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Oudemansiella apalosarca, a newly identi ed edible fungus, exhibits industrial
cultivation potential because of its short production cycle and lack of a casing
layer. However, the absence of genomic data has hampered its development and
varietal enhancement. This study reports the rst genome sequence of
O. apalosarca, comprising 53.13 Mb across 27 scaffolds and 14,650 protein-
coding genes, with superior scaffold N50 and BUSCO values compared to those
of other Oudemansiella genomes. Phylogenetic analysis of single-copy
orthologous proteins from 25 fungal genomes revealed close relations to
O. raphanipes and Mucidula mucidula, with signi cant protein collinearity
within the Physalacriaceae family. Cultivation in complete darkness yielded
pure white, small-cap, and long-stipe fruiting bodies, indicating industrial
advantages. Differential transcriptome analysis of the cap and stipe under
varying light conditions identi ed key genes and pathways regulating
phenotypic changes. Kyoto Encyclopedia of Genes and Genomes (KEGG)
assessment and gene set enrichment analysis (GSEA) revealed signi cant
negative regulation of DNA replication pathway genes in the cap, with the
downregulation of 10 cell cycle and mismatch repair genes. Genes related to
cell wall formation and carbon metabolism were upregulated, thus promoting
stipe elongation. The tyrosine metabolism pathway in uenced cap coloration,
with tyrosinase identi ed as a multicopy gene. Phylogenetic analysis revealed
diverse evolutionary origins. Key tyrosinase-related genes A6_A10477 and
A6_A09603 were overexpressed in the light, revealing their role in melanin
formation. In summary, this study provides genomic resources for O.
apalosarca breeding improvement and elucidates light-induced regulatory
mechanisms in its development, thereby providing theoretical and technical
support for industrial applications.
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1 Introduction

With advancements in mushroom breeding and cultivation
technology and evolving consumer demand, an increasing
number of mushroom varieties are moving toward industrialized
and commercialized cultivation. In China, the primary industrially
cultivated species include Flammulina velutipes, Pleurotus eryngii,
and Hypsizygus marmoreus (Changtian et al., 2019; Li and Xu,
2022). However, the industrial mushroom sector faces challenges
owing to the proliferation of enterprises producing the same
species, resulting in high production density and an oversupply
structure that fails to meet consumer demand for diverse
mushroom products (Changtian et al., 2019). Diversifying
mushroom breeding is crucial (Dong et al., 2024). Therefore, the
development of new mushroom varieties that are suitable for
industrial production is essential.

Oudemansiella apalosarca, a member of the Physalacriaceae
family within the Agaricomycetes, Basidiomycota (Dulay, 2023), is
part of the rich Oudemansiella resources of China, which include
species such as O. radicata, O. raphanipes, O. brunneomarginata,
and O. submucida (Hao et al., 2016). These species predominantly
occur in Yunnan, Hainan, Heilongjiang, and lJilin provinces (Hao
et al., 2016). Oudemansiella species are valued as edible and
medicinal mushrooms, characterized by tender esh, crispy
texture, and rich avor compounds (Xia et al., 2022). They are
nutritionally dense, contain proteins, amino acids, polysaccharides,
trace elements, and dietary ber, and exhibit medicinal properties,
including antihypertensive and anticancer effects (Dulay, 2023).
Over the years, we have focused on the collection and domestication
of Oudemansiella germplasm resources, thereby establishing a
germplasm bank comprising over 500 strains across 10 species.
We have successfully domesticated and bred several varieties,
including O. apalosarca and O. brunneomarginata. Notably, the
O. apalosarca strain BIPP21200004, a new edible fungus variety
with independent intellectual property rights in China, exhibiting a
biological ef ciency of up to 122% (Cui et al., 2021). Compared to
other Oudemansiella species, such as the widely cultivated O.
raphanipes, O. apalosarca has a brief production cycle, higher
yield potential, and does not require soil covering (Cui et al.,
2021). Soil covering in O. raphanipes cultivation often results in
contamination with miscellaneous fungi and necessitates the labor-
intensive cleaning of fruiting bodies, thereby reducing ef ciency
(Qin et al., 2022). These attributes render O. apalosarca well suited
for industrial mushroom cultivation, addressing the demands for
high yield, short production cycles, and labor savings. To enhance
the production ef ciency of large-scale factories, further
improvements are still required in the color of the fruiting bodies,
and the length of the stipe of this O. apalosarca variety.

Cap size, cap color, and stipe length are crucial morphological
characteristics of the fruiting bodies of edible mushrooms. In the
industrial development of edible mushrooms, small white cap with
long stipe cultivars have a dominant position in the market and
possess signi cant commercial value, such as F. velutipes ans H.
marmoreus. Improving the cap size, color, and stipe length of edible
mushrooms is particularly important for their industrial cultivation.
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Therefore, understanding the genetic regulatory mechanisms of cap
development and stipe elongating are important for the practical
application of strain optimization. Light is crucial for cap
differentiation, coloration and stipe elongation in basidiomycetous
mushroom-forming fungi (Yang et al., 2009; Sakamoto, 2018; Feng
et al., 2023). Coprinopsis cinerea fruiting bodies formed in complete
darkness had tiny caps (Terashima et al., 2005). Cap differentiation
can be observed at an unduly early stage of fruiting body
development in F. velutipes (Sakamoto et al., 2007), and the
fruiting body of Polyporus arcularius (Kitamoto et al., 1974)
induced by light and grown in the dark displayed a long stipe
without a differentiated pileus on its apex In the study of F.
velutipes, light affects stipe elongation and thickening. The stipe
elongated faster in the dark than in light. When a light-exposed
fruiting body forms in the light, stipe elongation is immediately
suppressed, and the stipe thickens (Sakamoto et al., 2004). By
altering the duration, intensity, and wavelength of light, the color,
and growth characteristics of mushrooms can be improved. For
example, the fruiting bodies of F. velutipes exposed to green and
blue light exhibited deeper colors than those grown in darkness or
under red light, and the color deepened further after 48 h of blue
light exposure compared with 24 h exposure (Im et al., 2024).
However, the effects of light on the fruiting bodies of O. apalosarca
and the mechanisms underlying the formation of key traits remain
largely unknown.

Whole-genome analysis is a useful method for strain
classi cation and obtaining genetic information regarding the
molecular mechanisms of fungal development and breeding.
However, no genetic reports on O. apalosarca are currently
available. Even within the genus Oudemansiella, there is only one
report on the genome of O. raphanipes. This has signi cantly
hindered genetic breeding research on Oudemansiella, species.
This study presents the assembly and annotation of the rst
genome of O. apalosarca. It examined the impact of light on cap
coloration and stipe elongation. Through integrative transcriptomic
analysis, key pathways and associated genes in uencing cap color
formation and stipe elongation were identi ed. These ndings
provide a theoretical framework and data support for further
investigation of the formation mechanisms of edible mushroom
fruiting bodies, enhancement of O. apalosarca varietal traits, and
adaptation to industrial production.

2 Materials and methods

2.1 Strains and protoplast
mononuclearization

The strain of O. aparlosarca BIPP21200004 used in this study
was collected from Dadugang, Yunnan Province, China, in 2011
and preserved at the Beijing Edible Fungi Germplasm Resource
Center, Beijing Academy of Agriculture and Forestry (Rebecca
et al., 2021). The strains were cultured on potato dextrose agar
(PDA) medium at 25°C for 7 days, then transfer the strains to PDB
liquid medium cultured for 5 days. We used 2% Lywallzyme
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(Guangdong Institute of Microbiology, Guangzhou, China) to
digest the cell walls of heterokaryotic mycelium and obtained
protoplasts following the method described in a previous study
(Zhao and Chang, 1993). The protoplasts were diluted and revived
on cell wall regeneration medium (1% malt extract, 0.4% glucose,
0.4% yeast extract, 1.5% agar and 0.6 M mannitol) to form hyphae
and colonies. Through antagonistic reactions, microscopic
observation, internal transcribed spacer (ITS) region
identi cation, and mushrooming experiments, the recovery
strains were comprehensively judged to be homokaryotic or
heterokaryotic. The homokaryotic strain A6 was obtained using
this method. The mycelia of A6 were collected by centrifugation,
washed with 0.1 M phosphate-buffered saline (PBS), and frozen in
liquid nitrogen. High-quality genomic DNA was extracted from
mycelia using the cetyltrimethylammonium bromide (CTAB)
method. RNase A (Leagene, Beijing, China) in 10 pg/mL was
used to remove RNA from the samples.

2.2 Genome assembly and annotation

The extracted DNA molecules were sequenced with both the
Illumina NovaSeg6000 (lllumina Inc., San Diego, CA, USA), and
the PacBio Sequel (Paci ¢ Biosciences of California, Menlo Park,
CA, USA) platform at Novo-gene Bioinformatics Technology Co.,
Ltd. (Beijing, China). The short reads from the lllumina platform
were quality- ltered using high-throughput quality control (HTQC)
following by removed low-quality bases (quality value 20) and overlap
with adapters of >15 bp reads, respectively (Yang et al., 2013). We
conducted a preliminary assembly based on Illumina data and initially
assessed the genome size, heterozygosity, and repeat sequence
information of the samples using K-mer analysis. We generated
the 15-mer occurrence distribution of sequencing reads from short
libraries for A6 strain. SMRThell libraries were sequenced on a PacBio
Sequel system. The sequencing reads were processed in four stages:
subread correction, assembly of corrected reads, single-base correction,
and linking contigs to scaffolds and gap lling (Kim et al., 2014;
Badouin et al., 2015; Faino et al., 2015; Sit et al., 2015; Tsuji et al., 2015).
The sub-reads were corrected using Proovread (v2.12). Corrected reads
were assembled using Falcon (v0.3.0) and Celera Assembler (v8.3), and
the optimal assembly was selected. Single-base errors in the assembly
were corrected using lllumina HiSeq data and GATK (v1.6-13).
The contig was linked to the scaffold with long inset-size pair-end
reads using SSPACE_Basic_v2.0; then, the gap was lled using the
software pbjelly2 (15.8.24).

Homology-based and de novo predictions were combined to
identify the repeat content in the A6 genome. Homology prediction
was performed genewise (2.20) (Birney, 2004), and SNAP (version
2010-07-28) (Johnson et al., 2008) and Augustus (3.2.1) (Stanke
et al.,, 2008) were used to predict genes. The RNA-seq data obtained
from RNA extraction of mycelium cultivated with PDA for gene
prediction. Finally, we integrated the prediction results of various
software packages using EVM (1.1.1). Gene functions were inferred
according to the best match of the alignments to the National
Center for Biotechnology Information (NCBI), Non Redundant
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(NR), InterPro (Alex et al., 2015), and Swiss Prot (Boeckmann and
Research, B. J. N. A, 2003) protein databases using Basic Local
Alignment Search Tool for Proteins (BLASTP) (Camacho et al.,
[[NoYear]]) and the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database (Minoru et al., 2012) with an E value threshold of
1x 10 S The Gene Ontology (GO) (Ashburner et al., 2000) ID for
each gene was obtained from Blast2GO (Conesa and Gotz, 2008).
We found rRNAs by comparison with the rRNA database or
prediction with RNAmmer (1.2) (Karin et al., 2007). Using
tRNAscan (1.3.1), the area of the tRNA and secondary structure
were predicted (Lowe and Eddy, 2019). Using the Infernal database
compared with the Rfam (9.1) database, we obtained sRNAs
(Gardner et al., 2008). The transposon sequence was identi ed by
aligning the assembly with a known transposon sequence database,
using the de novo method. The RepeatProteinMask search uses a
transposable element (TEs) database as a query library. De novo
repeat prediction involved using the buildXDF Database to
construct a database from the assembly sequences, creating
transposon models with RepeatModeler (open-1.0.11), and
subsequently identifying transposons with the established models
using RepeatMasker (4-0-6) (Chen, 2004). Tandem repeat
sequences were predicted using the Tandem Repeat Finder (TRF)
software (4.04) (Gary, 1999).

2.3 Treatment under different light
conditions

The BIPP21200004 strain was initially cultivated on PDA
medium until the mycelia reached three-quarters of the size in
the Petri dish. It was then transferred to a culture bottle (480 ml)
with 500 g weight comprising 60% cottonseed hulls, 38% bran, 2%
lime, which had been autoclaved at 121°C for 120 min with a
moisture content of 60%, and incubated in the dark. Upon full
colonization of the bottles (around 20 days), the mycelia were
packed into cornerfold plastic bags (22x33 cm) with 1.25 kg same
compose of cultural bottles, sterilized, and inoculated with the
strain. Incubation continued at 23-25°C until full substrate
colonization (23-25 days), after which the colonized substrate
was transferred to a controlled intelligent mushroom incubator
(humidity 90%, temperature 20°C, natural ventilation) for fruiting.
After 30 d of cultivation, the primordia were formed. During the
primordial stage, half of the mushroom bags were placed in an
incandescent light illumination for 2 d (Figure 1A). After the light
treatment, the mushroom bags containing primordia were split,
with one half subjected to continuous light cultivation and the other
half cultivated in a dark room until the fruiting bodies matured
(Figure 1A). The mushroom bags that had formed primordia in the
dark room underwent a similar treatment, where after splitting, one
half of the mushroom stems continued to be cultivated in the dark
and the other half was subjected to light cultivation (Figure 1A).
About 6 days after the primordia formation, the fruiting bodies
developed and matured. Following the maturation of the fruiting
bodies, samples from caps and stipes were collected under four
conditions (light, dark, light-to-dark, and dark-to-light
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FIGURE 1
Different light treatments and phenotypes of Oudemansiella apalosarca fruiting body. (A) Representation of light and dark treatment at different
developmental stages. The left side shows light or dark treatment during the primordium stage. Light and dark treatment during the fruiting body
development stage are shown on the right. (B) Different colors of the mushroom cap after different light treatments. (C) Length of mushroom stipes
after different light treatments. Different lowercase letters indicate signi cant differences in stipe length when P<0.05. For an explanation of the
abbreviations for the treatment methods, refer to Supplementary Table S8.

cultivations), with three biological replicates per condition. Ten
periods and 30 samples were selected for transcriptome sequencing.
The cap that removed the gills and stipes that removed about 1-2
cm from connect part with cap, was cut into small pieces and place
them separately into centrifuge tubes, respectively. Tubes were
immediately frozen in liquid nitrogen and stored at 80°C for
future analyses.

2.4 Transcriptome sequencing and analysis

RNA was extracted from the samples, using TRIZOL® Reagent
(Invitrogen, USA). The RNA quality and integrity were evaluated
using a NanoDrop 2000 spectrophotometer (Thermo Fisher
Scienti ¢, USA) and an Agilent 2100 bioanalyzer (Agilent
Technologies, USA), respectively. Library construction and RNA
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sequencing were performed by Frasergen Bioinformatics Co. Ltd.
(Wuhan, China). cDNA libraries were prepared using a NEBNext®
Ultra™ RNA Library Prep Kit for Illumina® (NEB, USA).
Subsequently, the libraries were evaluated for quali cation and
pooled based on the effective concentration and sequencing
requirements. The pooled libraries were then sequenced on an
Illumina platform with 150 bp paired-end reads.

Quiality control of the raw data was performed using the FastQC
plugin of TBTools v2.154 (Simon, 2010; Chen et al., 2023). After
removing low-quality paired reads and adaptor contamination
using the Trimmomatic plugin, the clean reads were spliced and
aligned to the reference A6 genome using the Hisat2 plugin. Gene
expression levels were measured based on fragments per kilobase of
transcript per million mapped fragments (FPKM), and the
expression matrix was obtained using the StringTie quanti cation
plugin. Differentially expressed genes (DEGSs) were screened using
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DESeq2 (|log2 (fold change [FC])| > 1, FDR < 0.05). Gene set
enrichment analysis (GSEA) is a statistical method used to evaluate
whether prede ned gene sets exhibit signi cant differences under
different biological conditions. In this study, GSEA was used to
analyze the enrichment of GO terms among DEGs. GO terms with
P <0.05 and FDR <25% were considered to be signi cantly
enriched. KEGG and GO enrichment analyses were performed
using the OmicShare tools (www.omicshare.com/tools).
Signi cantly enriched pathways and GO terms among rearranged
genes were compared to syntenic genomes by the hypergeometric
test. The calculated p-value was adjusted through FDR correction,
with FDR < 0.05 as a threshold. Pathways and GO terms meeting
this condition were de ned as signi cantly enriched. KEGG
enrichment analysis was used to identify the DEGs involved in
the major biochemical metabolic pathways and signal transduction
pathways (P <0.05).

2.5 Gene family analysis and quantitative
real-time polymerase chain reaction
veri cation

Using BLASTP analysis, the tyrosinase genes were identi ed in
the A6 genome. We downloaded the tyrosinase protein sequences of
19 fungi from the NCBI (Supplementary Table S1), performed
multiple sequence alignment using MUSCLE, and constructed a
phylogenetic tree using the maximum likelihood method. MEME
(5.5.7) (Bailey et al., 2015) was used for motif prediction and Batch
CD-Search (Wang J. et al., 2023) to predict conserved domains in
gene families. Images were visualized using a combination of
TBtools (v2.154) and Adobe lllustrator CS6. Real-time gPCR of
DEGs was performed using TB Green ® premix Ex TaqTM I (Tl
RNaseH Plus, TaKaRa, Japan) on an ABI 7500 real-time PCR
system (Applied Biosystems, USA) (Yan et al., 2021). The primer
information is provided in Supplementary Table S2.

10.3389/ffunb.2026.1763719

3 Results

3.1 Characterization of the O. aparlosarca
genome

Previous research indicates that the mycelial cells of O.
aparlosarca exhibit binucleate and multinucleate forms, with
clamp connections being dif cult to observe (Terashima et al.,
2005). Thus, determining whether protoplast-regenerated strains
are homokaryotic based solely on microscopic observation of clamp
connections is challenging. Initial antagonistic tests were conducted
on the regenerated strains, with those showing antagonism with the
parental strain subjected to further screening. Optical microscopy
was then employed to observe the presence or absence of clamp
connections in the selected strains. Strains lacking clamp
connections underwent another round of selection. The ITS
region of the selected strains was ampli ed using PCR with 1TS4
and ITS5 primers and sequenced using Sanger sequencing. For
heterokaryotic parental strains, bases following CTCTCTCTC
exhibited G/A peaks; presence of solely A or G indicated
potential homokaryotic status (Supplementary Figure S1A).
Fruiting tests were subsequently conducted to verify the fruiting
ability of the candidate strains. Strains unable to form fruiting
bodies independently were considered homokaryotic. Finally, a
homokaryotic protoplast-regenerated strain A6 of O. aparlosarca
was obtained. High-throughput sequencing survey analysis revealed
that the heterozygosity of strain A6 was merely 0.4%, indicating
extremely low heterozygosity (Supplementary Figure S1B). These
results further con rmed that strain A6 was homokaryotic.

The genome of homokaryon A6 of O. aparlosarca strain
BIPP21200004 was sequenced using the Illumina HiSeq and
PacBio Sequel platforms. Analysis of the assembled scaffold and
genome is presented in Supplementary Table S3. The single
nucleotide error rate was 0.03%, after subread correction,
11,510,535,780 bp (216X) were used for assembly. We assembled

FIGURE 2

Genome circos image and transcription factor (TF) of Oudemansiella apalosarca. (A) Circos image of genome. I: Collinearity relationship between
genomes; lI: scaffold; Ill: GC stew; IV: protein cording genes; V: non-cording RNA; VI: repeats. (B) TF types of the O. apalosarca genome.
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