instructions, and dried immediately in 
a speed vacuum concentrator. These peptides were re-dis-
solved in 0.1% FA (formic acid) and analyzed by nanospray 
UHPLC-MS/MS.

Yeast two‑hybrid

For yeast two-hybrid analysis, Y2H assay was performed 
by the Yeast Protocols Handbook (Clontech) using the Y2H 
Gold yeast reporter strain (Clontech). SeH3, SeH4, Sepi3k, 
Segsk3, and truncations of SeDJ-1-M1, SeDJ-1-M2, SeDJ-
1-M3, SeDJ-1-M4, SeDJ-1-M5, SeDJ-1-M6, and SeDJ-
1-M7 were amplified from S. eturmiunum strain using PCR 
(Table S2). The PCR products were purified and digested 
with restriction enzymes. Seasf1, SeH4, Sedj-1and Sepi3k 
were inserted separately into pGBKT7 plasmids (BD). SeH4, 
SeH3, Sedj-1, Sepi3k, Segsk3, and truncations of Sedj-1 
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were inserted separately into pGADT7 plasmids (AD). The 
recombinants of Seasf1-BD and SeH4-AD, Seasf1-BD and 
SeH3-AD, Seasf1-BD and Sedj-1-AD, SeH4-BD and Sedj-
1-AD, Sedj-1-BD and Sepi3k-AD, Sedj-1-BD and Segsk3-
AD, and Sepi3k-BD and SeDJ-1-M-AD (SeDJ-1-M1, SeDJ-
1-M2, SeDJ-1-M3, SeDJ-1-M4, SeDJ-1-M5, SeDJ-1-M6 
and SeDJ-1-M7) were co-transformed into the Y2H gold 
yeast strain. The co-transformants were screened on SD/-
Trp/-Leu medium (TaKaRa Bio) at 30 °C for 3–5 days and 
assayed for growth on SD/-Trp/-Leu/-His/-Ade/X-α-gal 
plates (TaKaRa Bio). Each experiment was repeated at least 
three times.

Pull‑down

The Seasf1, Sepi3k or Segsk3 was cloned from S. eturmi-
unum strain into pET28a vector after adding a 1 × FLAG 
tag to the 5′-terminal of their by PCR (Table S2). Seasf1 or 
Sedj-1 was inserted into pGEX-6P-1 vector. For expression 
of Flag-SeASF1-28a, Flag-SePI3K-28a, Flag-SeGSK3-28a, 
GST-SeASF1 and GST-SeDJ-1, constructs of the pET28a 
or pGEX-6P-1 was transformed separately into E. coli 
Transetta (DE3) (Transgene, Beijing, China). These cells 
were grown to  OD600 = 0.6–0.8 at 37 °C, induced with 1 M 
Isopropyl-β-D-Thiogalactoside (IPTG) for 12–16 h at 16 °C, 
and harvested by centrifugation for 5 min using 8000 rpm 
at 4 °C. The Flag-SeASF1-28a cells were resuspended in 
Ni-lysis buffer (30 mM Tris–HCl, 300 mM NaCl, 30 mM 
Imidazole, pH 7.5) and lysed with an Ultrasonic Cell Dis-
ruptor. The lysate was centrifuged for 30 min at 14,000 rpm 
(4 °C), and the supernatant was passed over a Ni-affinity col-
umn (GE) at least three times. The protein of Flag-SeASF1-
28a was eluted using Ni-elution buffer (30 mM Tris–HCl, 
300 mM NaCl, 6 M Imidazole, pH 7.5). Flag-SePI3K-28a 
or Flag-SeGSK3-28a cells were resuspended in Ni-lysis 
buffer (50 mM Tris–HCl, 500 mM NaCl, 30 mM Imida-
zole, pH 8.0) and lysed with an Ultrasonic Cell Disruptor. 
The lysate was centrifuged for 30 min at 14,000 rpm (4 °C), 
and the supernatant was passed over a Ni-affinity column 
(GE) at least three times. The protein of Flag-SePI3K-28a 
or Flag-SeGSK3-28a was eluted using Ni-elution buffer 
(50 mM Tris–HCl, 500 mM NaCl, 6 M Imidazole, pH 8.0). 
The GST-SeASF1 or GST-SeDJ-1 cells were resuspended 
in GST-lysis buffer (50 Mm HEPES, 500 mM NaCl, pH 8.0) 
and lysed with an Ultrasonic Cell Disruptor. The lysate was 
centrifuged for 30 min at 14,000 rpm (4 °C), and the super-
natant was passed over a GST-affinity column (glutathione 
sepharose™ 4B beads GE Healthcare, Little Chalfont, Buck-
inghamshire, UK) at least three times. The protein of GST-
SeASF1 or GST-SeDJ-1was eluted by GST-elution buffer 
(50 mM HEPES, 500 mM NaCl, 10 mM L-glutathione, pH 
8.0). The eluent proteins were mixed with loading buffer and 
validated using SDS-PAGE.

For pull-down, GST-SeDJ-1 and Flag-SeASF1-28a 
were expressed respectively in E. coli strain BL21 (DE3) 
(Transgene, Beijing, China). Total proteins from the GST-
SeDJ-1 and Flag-SeASF1-28a strains were then incubated 
with 4000 μL of glutathione sepharose™ 4B beads for 2 h 
at 4 °C. The supernatant was removed and the beads were 
washed with GST-lysis buffer three times. Finally, the beads 
were eluted with GST-elution buffer. Pull-down of GST-
SeDJ-1 with Flag-SeASF1-28a was detected using an anti-
Flag (Abclonal, AE005). Each experiment was repeated at 
least three times. The pull-down of GST-SeDJ-1 and Flag-
SePI3K-28a, or GST-SeDJ-1 and Flag-SeGSK3-28a was 
performed using the same approaches.

Co‑IP

For Co-IP assay, Seasf1, SeH4, Sedj-1, Sedj-1-M6, and 
Sedj-1-M7 were inserted into pDL2 vector, respectively. 
SeH3, SeH4, Sedj-1, Sepi3k, and Segsk3 were inserted into 
pFL7 vector alone. Each of these constructs was done in 
yeast (XK125) using a recombination approach (Zhou et al. 
2011). Recombinant plasmids were then co-transformed into 
the protoplasts of Fusarium graminearum wild-type strain 
(PH-1). Transformants were detected using western blot. 
For FLAG IP, total proteins of transformants were extracted 
with an extraction buffer [50 mM HEPES, 130 mM NaCl, 
10% glycerin, protease inhibitors (25 mM Glycerol phos-
phate, 1 mM Sodium orthovanada, 100 mM PMSF), pH 
7.4]. Subsequently, protein extracts were incubated with 
30 μL of Affinity Gel-conjugated Mouse anti DDDDK-Tag 
mAb (ABclonal Technology (WuHan, China), AE061) for 
4 h at 4 °C. The beads were collected by centrifugation 
at 3000 rpm and washed five times with a washing buffer 
(50 mM HEPES, 130 mM NaCl, 10% glycerin, pH 7.4). 
The bound proteins were eluted from the beads by boiling 
them for 15 min. The beads were collected using centrifu-
gation for 2 min at 3000 rpm. Proteins were separated on 
12% SDS–PAGE gels and detected using immunoblot with 
a monoclonal α-Flag antibody (Abclonal, AE005) or α-GFP 
antibody (Abclonal, AE012). Membranes were stained with 
Ponceau solution (CWBIO, Beijing, China). Each experi-
ment was repeated at least three times.

Western blot

Protein samples were separated on 12% SDS-PAGE gels 
at 100  V for 3  h in running buffer (25  mM Tris-base, 
200 mM Glycine, 0.1% SDS). Gels were transferred to 
an Immobilon®-P PVDF membrane for 1.5 h at 230 mA. 
Membranes were blocked in 5% non-fat milk in 1 × TBST 
(0.02 M Tris-base, 0.14 M NaCl, pH 7.4) with 0.1% (vol/
vol) Tween-20 prior to addition of GFP (Abclonal, AE012) 
or Flag antibodies (Abclonal, AE005) at 1:5000 dilution and 
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incubated at room temperature for 1–1.5 h. The membranes 
were washed three times with TBST (Tris-base Buffered 
Saline Tween) and incubated for 1 h with a horseradish per-
oxidase-labeled immunoglobulin G (IgG-HRP) secondary 
antibody-Goat Anti-Mouse IgG (H + L) HRP (ABclonal) at 
1:7500 dilution. The specific proteins were visualized using 
an ECL Chemiluminescence Detection Kit (Vazyme Biotech 
Co., Ltd, Nanjing, China). Images were taken using a Tanon-
5200 Chemiluminescent Imaging System (Tanon, Shanghai, 
China). Each experiment was repeated at least three times.

Microscopy

To observe the morphology of conidia and conidiophores, 
all the transformants and WT strains were grown side-
by-side in the dark at 25 °C for 4 weeks on CM medium 
by inserting double slides. To examine the distribution of 
nuclear in mycelia, the transformants and WT strains stained 
using the 4, 6-diamidino-2-phenylindole (DAPI). To image 
sexual structures such as pseudothecia, asci, and ascospores, 
all tested strains were cultured on PDA medium at 25 °C 
for 6 weeks under the dark condition. Pseudothecia were 
sectioned using a double-edged blade under a dissecting 
microscope (Olympus, SZX10). The asci, conidia and con-
idiophores were captured with 20× or 40× objective lenses 
on an Olympus microscope (Olympus BX53, Tokyo, Japan) 
using differential interference contrast (DIC) and fluores-
cence illumination. The experiment was repeated at least 
three times.

Statistical analysis

Data were analyzed using Systat 12 (Systat Software Inc., 
San Jose, CA, USA). The data were subjected to the one-way 
analysis of variance (ANOVA) test. A two-way Student’s 
t test and Duncan’s multiple range test of least significant 
difference (LSD) were used when there were more than two 
means. P values lower than 0.05 and 0.01 were considered 
statistically significant.

Results

SeASF1 regulates sexual reproduction in Sordaria 
macrospora

ASF1 was identified from the Stemphylium eturmiunum 
genome database (unpublished). This gene was named 
SeASF1 (KX033515). SeASF1 has 291 amino acids with 
a calculated molecular mass of 31.98 kDa. Alignment of 
the SeASF1 sequence with its homologous sequences from 
plants, animals, and other fungal species (https:// www. 
ncbi. nlm. nih. gov/) (Table S3) revealed that the N-terminus 

sequences (1–154 aa) of ASF1 was highly conserved and 
contained the ASF1 hist chap superfamily functional 
domain, whereas the C-terminus was varied greatly between 
species (Fig. S1). Phylogenetical analysis grouped these 
genes into three clusters corresponding to fungi, animals, 
and plants. The fungi group could further be subdivided 
into clusters which corresponded with taxonomy. SeASF1 
shares 98.28% similarity with ASF1 from S. lycopersici and 
90.51–91.13% with ASF1 from two Pyrenophora species. 
Also, SeASF1 shares 92.78% identity with ASF1 from Seto-
sphaeria turcica and more than 91% with ASF1 from five 
Bipolaris species. However, SeASF1 shares 45.45% with 
ASF1 from Schizosaccharomyces pombe (Fig. S2). All these 
data indicate that ASF1 is widely distributed in a number 
of fungi species. In a previous study, the S. macrospora 
ASF1 (XP003345657) was localized to the nucleus and was 
essential for sexual reproduction (Gesing et al. 2012). In 
Fig. S2, all the ASF1 sequences share a conserved functional 
domain, thus, we hypothesize that Seasf1 plays a similar 
role in sexual development in most fungi species. When 
Seasf1 was heterologously expressed in the ∆Smasf1 strain, 
∆Smasf1::EGFPSeasf1-1 and ∆Smasf1::EGFPSeasf1-2, 
complemented the sexual defects of the ∆Smasf1 strains 
(Fig. 1a, b). PCR and western blot were used to identify the 
genetic constructs (Fig. S3). In contrast to ∆Smasf1 strain, 
the nuclear distributions in two heterologous transformants 
were in accord with those of in WT::EGFP and WT strains 
(Fig. 1c). Together, SeASF1, similar to SmASF1, plays an 
important role in regulating sexual reproduction.

SeASF1 modulates asexual and sexual development 
in S. eturmiunum that is not correlated with MAPK 
signaling pathway

To study the biological functions of Seasf1 during vegeta-
tive and sexual development in S. eturmiunum strain, we 
produced two Seasf1 knockout mutants (∆Seasf1-0::EGFP 
and ∆Seasf1-5::EGFP) and two complement transformants 
(∆Seasf1-0::EGFPSeasf1 and ∆Seasf1-5::EGFPSeasf1). 
These four transformants were identified using PCR, west-
ern blot, and southern blot, respectively (Figs. S4, S5). To 
study how Seasf1 affected growth, these four transformants 
and WT strains were inoculated on PDA medium and photo-
graphed after 1, 3, 5, 7 and 9 days (Fig. S6a). In comparison 
to WT strain, the colony diameters of two ∆Seasf1 mutants 
were more smaller than two complement transformants and 
WT strains, but two complement transformants almost had 
normal colonies growth as well as WT strain (Fig. S6a–c). In 
contrast to complement transformants and WT strains, two 
∆Seasf1 mutants exhibited hyphal fusion, anomalous distri-
bution of nuclei in the mycelium and increased number of 
malformed conidia (Fig. 2a–e). The two ∆Seasf1 mutants did 
not produce pseudothecia, asci and ascospores in contrast to 

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
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the two complement transformants and WT strains (Fig. 2f, 
g). These results suggest that Seasf1 is involved in asexual 
and sexual development in S. eturmiunum.

The mitogen-activated protein kinase (MAPK) sign-
aling pathway was a key regulator of asexual and sexual 
development in fungi species (Bardwell et al. 1996; Errede 
et al. 1993; Izumitsu et al. 2009; Maerz et al. 2008; Nei-
man and Herskowitz 1999; Teichert et al. 2014). Five genes 
Gα subunit, Mat1, Mat2, Ste2 and Ste3 were essential for 

fungi sexual development (Lin et al. 2005, 2011; Liu and 
Dean 1997; Liu et al. 2018; Metin et al. 2010; Vitale et al. 
2019) and were major components of the MAPK pathway 
(Crespo et al. 1994; Herskowitz 1995; Müller et al. 1999; 
van Drogen et al. 2001; Whiteway et al. 1995). To determine 
whether these five genes contributed to how ASF1 regulated 
asexual and sexual development in S. eturmiunum, we meas-
ured the expression levels of these genes in two ∆Seasf1 
mutants relative to WT strains. However, we noted that the 

Fig. 1  Seasf1 contributes to the sexual development in Sordaria 
macrospora. To identify whether Seasf1 could influence the sexual 
characterization of S. macrospora, we obtained two Seasf1 comple-
ment transformants through its transformed into ∆Smasf1 of S. mac-
rospora. a Perithecia of four transformants and WT strains were 
visualized as black structures on PDA medium. ∆Smasf1 was Smasf1 
deleted mutants in S. macrospora. ∆Smasf1::GFPSeasf1-1/2 were 
obtained by Seasf1 heterologous expression in ∆Smasf1. WT::GFP: 

GFP was transformed into WT strain. WT was S. macrospora wild 
type strain. All strains were cultured on PDA medium for 10 days, 
respectively. WT::GFP and WT were used as controls. The small 
boxes on the bottom right sides were enlarged perithecia. b Asci and 
ascospores of ∆Smasf1::GFPSeasf1-1/2, WT::GFP and WT strains 
were produced on PDA medium for 20 days. c Nuclear distribution 
in four transformants and WT strains were observed by fluorescence 
microscopic. Bar = 10 μm, 20 μm, 50 μm and 500 μm
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expression levels of these genes did not change significantly 
in two ∆Seasf1 mutants (Fig. S7). Asexual and sexual devel-
opment by the MAPK pathway can be regulated by protein 
phosphorylation (Kawasaki et al. 2002; Millar et al. 1995). 
To determine whether any of these five genes were phos-
phorylated in response to expression of SeASF1, a quantita-
tive proteomics assay was implemented in ∆Seasf1 and WT 
(Fig. S8). Thirty proteins were phosphorylated in MAPK 
signaling pathway, but this list did not include any of these 
proteins (Table S4). Taken together, these data suggest that 
these five genes are not involved in ASF1 mediation of S. 
eturmiunum asexual and sexual development, thus, ASF1 is 
impossible to trigger MAPK signaling pathway in S. etur-
miunum. Therefore, other an unknown signaling pathway is 
likely to mediate SeASF1 to modulate asexual and sexual 
development.

SeDJ‑1 mediates SeASF1 to regulate asexual 
and sexual development of S. eturmiunum

To investigate whether other genes involved in the func-
tions of SeASF1, we analyze the data of ∆Seasf1 tran-
scriptome compared with that of the WT-vegetative and 
WT-sexual phases. These results show that 2342 genes 
were up-regulated and 1374 genes were down-regulated 
between ∆Seasf1 and WT-sexual; 1719 were up-regulated 
and 1304 were down-regulated between ∆Seasf1 and WT-
vegetative; also, 1343 were up-regulated and 1751 were 
down-regulated between WT-sexual and WT-vegetative 
(Fig. S9b). A total of 380 differentially expressed genes 
(DEGs) were identified among three transcriptomes (fold 
change > 2.0, p value < 0.05) and subsequently analyzed 
using hierarchical clustering and comparative analysis 
(Figs. S9a, S10). We speculated that these significantly 

up-regulated or down-regulated genes might be involved 
in SeASF1-regulated asexual and sexual development.

GO enrichment showed that these DEGs had functions 
related to cellular processes secondary metabolite devel-
opment, organelle activity and catalytic activity (Fig. S9c, 
d). Seven genes, including SeDJ-1 (transcription factor), 
Se01950 (Heat shock protein), Se03485 (LysM domain-
containing protein), Se04320 (Proline dehydrogenase), 
Se07693 (vesicle coat complex COPII, subunit SEC31), 
Se10206 (Allantoate permease), and Se10302 (Choline 
dehydrogenase), were considered as potential interac-
tors with SeASF1 (Table S5). However, Y2H analysis 
showed that only SeDJ-1 interacted directly with SeASF1 
(Fig. S11). Phylogenetic analysis showed that DJ-1 was 
widely distributed in plants, animals, and other fungal spe-
cies (Table S6) (Fig. S12). SeDJ-1 shared 93.77% sequence 
similarity with DJ-1 from S. lycopersici (RAR14805) but 
less than 20% similarity with DJ-1 from all other fungal 
species. Thus, SeDJ-1 is possible to play important roles 
in regulating asexual and sexual development in both S. 
eturmiunum and S. lycopersici.

To investigate whether these seven genes affected asex-
ual and sexual development in S. eturmiunum, two knock-
out mutants were generated for each gene by homologous 
recombination and mutants were inoculated onto agar 
plates alongside the WT strain. As a result, the mutations of 
SeDJ-1 inhibit the rate of asexual and sexual development 
(Figs. S14–S19). Two Sedj-1 knockout mutants (∆Sedj-1–1 
and ∆Sedj-1–4) appeared to slow the growth rate of colonies 
relative to the WT strain (Fig. S13a, b). In contrast to WT 
strain, the asexual and sexual development of ∆Sedj-1–1 
and ∆Sedj-1–4 were significantly altered, and the nuclei 
showed anomalously distribution in the mycelia (Fig. 3a). 
Conidiogenous cells in the two mutants were swollen either 
at the apex or the lateral branch, whereas they grew to be 
secondary mycelia at the apex or on the side of WT strain 
within 7 days. By day 13, the conidiophores and conidiog-
enous cells in the two mutants imaged the pale, whereas 
conidiogenous cells in WT strain appeared swollen at the 
apex and darkened. In addition, conidia bodies were young, 
solitary, brown, and ellipsoid to cylindrical in shape. By 
day 20, subglobose and young conidia were found in two 
mutants, whereas WT strain produced nearly mature, oblong 
conidia. By day 30, two mutants had not developed mature 
conidia and their conidiophores became abnormally bead-
like (Fig. 3b). By day 13, young, irregular ascogonia pro-
duced in the two mutants, whereas the young protoperithecia 
had developed in the WT strain. By day 25, pseudothecia did 
not produce in the two mutants, opposing to WT strain. At 
34 days, two mutants did not produce mature pseudothecia, 
while the WT strain had produced nearly mature pseudo-
thecia with asci. Lastly, mature asci were only found in WT 
strain by day 45 (Fig. 3c). These results indicate that SeDJ-1 

Fig. 2  The asexual and sexual development was regulated by 
SeASF1 in S. eturmiunum. The asexual and sexual characteris-
tics were observed between Seasf1 knockout mutants and com-
plement transformants compared with WT strain. Two ∆Seasf1 
mutants were obtained by deleting Seasf1 in S. eturmiunum. Two 
∆Seasf1::EGFPSeasf1 transformants were produced by Seasf1 
expression in ∆Seasf1. WT was S. eturmiunum wild type strain. a 
Hyphal fusion showed in four transformants and WT strains, respec-
tively. The images were photographed after growing on PDA medium 
for 7 days. The fusions in the hyphae were marked with white arrows. 
b The mycelia of four transformants and WT strains were exam-
ined by DIC and fluorescence microscopy for GFP and DAPI after 
growing on PDA medium for 12  days. c Conidia morphologies of 
four transformants and WT strains were cultured on CM medium for 
4 weeks. d The numbers of conidia were counted by blood counting 
chamber. e Percentages of deformed conidia were analyzed in two 
∆Seasf1 mutants compared with two ∆Seasf1::EGFPSeasf1 transfor-
mants and WT strains. f Pseudothecia of four transformants and WT 
strains were visualized as black structures on PDA medium. Pseudo-
thecia were shown in the lower right. g Asci and ascospores of four 
transformants and WT strains were merged using microscope after 
cultured on PDA medium for 6 weeks. Bar = 20 μm and 500 μm

◂
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plays an essential role in the asexual and sexual development 
in S. eturmiunum.

To further investigate whether interactions occur among 
SeASF1, SeDJ-1, SeH3 and SeH4, we used Y2H, GST pull-
down and Co-IP to evaluate the interactions among them. 
As a result, SeASF1 binds to SeH4 and SeDJ-1 but does 
not with SeH3, while SeDJ-1 interacts with SeH4 (Fig. 4). 
Next, qRT-PCR was used to monitor the transcript levels of 
Sedj-1 and SeH4 in two ∆Seasf1 mutants, and the expres-
sion levels of Seasf1 and SeH4 in two ∆Sedj-1 mutants. The 
expression levels of Sedj-1 and SeH4 showed down- and up-
regulation in two ∆Seasf1 mutants respectively (Fig. S20a). 
In two ∆Sedj-1 mutants, the expression levels of SeH4 
showed down-regulation, but those of Seasf1 did not alter 
(Fig. S20c). We speculate that SeDJ-1 or SeH4 combinates 
with SeASF1 to modulate asexual and sexual development 
in S. eturmiunum, but ∆Sedj-1 does not alter the expres-
sion of SeASF1. Thus, SeASF1 is not possible to involve 
in SeDJ-1 regulation of asexual and sexual development in 
S. eturmiunum.

To address the role of SeH4 in S. eturmiunum. We 
obtained two ∆SeH4 mutants (∆SeH4-8 and ∆SeH4-20) 
using homologous recombination, but these two mutants 
did not manipulate asexual and sexual development of 
S. eturmiunum (The data not shown). The expression of 
Sedj-1 or Seasf1 was almost unchanged in two ∆SeH4 
mutants (Fig. S20b). Thus, SeH4 does not affect asexual 
and sexual development, and SeH4 interacts with SeASF1 
and SeDJ-1, indicating SeH4 may be an auxiliary factor to 
involved in SeASF1-regulated asexual and sexual devel-
opment, but not a necessary component in this pathway. 
Then, two Sedj-1 overexpression transformants, OESedj-
1::∆Seasf1-4 and OESedj-1::∆Seasf1-6, were obtained 

Fig. 3  The characterization was indicated the role of SeDJ-1 in asex-
ual and sexual development of S. eturmiunum. The asexual and sexual 
characteristics were observed in Sedj-1 knockout mutants (∆Sedj-
1-1 and ∆Sedj-1-4) compared with WT strain. Two mutants were 
obtained by deleting Sedj-1 in S. eturmiunum. Two mutants and WT 
strains were cultured on PDA or CM medium, respectively. WT was 
S. eturmiunum (EGS 29-099) strain. a The mycelium of two mutants 
and WT strains were incubated on PDA medium for 6 days and exam-
ined by DIC and fluorescence microscopy. The nuclei of the mycelia 
were discovered under the fluorescence microscopy after staining by 
DAPI. b For the microscopic observation of conidiophores, conid-
iogenous cells and conidia development, two mutants and WT strains 
were grown on CM medium for 7 days, 13 days, 20 days, and 30 days 
respectively. Black arrowheads indicated conidiogenous cells, and 
blue arrowheads indicated secondary mycelia. c For the microscopic 
observation of ascogonia, protoperithecia, young pseudothecia and 
asci development, all strains were grown on PDA medium and exam-
ined after growth at 25 °C for 13 days, 25 days, 34 days, and 45 days 
respectively. Insets showed enlarged ascogonia and protoperithecia on 
the bottom right sides. Pseudothecia were visualized as black struc-
tures. Black arrows indicated ascogonia, and red arrows indicated 
protoperithecia. Bar = 20 μm, 50 μm and 500 μm

▸
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Fig. 4  Interactions among SeASF1, SeDJ-1, SeH3, and SeH4 in 
S. eturmiunum. The interactions of SeASF1, SeDJ-1, SeH3 and 
SeH4 were verified using Y2H, GST pull-down, and Co-IP assays. 
a SeASF1 was cloned into the bait plasmid pGBKT7 (BD). SeH4 
or SeH3 was cloned into the prey plasmid pGADT7 (AD). Yeast 
transformants were first grown on SD/-Trp/-Leu (DDO), and then 
selected on SD/-Trp/-Leu/-His/-Ade/X-α-gal (QDO/X) for activating 
X-a-galactosidase activity. b SeDJ-1 was cloned into the prey plas-
mid pGADT7 (AD). SeH4 was cloned into the bait plasmid pGBKT7 
(BD). The images were photographed at 3 days after incubation. Each 
experiment was repeated at least three times. c SeASF1 was cloned 
into plasmid pGEX-6P-1. SeH4 or SeH3 was cloned into plasmid 
pET28a. SeASF1-GST was expressed in E. coli and incubated with 
SeH4-His or SeH3-His, purified (pull-down) by glutathione sepha-
rose beads. Recombinant GST was used as control. SeH4-His was 
pulled down by SeASF1-GST. d SeASF1 was cloned into plasmid 

pDL2, SeH4 or SeH3 was cloned into plasmid pFL7. Total proteins 
were extracted from F. graminearum protoplasts expressing SeASF1-
GFP, SeH4-Flag, and SeH3-Flag. Recombinant GFP or Flag was used 
as control. The immune complexes were immunoprecipitated with 
α-Flag antibody (α-Flag IP). Coprecipitation of SeH4-Flag or SeH3-
Flag was detected by immunoblotting. e SeDJ-1 was cloned into 
plasmid pGEX-6P-1. Flag-SeASF1 or SeH4 was cloned into plasmid 
pET28a. SeH4-His and Flag-SeASF1-His were retained by SeDJ-
1-GST respectively. f SeH4 was cloned into plasmid pDL2. SeDJ-1 
was cloned into plasmid pFL7. Total proteins were extracted from 
F.  graminearum protoplasts expressing SeASF1-GFP, SeH4-GFP, 
and SeDJ-1-Flag respectively. Coprecipitation of SeDJ-1-Flag was 
detected by immunoblotting. Membranes were stained with Ponceau 
S to confirm equal loading. Protein sizes were indicated in kDa. Each 
experiment was repeated at least three times
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by transformation Sedj-1 into the ∆Seasf1 mutants using 
ATMT method, as well as, both OESeasf1::∆Sedj-1–3 and 
OESeasf1::∆Sedj-1–8 were obtained by transformation 
Seasf1 into the ∆Sedj-1 mutants. Both OESedj-1::∆Seasf1-4 
and OESedj-1::∆Seasf1-6 complemented the asexual and 
sexual phenotype of ∆Seasf1 but OESeasf1::∆Sedj-1–3 
and OESeasf1::∆Sedj-1–8 did not complement the mutant 
phenotype of ∆Sedj-1 (Fig. S21). Taken together, SeDJ-1 
can operate SeASF1 to regulate asexual and sexual develop-
ment of S. eturmiunum but SeASF1 is not required for the 
functions of SeDJ-1.

SeDJ‑1 is required for SePI3K to modulate asexual 
and sexual development of S. eturmiunum

The PI3K/AKT signaling pathway manipulates a variety of 
biological processes, but the role of this pathway in fungi 
development has not been addressed. In animals, DJ-1 acti-
vated the PI3K/AKT signaling pathway (Yang et al. 2005; 
Zhang et al. 2016) via PI3K and GSK3 (Oh and Moura-
dian 2017), while the functions of this pathway would be 
significantly altered when DJ-1 perceived these two crucial 
components (Lee et al. 2021; Sitaram et al. 2009; Wang 
et al. 2013). To determine whether this pathway was con-
served in fungi, the expression levels of Sepi3k and Segsk3 
were quantified in two ∆Sedj-1 mutants and two ∆Sepi3k 
mutants were obtained by deleting Sepi3k in S. eturmiu-
num, and the expression levels of Sedj-1 and Segsk3 were 
measured in these two mutants. The expression levels of 
Sepi3k or Sedj-1 were down-regulated in two ∆Sedj-1 or 
two ∆Sepi3k mutants, while the expression levels of Segsk3 
were up-regulated in these four mutants (Fig. S22a, b). Our 
experiments indicated that Sedj-1 was likely to regulate posi-
tively Sepi3k to effect asexual and sexual development in 
S. eturmiunum. Inversely, Segsk3 was a negative regulator 
of Sedj-1 and Sepi3k, but it was not able to influence the 
asexual and sexual development of S. eturmiunum. These 
experiments suggested that SeDJ-1 mediated these affects 
via the PI3K/AKT signaling pathway in S. eturmiunum. 
We used Y2H, Co-IP, and Pull down to demonstrate that 
SeDJ-1 simultaneously interacted with SePI3K and SeGSK3 
(Fig. S23). Together, these results suggests that the develop-
mental activator, SeDJ-1, mediates the asexual and sexual 
development of S. eturmiunum via SePI3K or PI3K/AKT 
signaling pathway.

Next, we showed by truncation mutation analysis and 
Y2H and Co-IP that the segment SeDJ-1-M6 which con-
sisted of amino acids 134–175 was responsible for binding 
with SePI3K (Fig. S24a, b). Subsequently, Sedj-1, Sepi3k, 
Sedj-1-M6, and Sedj-1-M7 were overexpressed in ∆Sepi3k 
mutants alone. Eight transformants, such as OESedj-1-T13 
and OESedj-1-T30, OESedj-1-M6-T5 and OESedj-1-M6-
T10, OESedj-1-M7-T18 and OESedj-1-M7-T26, and 

OESepi3k-T8 and OESepi3k-T13, were then obtained upon 
qRT-PCR and western blots (Fig. S25a, b). All these trans-
formants except for OESedj-1-M7-T18 and OESedj-1-M7-
T26 restored asexual and sexual characteristics compared 
with two ∆Sepi3k mutants (Fig. 5a, b). Otherwise, the nuclei 
distributions in mycelia of these transformants except for 
OESedj-1-M7-T18 and OESedj-1-M7-T26 were almost con-
sistent with WT strain in contrast to two ∆Sepi3k mutants 
(Fig. 5c). Four overexpression transformants, OESepi3k-T8 
and OESepi3k-T12, and OESedj-1-T5 and OESedj-1-T20, 
were produced by overexpression of Sepi3k or Sedj-1 in 
∆Sedj-1 mutants, and then verified by qRT-PCR and western 
blots (Fig. S26a, b). In contrast to ∆Sedj-1 mutants, these 
four transformants recovered asexual and sexual character-
istics relative to WT (Fig. S26c, d). The nuclei distribu-
tions in mycelia of these four transformants appeared to 
the same patterns as WT, opposing to two ∆Sedj-1 mutants 
(Fig. S26e). All these results indicated that SeDJ-1, espe-
cial SeDJ-1-M6 segment, carried out the same roles as the 
SePI3K in S. eturmiunum. Significantly, SePI3K is a piv-
otal component in the PI3K/AKT signaling pathway in S. 
eturmiunum, thus, SeDJ-1, as well as SePI3K, can activate 
the PI3K/AKT signaling pathway to modulate asexual and 
sexual features in S. eturmiunum.

Discussion

The role of ASF1 in sexual reproduction was first described 
for the ascomycete Sordaria macrospora (Gesing et  al. 
2012). Whether ASF1 acts in a conserved manner to control 
both asexual and sexual reproduction has not been addressed. 
In this report, we characterized the roles of ASF1 and its 
protein partners in controlling both asexual and sexual 
reproduction in S. eturmiunum. Until now, sexual reproduc-
tion had been described in a few filamentous fungal species 
(Coppin et al. 1997). Stemphylium as an emerging model in 
the Dothideomycetes (refs), and understanding whether the 
sexual process is similar among major ascomycete fungi. 
Stemphylium is an important genus in filamentous fungi, 
in which S. eturmiunum is a holotype species. S. eturmiu-
num has one copy ASF1 (SeASF1) which is more than 90% 
identical to the ASF1 gene in S. lycopersici, as well as nine 
other fungal species (Fig. S2). On the other hand, it shares 
less than 50% similarity with ASF1 in Schizosaccharomyces 
pombe. SeASF1 shows a conserved nuclear localization and 
prominent effects on sexual reproduction, suggesting conser-
vation of function by comparison to S. macrospora (Gesing 
et al. 2012). Moreover, it was clear that SeASF1 manipu-
lated both asexual and sexual reproduction in S. eturmiu-
num (Figs. 2, S6), but the levels of transcriptional and post-
translational modification of five genes, such as Gα subunit, 
Mat1, Mat2, Ste2, and Ste3, related to sexual reproduction in 
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MAPK signaling pathway were hardly changed in ∆Seasf1 
mutants compared with WT strains (Figs. S7, S8). Thus, it 
was hypothesized that SeASF1 is not involved in the MAPK 
signaling pathway related to the fungi sexual mating (Chen 
et al. 2002; Saito 2010) and might utilize other signaling 
pathways to promote sexual mating in S. eturmiunum. To 
further investigate this hypothesis, we performed an RNA-
seq analysis on ∆Seasf1 in contrast to WT-vegetative, and 
WT-sexual strains (Figs. S9, S10). The SeDJ-1 and other six 
genes (Table S4) were identified as possible candidates for 
cooperating with SeASF1 to modulate asexual and sexual 
development in S. eturmiunum. SeDJ-1 was found to interact 
with SeASF1 and to play a crucial role in asexual and sexual 
development in S. eturmiunum (Figs. S11, S13–S19).

Previous studies revealed that DJ-1 was involved in mul-
tiple biological functions in mammals (Hijioka et al. 2017; 
Scumaci et al. 2020; Mencke et al. 2021; Nakamura et al. 
2021). However, DJ-1-based regulation of asexual and sex-
ual differentiation in mammals, plants, and fungi was poorly 

understood. Here, we found that SeDJ-1 involved in asexual 
and sexual development in S. eturmiunum (Fig. 3) and fur-
ther illuminated the mechanisms by which SeDJ-1 influ-
ences asexual and sexual development. These mechanisms 
were further supported by measuring transcriptional levels 
of Seasf1, SeH4, and Sedj-1 in corresponding to different 
knockout mutants of these three genes and by confirming the 
interactions between SeASF1 and SeH4, as well as between 
SeDJ-1 and SeASF1/SeH4 in vivo and in vitro, respectively 
(Figs. S20, 4). However, SeH4 did not influence asexual and 
sexual development in S. eturmiunum and did not involve in 
the regulation of asexual and sexual development by SeDJ-1 
or SeASF1. Also, the SeDJ-1 can cooperate with SeASF1 to 
modulate both asexual and sexual phenotypes in S. eturmiu-
num, but the functions of SeDJ-1 compromise to SeASF1 
(Fig. S21). These results reinforce previous results in the 
related U. botrytis which showed that mating type genes 
performed major roles in both asexual and sexual sporula-
tion pathways (Wang et al. 2017).

Fig. 5  Sedj-1 or Sedj-1-M6 recovers ∆Sepi3k mutants to regulate the 
asexual and sexual characteristics in S. eturmiunum. The asexual and 
sexual characteristics were observed in eight overexpression trans-
formants. Eight overexpression transformants, including OESedj-
1-T13 and OESedj-1-T30, OESedj-1-M6-T5 and OESedj-1-M6-T10, 
OESedj-1-M7-T18 and OESedj-1-M7-T26, and OESepi3k-T8 and 
OESepi3k-T13, were obtained by overexpressing Sedj-1, Sepi3k, 
Sedj-1-M6, and Sedj-1-M7 in ∆Sepi3k mutants alone. ∆Sepi3k 
mutants and WT (S. eturmiunum) strains were used as controls. 

a Eight transformants and control strains were cultured on PDA 
medium. The perithecia, asci and ascospores were photographed after 
growing for 6 weeks. b Eight transformants and control strains were 
cultured on CM medium. Conidia, conidiophores and conidiogenous 
cells were photographed at 4 weeks. c The nuclei distributions in the 
mycelia of all tested transformants and control strains were exam-
ined by DIC and fluorescence microscopy after staining by DAPI. 
Bar = 20 μm, 50 μm and 500 μm
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Evidence showed that DJ-1 was an important com-
ponent in the PI3K/AKT signaling pathway (Yang et al. 
2005) and might bind with various other factors to activate 
a variety of biological processes (van der Brug et al. 2008; 
Vasseur et al. 2012). Multiple downstream proteins were 
reported in the PI3K/AKT signaling pathway in mammals 
(Sitaram et al. 2009; Wang et al. 2013; Vasseur et al. 2009; 
Xu et al. 2020), but only GSK3 (SeGSK3) was found in 
PI3K/AKT signaling pathway in S. eturmiunum. The 
expression levels of SeGSK3 were up-regulated in both 
∆Sedj-1 and ∆Sepi3k mutants. However, SePI3K showed 
down-expression levels in the ∆Sedj-1 mutants, and the 
same expression trends of SeDJ-1 showed in the ∆Sepi3k 
mutants (Fig. S22). Thus, SeDJ-1 is likely an upstream 
component of the SePI3K and SeGSK3 modules in the 
PI3K/AKT signaling pathway of S. eturmiunum. SeDJ-1 
also interacted with SePI3K and SeGSK3 in vivo and 
in vitro (Fig. S23). In all, SeGSK3 negatively regulated 
the expression of SeDJ-1 and SePI3K but did not contrib-
ute to the asexual and sexual reproduction, whereas SeDJ-
1, a positive regulator of SePI3K, involved in PI3K/AKT 
signaling pathway to regulate asexual and sexual features 
in S. eturmiunum (Fig. 5).

To determine if and how SeDJ-1 was involved in asex-
ual and sexual reproduction in S. eturmiunum, ∆Sedj-1 or 
∆Sepi3k mutants were compared to their overexpression 
strains in terms of the activity levels of SeDJ-1 and SePI3K, 
as well as their effect on asexual and sexual activity. It was 
found that over-expression of SePI3K in ∆Sedj-1 strains 
could recover the asexual and sexual states. Thus, SeDJ-1 
and SePI3K are not only two important components of the 
PI3K/AKT signaling pathway, but also perform the similar 
functions for regulating asexual and sexual development 
in S. eturmiunum. To further illuminate the mechanism of 
SeDJ-1 regulating asexual and sexual reproduction, seven 
truncations of SeDJ-1 were obtained. In our experiments, 
SeDJ-1-M6 was defined as a critical segment for interaction 
of SeDJ-1 with SePI3K and was shown to be an essential 
segment for asexual and sexual reproduction upon compa-
ration of OESedj-1-M6 and OESedj-1-M7 (Fig. 5). Thus, 
SeDJ-1-M6 plays a critical role in the PI3K/AKT signal-
ing pathway. A model of the process is shown in Fig. 6. It 
is predicted that SeASF1 coupled to SeH4 is translocated 
into the nucleus and then interact with SeDJ-1, in which 
SeASF1 stimulates asexual and sexual means alone. Thus, 
SeDJ-1 contributes to arouse SePI3K to modulate asexual 
and sexual states. Together, SeASF1 manipulates asexual 
and sexual reproduction in S. eturmiunum by SeDJ-1 percep-
tion of PI3K/AKT signaling pathway.

In conclusion, our works have broadened the scope of 
ASF1 functions in filamentous ascomycetes and implicate 
DJ-1 as a major component for binding to PI3K/AKT path-
way. These data further illuminate that ASF1 cross-talk DJ-1 

and PI3K is required for both asexual and sexual reproduc-
tive pathways.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s13225- 023- 00528-1.
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Fig. 6  A model for SeASF1 regulates asexual and sexual reproduc-
tion in S. eturmiunum by SeDJ-1 stimulation of PI3K/AKT signaling 
pathway. SeASF1, a molecular chaperone, interacts with SeH4 and 
then translocates into nucleus through the nuclear pore. After getting 
into nucleus, the dimer of SeASF1-SeH4 modulates DNA replication 
and nucleosome assembly. SeASF1-SeH4 combination with SeDJ-1 
modulates asexual and sexual reproduction. The mutual interactions 
emerge between SeDJ-1 and SePI3K and then each of them modu-
lates asexual and sexual reproduction. SeASF1 does not interact with 
SePI3K which is not impact on SePI3K to control reproduction. In 
all, SeASF1 regulates asexual and sexual reproduction in S. eturmiu-
num upon SeDJ-1 to stimulate PI3K/AKT signaling pathway
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