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Abstract: Pleurotus ostreatus is a widely cultivated edible fungus around the world. At present,
studies on the developmental process of the fruiting body are limited. In our study, we compared the
differentially expressed proteins (DEPs) in the stipe and cap of the fruiting body by high-throughput
proteomics. GO and pathway analysis revealed the great differences in the metabolic levels, including
sucrose and starch metabolism, and sphingolipid signaling and metabolism, and the differences of
16 important DEPs were validated further by qPCR analysis in expression level. In order to control
the cap and stipe development, several chemical inducers were applied to the primordium of the
fruiting body according to the pathway enrichment results. We found that CaCl2 can affect the
primordium differentiation through inhibiting the stipe development. EGTA (ethyleneglycol bis
(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid) treatment confirmed the inhibitory role of Ca2+ in
the stipe development. Our study not only shows great metabolic differences during the cap and stipe
development but also reveals the underlying mechanism directing the primordium differentiation in
the early development of the fruiting body for the first time. Most importantly, we provide a reliable
application strategy for the cultivation and improvement of the Pleurotus ostreatus, which can be an
example and reference for a more edible fungus.

Keywords: Pleurotus ostreatus; primordium differentiation; sphingolipid; Ca2+; metabolism; fruiting
body; stipe

1. Introduction

Pleurotus ostreatus is the earliest edible fungus cultivar domesticated and cultivated by human
beings [1]. Although the whole fruiting bodies of the Pleurotus ostreatus are edible, the cap has a better
taste and is rich in nutrition [2]. Therefore, the fruiting bodies with short stipes are more popular in the
market, and their price is higher. At present, research on the developmental mechanism of the Pleurotus
ostreatus fruiting body is very limited. In the process of cultivation, the cap and stipe development of
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the fruiting body mainly depends on the environmental conditions [3]. For example, high ventilation
and low carbon dioxide concentration can stimulate the primordium to differentiate toward the cap and
inhibit the growth of stipe. However, during the production, high ventilation can reduce the humidity
of the environment and reduce the growth rate, resulting in the cracked phenotype, which can severely
influence the sales. Therefore, a reliable method for the Pleurotus ostreatus is urgently needed in the
process of cultivation.

Fruiting body formation of the fungi is quite a complex process that starts with the hyphal knot
formation in the dark and is followed by light-induced aggregation into compact secondary hyphal
knots (fruiting body initials or primordium) from which the cap and stipe begin to differentiate according
to their own destiny on the normal day–night cycle [4]. Therefore, primordium is more sensitive to
environmental conditions, which can severely affect its further differentiation. For example, the further
light signal is needed for the cellular differentiation of the primordium; otherwise, the primordium
will develop into the elongated structure with an undeveloped cap [4–6]. This phenotype resembles
the etiolated plant seedlings without light-mediated photomorphogenesis, and we also call it etiolated
stipe. Stipe elongation is mainly a process of manifold cell elongation, rather than cell division,
which is different from animals [4,7–10]. Although mature fruiting bodies of different species differ
greatly in morphology, the genes regulating their development are highly conserved [11–18]. Previous
studies have reported some genes involved in the fruiting body development in some species in
Basidiomycete [11,19–23]. Research on Pleurotus ostreatus fruiting body development, especially on
stipe elongation, is very limited.

With the rapid development of the sequencing technology, more macro-fungi genomes have
been sequenced, including the Pleurotus ostreatus [14,24,25]. Sequencing information gives us a better
annotation of the genome, especially of the protein-coding genes, which can provide a better tool
to solve the agricultural problems from the molecular level [16,26–29]. Therefore, we attempted to
investigate the developmental mechanism controlling the cap and stipe development by analyzing the
differentially expressed proteins (DEPs). Through isobaric labeled quantitative proteomics, we got
373 DEPs from the cap and stipe. Bioinformatics analysis showed that the DEPs were mainly distributed
in the membrane part and involved in many catalytic processes. Pathway enrichment analysis further
revealed the key pathways in regulating the cap and stipe development, including the starch and
sucrose metabolism, sphingolipid signaling, and metabolism pathways. In order to confirm the
proteomic results, we further validate the expression of relative genes of the DEPs by qPCR analysis.
Our results revealed that there are great metabolic differences during the cap and stipe development,
indicating that the potential mechanism controlling the different developmental fates of the cap and
stipe may be derived from the metabolic process.

In order to find a method to control the cap and stipe development, we chose four chemical
inducers according to the pathway enrichment results. Finally, we found that CaCl2 application on the
primordium of the fruiting body can effectively inhibit the development of the stipe. To clarify the
mechanism, we treated the primordia with calcium ion chelator EGTA. Compared with the control,
EGTA treatment produced a longer stipe phenotype, indicating a key role of endogenous Ca2+ on the
primordium differentiation and stipe development. Notably, we proposed the potential mechanism
through which the exogenous Ca2+ inhibits the stipe development, and the indispensable role of the
sphingolipids in Ca2+ mediated growth and development.

2. Results

2.1. Isobaric Labeled Quantitative Proteomics Enabled the High-Throughput Proteomic Analysis of the
Pleurotus ostreatus Fruiting Body

In order to investigate the different developmental mechanisms of the cap and the stipe, we used
the iTRAQ technique to analyze the differentially expressed proteins in the two tissues (Figure 1A,B).
A total of 4659 proteins from 106,679 PSMs and 30,524 peptides were identified (FDR of protein
and PSM < 0.05), and, finally, 373 DEPs were obtained with fold change more than 1.5 or less than
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0.67, and p-value < 0.05 (Figure 2A–C). Compared with the cap, there are 79 upregulated and 294
downregulated proteins in the stipe (Tables S1 and S2). Principal component analysis (PCA) showed
good repeatability of each biological replicate (Figure 2D). The detailed information, including the
accession number, fold change, p-value, and coverage of all the identified proteins, is listed in Table S3.
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2.2. GO Analysis Revealed Great Differences in Membrane Part and Catalytic Activity

GO analysis can provide general information on the basic function of the proteins, especially
for the non-model organisms in three aspects of biological process (BP), molecular function (MF),
and cellular component (CC). Through GO annotation, the DEPs were categorized into different
definition terms according to their functional domain. Each term was finally classified into a level 2
definition, summarized by the BP, MF, and CC. In our experiment, the BP was mainly distributed in the
terms of metabolic process, cellular process, and the localization process. For the CC, the DEPs were
mainly distributed in the membrane part, cell part, and organelles. The MF was mainly concentrated
in the catalytic, binding, and transporter activity, according to the number of proteins in each term
(Figure 3A). The GO annotation results indicated that there are great catalytic differences within the
cells of the cap and stipe. The membrane system, especially the organelles with inner and/or outer
membranes, may play a substantial role in maintaining the differentiation status of different cell types.
Functional enrichment analysis (Figure 3B) further revealed a significant role of DEPs with membrane
part and catalytic activity in the cap and stipe development (p < 0.001). The corresponding proteins
and their annotations, expression ratio, and p-value in the two terms were listed in Table S4. This result
is consistent with the GO annotation (Figure 3A), suggesting that the membrane system may play a
key role in directing the cap and stipe differentiation.
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2.3. KEGG and Protein–Protein Interaction Analysis Revealed the Significant Metabolic Differences Between
the Cap and Stipe

After primary mapping in the KEGG database, the pathways related to the metabolism rank
highest among all (Figure 4A). Further enrichment analysis showed that 16 pathways (p < 0.05) were
significantly enriched (Figure 4B). Among the enriched pathways, we found that 10 of them are involved
in different biosynthesis and metabolic process. The most significant three pathways (p < 0.01) are
involved in sphingolipid metabolism, starch and sucrose metabolism, and the sphingolipid signaling
pathway (Figure 4B). The detailed protein information, including the annotation, ratio, and p-value,
is listed in Table 1.
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Table 1. The detailed information of proteins involved in the most significant three pathways.

Pathway Name Accession Annotation Ratio
Stipe/Cap p-Value

Sphingolipid
metabolism

646310867
KYQ37540.1 putative

sphingomyelin
phosphodiesterase asm-3

1.532292106 0.019700878

646310992 KDQ32134.1 glycoside
hydrolase family 27 protein 0.381533502 0.020176311

646306316 KYQ40993.1
Sphingosine-1-phosphate lyase 0.633097441 0.000435157

646310518 KDQ31660.1 glycoside
hydrolase family 30 protein 0.568217459 0.008990541

646310073
KYQ45887.1 Inositol

phosphosphingolipids
phospholipase C

0.566318538 0.002894861

Starch and sucrose
metabolism

646305860 KDQ27006.1 glycoside
hydrolase family 13 protein 0.602831197 0.039272074

646308345 KDQ29489.1 glycoside
hydrolase family 13 protein 0.626457034 0.040795714

646310601 KDQ31743.1 glycosyltransferase
family 20 protein 0.524911032 0.022925933

646302526 KDQ23675.1 glycosyltransferase
family 35 protein 0.540832049 0.007134693

646301575 KDQ22726.1glycosyltransferase
family 3 protein 0.659292035 0.022073266

646308401 KDQ29545.1 glycoside
hydrolase family 3 protein 1.530577815 0.006173318

646310511 KDQ31653.1 glycoside
hydrolase family 3 protein 0.586462189 0.006815785

Sphingolipid
signaling pathway

646303386 AAK15758.1 ras-like protein 0.628664495 0.002764913

646310867
KYQ37540.1 putative

sphingomyelin
phosphodiesterase asm-3

1.532292106 0.019700878

646310073
KYQ45887.1 Inositol

phosphosphingolipids
phospholipase C

0.566318538 0.002894861

646304707 ESK89222.1 spo14 0.651073198 0.023107308

646301576
XP_001886453.1 heterotrimeric

G-protein alpha subunit,
GPA3-like protein

0.573976915 0.003752769

646306316 KYQ40993.1
Sphingosine-1-phosphate lyase 0.633097441 0.000435157



Int. J. Mol. Sci. 2019, 20, 6317 6 of 15

To explore more information of the DEPs in the significantly enriched pathways, we analyzed their
potential interactive partners across the fungi genomes in the STRING database. We found that all the
DEPs and their direct interactors worked in an active collaboration with complex interactions (Figure 5).
Although these interactions introduced more information, they were tightly concentrated in four
pathways: starch and sucrose metabolism (red), sphingolipid metabolism (blue), glycerophospholipid
metabolism (green), and autophagy (yellow). These results further indicate that there are great
metabolic differences during the cap and stipe development. The potential interactive partners are
shown in Table S5.
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2.4. Quantitative Real-Time PCR Validation of the Expression of the DEPs

In order to verify the accuracy of our proteomic results, we used the quantitative real-time
PCR to validate 16 of the differentially expressed genes (DEGs) in the iTRAQ results, including the
sphingolipid metabolism and signaling pathways and other DEGs. The expression trend of 15 DEGs are
in accordance with their proteomic results, except for the gene (646310867) in the sphingolipid-signaling
pathway (Figure 6). This result suggested the reliability of our proteomic result, which will provide a
precise foundation for future research and application. On the other hand, we noticed that the gene in
the sphingolipid-signaling pathway showed opposite expression with the proteomic result, indicating
that a complex and multilevel regulatory network of the signaling molecule existed during the signal
transduction, such as the post-transcriptional or post-translational regulation.
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2.5. Ca2+ Plays a Regulatory Role in the Primordium Differentiation

The whole fruiting body of Pleurotus ostreatus is mainly composed of the cap and the stipe, which are
closely coordinated tissues differentiated from the primordium. We raised the question of whether this
developmental process could be controlled by exogenous inducers, such as chemicals during the early
developmental stage. We therefore focused on the most significantly enriched pathways and attempted
to find some common characteristics of them, especially related to the chemical inducers. As a second
messenger, more studies have shown that Ca2+ is involved in sphingolipid signaling and metabolism;
thus, it plays a key role in many aspects of development [30–33]. The proximal tubule bicarbonate
reclamation pathway has the highest enrichment rate (impact = 1.0) among all the pathways (Figure 4B,
black arrow). Although it is a signaling pathway mainly in higher organisms, we believe that similar
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mechanisms may exist across the evolution of eukaryotes. There are also reports about the effects of
plant hormones on fungi development [34–37]. Considering the above analysis, we chose 1 mM of
calcium chloride (CaCl2), 1 mM of sodium bicarbonate (NaHCO3), 0.01 mM of Indole-3-acetic acid
(IAA), and 0.01 mM of gibberellin 3 (GA3) as the exogenous inducer to apply on the primordium of the
fruiting body.

In order to get the precise results, we set five biological replicates for each treatment, and each
biological replicate included 24 bags of fruiting body grown on the medium. We first measured the
diameter of the cap in each group and found that the cap diameter in each group did not show a
significant difference compared with the control (Figure 7A). Then we tested the length of the stipe,
and we found that the NaHCO3 and GA3 treatment group did not show significant difference (p-value
= 0.3095 and 0.5476, respectively), while the length of stipe in both CaCl2 and IAA treatment group
reduced greatly (p-value = 0.0079 and 0.0159, respectively) compared with the control (Figure 7B–D).
The CaCl2 treatment has an even better inhibitory effect on the development of stipe than the IAA
treatment. These results suggested that the exogenous application of CaCl2 and IAA in the early
developmental stage of fruiting body can affect the primordium differentiation and stipe development,
especially the effect of CaCl2 on inhibiting the stipe development.
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respectively. Bars = 10 mm
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In order to figure out the mechanism of CaCl2 on inhibiting the stipe development, we used the
calcium ion chelator EGTA to treat the primordia of the Pleurotus ostreatus fruiting body. EGTA is a
calcium-ion-chelating agent, which can chelate the free endogenous calcium ions in cells. We found
that when treated with 1 mM of EGTA, the Pleurotus ostreatus fruiting bodies generated quite long
stipes (Figure 8A,B), which was contrary to the phenotype treated with CaCl2 (Figure 7C,D). This result
indicated that endogenous Ca2+ has great influence on the primordium and its further differentiation
and development, especially in the process toward stipe differentiation. The short stipe phenotype
induced by CaCl2 treatment is probably caused by exogenous Ca2+ stimulation, which disrupted the
original differentiation direction and made the primordium stop differentiating toward the stipe or/and
more inclined to differentiate to the cap.
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3. Discussion

The cap and stipe are different tissues, ranging from cell type to tissue structure. At the molecular
level, although they share the same genome, there are great differences in gene expression, protein
translation, metabolism, and even post-translational modification. Our results revealed great differences
in metabolic pathways from the protein level, indicating the integrated and coordinated regulatory
mechanism from the translational and metabolic level during the cap and stipe development. In the
early developmental stage, signaling molecules that regulate the fruiting body differentiation may
initially form these metabolites, even their derivatives, or they are transmitted to different signaling
molecules, which ultimately leads to different developmental fates of cap and stipe.

3.1. Potential Mechanism of Ca2+ on Inhibiting the Stipe Growth and Differentiation

Fungi, like plants, have vacuoles and cell walls. ER and vacuole are the main calcium storage
organelles in fungi [38]. The Ca2+ in the cytoplasm is usually kept in a stable concentration [39].
As the second messenger, Ca2+ participates in many processes, like growth, differentiation, and stress
response. There are many kinds of external stimuli for the fungi. For example, the mechanical
stimulus, hypo-osmotic stress and high external Ca2+ concentration, both of which can cause a short
increase of cytosolic-free Ca2+ for hundreds of seconds, and then activate the downstream signaling
pathways of fungi, to response to these external stimuli [40]. Therefore, our CaCl2 treatment was an
external stimulus, increasing the cytosolic Ca2+ concentration of the primordium briefly, activating the
downstream signals, and then affected the further differentiation fate of the primordium. Furthermore,
we speculate that the increased cytosolic Ca2+ may be caused by the rapid influx of Ca2+ from the ER or



Int. J. Mol. Sci. 2019, 20, 6317 10 of 15

vacuole, by affecting the permeability of Ca2+ channels on ER and vacuole membranes. We observed a
significant increase in the membrane part in the GO enrichment (Figure 3B).

3.2. Sphingolipids Are Indispensable Signaling Mediators in Regulating the Cap and Stipe Differentiation

We also observed that many of the DEPs were involved in lipid metabolism, especially the
sphingolipid metabolism and signaling pathways (Figure 4A,B). Membrane system, as an important
structural and functional component in all kinds of cells and organelles, plays a substantial role in
maintaining the specificity of the cell type or tissue. As signaling molecules, how the sphingolipids are
perceived and regulated is poorly understood. Recent studies have shown that ER-localized Orm-family
proteins mediate sphingolipid homeostasis [41,42]. Sphingolipids are functionally conserved but
structurally diversified between species [31,43]. The enriched sphingolipid metabolism pathway
between the stipe and cap indicates that there are differences in membrane structure or/and sphingolipid
homeostasis between the two tissues, which is also consistent with the GO enrichment (Figure 3B).
As the second messenger in eukaryotes, the Ca2+ pathways are evolutionally conserved in different
species [44]. However, the cell structures vary between species and cell types. Therefore, a series of
functionally conserved molecules with structural diversities are needed as downstream mediators of
the Ca2+ pathways. The sphingolipids are such molecules that have conserved functions and great
structural diversities between species and cell types. The localization of sphingolipid in the cells further
determines its importance and necessity as signal molecules, especially in the process of cell-to-cell
communication, such as the Ca2+ signaling transmembrane transmission. Although research about
functions of the sphingolipids on Ca2+ signaling is limited in fungi, especially in the edible fungi,
many reports have revealed that Ca2+ and sphingolipid signaling play a key role in many aspects
of development in other model organisms [30,32,45–49]. In addition, there have been reports that
Ca2+ can participate in the regulation of sphingolipid metabolism in fungi, although the molecular
mechanism is obscure now [50]. The differences between stipe and cap in the sphingolipid-signaling
pathway suggest that the Ca2+ may affect the primordium differentiation and stipe development
through membrane-localized sphingolipid molecules, which can transmit the developmental signals
through the membrane to downstream regulators.

4. Materials and Methods

4.1. Fungal and Culture Conditions

The Pleurotus ostreatus strain was from the Liaoning Center of Culture Collection (LCCC) (Liaoning,
China), and the strain number is LCCC 50563. The fruiting body was cultured in the mushroom
growth room, with a temperature of 20 ± 2 ◦C, humidity of 90~95%, carbon dioxide concentration of
550 ± 50 ppm, and light intensity of 350~500 lux. For the medium, the corn cob, bran, cornmeal, lime,
and gypsum were mixed with 85:10:2:2:1 ratio (m/m), water content 60% (m/m), sterilized for 12 h,
and packed into the 17 × 45 cm polyethylene bags; single bag weight was 1.25 kg.

4.2. Chemical Inducers Application

Inducers were diluted to their working concentration and were sprayed to the surface, at the
beginning of the primordium stage, by the spray bottle, three times a day, at 08:00, 12:00, and 16:00,
respectively, for 7 days, till the maturation of the fruiting body.

4.3. Protein Extraction, Digestion, iTRAQ Labeling, and High pH Fractionation

The extraction of the total protein, in-solution digestion and high-pH reversed-phase fractionation
was followed as described previously [51]. The peptide mixture of 100 µg for each sample was labeled,
using iTRAQ reagent, according to the manufacturer’s instructions (AB Sciex, Redwood City, CA,
USA). The three replicates of the stipes were labeled with the isobaric tag 113, 115, and 117, and the
caps were labeled with 116, 119, and 121.
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4.4. LC–MS/MS Analysis

After fractionation, a total of 40 fractions were collected and subsequently pooled into 24 fractions
according to the chromatography. Each fraction was injected for nano LC–MS/MS analysis. The peptide
mixture was loaded onto a reverse-phase trap column (Thermo Scientific Acclaim PepMap100, 100 µm
× 2 cm, nanoViper C18, Waltham, MA, USA) connected to the C18 reversed-phase analytical column
(Thermo Scientific Easy Column, 10 cm long, 75 µm inner diameter, 3µm resin) in buffer A (0.1% formic
acid) and separated with a linear gradient of buffer B (84% acetonitrile and 0.1% formic acid), at a flow
rate of 300 nl/min controlled by IntelliFlow technology. The total time of each fraction was 65 min.
Mass spectrometry analysis was performed on a Q Exactive mass spectrometer (Thermo Scientific) that
was coupled to Easy nLC (Proxeon Biosystems, now Thermo Fisher Scientific) for 65 min. The setting
of the mass spectrometer was followed as described previously [51].

4.5. Data Analysis

MS/MS spectra were searched by using Proteome Discoverer Software 2.1 against the species of
Pleurotus ostreatus (13,042 sequences, downloaded 14 March 2018) from NCBI non-redundant database
and the decoy database. The highest score for a given peptide mass was used to identify parent proteins.
The parameters for protein searching were set as follows: tryptic digestion with up to two missed
cleavages, carbamidomethylation of cysteines as the fixed modification, and oxidation of methionine
and protein N-terminal acetylation as variable modifications. Peptide spectral matches were validated
based on q-values, at a 1% false discovery rate (FDR). For protein identification, the peptide mass
tolerance is up to 20 ppm, and the MS/MS tolerance is up to 0.1 Da. Both p-value < 0.05 and the ratio of
stipe/cap more than 1.5 or less than 0.67 were applied to select the DEPs.

4.6. Bioinformatics Analysis

For the DEPs, we used the NCBI BLAST client software (ncbi-blast-2.2.28+-win32.exe) (downloaded
from ftp://ftp.ncbi.nlm.nih.gov/blast/) to search the NCBI Nonredundant database, to find homologous
sequences to transfer annotation to the query sequences. The top 10 blast hits of the query sequences
with E-value less than 1e-3 were retrieved and loaded into Blast2GO (Version 2.7.2) (BioBam, Valencia,
Spain) for GO2 classification. The DEPs were blasted against the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database in order to retrieve their KOs and mapped to the related pathways.
The protein–protein interaction analysis was performed by blasting the query sequences in the STRING
fungi database, with high confidence of the interaction score (0.7) in all active interaction sources.

4.7. RNA Extraction and Quantitative Real-Time PCR Analysis

Total RNA was extracted from the stipe and cortex of the cap of the fruiting body by the
TRIeasyTM Total RNA Extraction Reagent (Yeasen, Shanghai, China), according to the manufacturer’s
instructions. The concentration and quality were detected by UV spectrophotometric analysis.
The reverse-transcription polymerase chain reaction was performed by First Strand cDNA Synthesis
Kit ReverTra Ace -α (Toyobo, Osaka, Japan). Quantitative real-time PCR was performed on the
LightCycler 96 (Roche, Basel, Switzerland), using the SYBR Green q-PCR Master Mix (Yeasen, Shanghai,
China). The pep gene was used as the reference gene [52]. The primers for pep gene and the validated
gene were listed in Table S6.

5. Conclusions

Our results revealed great differences in metabolic pathways from the protein level and the
regulatory role of the Ca2+ in the primordium differentiation and stipe development. We also discussed
the potential regulatory mechanism of Ca2+ on inhibiting the stipe development, as well as the
indispensable role of sphingolipid as a kind of signaling molecule in mediating Ca2+ signaling during

ftp://ftp.ncbi.nlm.nih.gov/blast/
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development. More importantly, our findings can be applied to the cultivation of the Pleurotus ostreatus
and provide a reference for a more edible fungus.

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/20/24/6317/
s1. Table S1. Proteins that showed upregulated expression in the cap compared with the stipe. Table S2. Proteins
that showed downregulated expression in the cap compared with the stipe. Table S3. Detailed information of
all the identified proteins, including accession, coverage, expression level, ratio, and p-value. Table S4. Detailed
protein information of the significantly enriched GO, including annotation, ratio, and p-value. Table S5. Detailed
protein information of the predicted interactive partners. Table S6. Primers used in this study.

Author Contributions: W.Z. and Y.B. designed the experiment. J.H. analyzed the raw data and performed part of
the experiment. B.Y. and Y.L. performed the bioinformatic analysis. W.Z., Y.G., and C.X. performed the cultivating
and recorded the raw data. J.C. and F.C. provided the resources. W.Z. and J.H. wrote the manuscript modified
by Y.B.

Funding: This work was supported by the Cultivation Plan for Youth Agricultural Science and the Technology
Innovative Talents of Liaoning Province and the Presidential Foundation of the Liaoning Academy of Agricultural
Sciences (2019-QN-06).

Acknowledgments: We would like to thank Jie Liu in Shanghai Normal University for critical reading and
suggestions for the manuscript, and Haiying Chen in Shanghai Institute of Plant Physiology and Ecology, CAS,
for the help of the artwork. We also thank Lijuan Zhong in Microbial Research Institute of Liaoning Province for
the help of fruiting management.

Conflicts of Interest: The authors declare no conflict of interest. All authors have read and agreed to the published
version of the manuscript

References

1. Sanchez, C. Cultivation of Pleurotus ostreatus and other edible mushrooms. Appl. Microbiol. Biotechnol. 2010,
85, 1321–1337. [CrossRef] [PubMed]

2. Alam, N.; Amin, R.; Khan, A.; Ara, I.; Shim, M.J.; Lee, M.W.; Lee, T.S. Nutritional Analysis of Cultivated
Mushrooms in Bangladesh-Pleurotus ostreatus, Pleurotus sajor-caju, Pleurotus floridaand Calocybe indica.
Mycobiology 2008, 36, 228–232. [CrossRef] [PubMed]

3. Sakamoto, Y. Influences of environmental factors on fruiting body induction, development and maturation
in mushroom-forming fungi. Fungal Biol. Rev. 2018, 32, 236–248. [CrossRef]

4. Kues, U. Life history and developmental processes in the basidiomycete Coprinus cinereus. Microbiol. Mol.
Biol. Rev. 2000, 64, 316–353. [CrossRef]

5. Kamada, T.; Sano, H.; Nakazawa, T.; Nakahori, K. Regulation of fruiting body photomorphogenesis in
Coprinopsis cinerea. Fungal Genet. Biol. 2010, 47, 917–921. [CrossRef]

6. Kuratani, M.; Tanaka, K.; Terashima, K.; Muraguchi, H.; Nakazawa, T.; Nakahori, K.; Kamada, T. The dst2 gene
essential for photomorphogenesis of Coprinopsis cinerea encodes a protein with a putative FAD-binding-4
domain. Fungal Genet. Biol. 2010, 47, 152–158. [CrossRef]

7. Fang, H.; Zhang, W.; Niu, X.; Liu, Z.; Lu, C.; Wei, H.; Yuan, S. Stipe wall extension of Flammulina velutipes
could be induced by an expansin-like protein from Helix aspersa. Fungal Biol. 2014, 118, 1–11. [CrossRef]

8. Kamada, T.; Takemaru, T.; Prosser, J.I.; Gooday, G.W. Right and left handed helicity of chitin microfibrils in
stipe cells inCoprinus cinereus. Protoplasma 1991, 165, 64–70. [CrossRef]

9. Niu, X.; Liu, Z.; Zhou, Y.; Wang, J.; Zhang, W.; Yuan, S. Stipe cell wall architecture varies with the stipe
elongation of the mushroom Coprinopsis cinerea. Fungal Biol. 2015, 119, 946–956. [CrossRef]

10. Money, N.P.; Ravishankar, J.P. Biomechanics of stipe elongation in the basidiomycete Coprinopsis cinerea.
Mycol. Res. 2005, 109, 627–634. [CrossRef]

11. Krizsan, K.; Almasi, E.; Merenyi, Z.; Sahu, N.; Viragh, M.; Koszo, T.; Mondo, S.; Kiss, B.; Balint, B.;
Kues, U.; et al. Transcriptomic atlas of mushroom development reveals conserved genes behind complex
multicellularity in fungi. Proc. Natl. Acad. Sci. USA 2019, 116, 7409–7418. [CrossRef] [PubMed]

12. Sipos, G.; Prasanna, A.N.; Walter, M.C.; O’Connor, E.; Balint, B.; Krizsan, K.; Kiss, B.; Hess, J.; Varga, T.;
Slot, J.; et al. Genome expansion and lineage-specific genetic innovations in the forest pathogenic fungi
Armillaria. Nat. Ecol. Evol. 2017, 1, 1931–1941. [CrossRef] [PubMed]

http://www.mdpi.com/1422-0067/20/24/6317/s1
http://www.mdpi.com/1422-0067/20/24/6317/s1
http://dx.doi.org/10.1007/s00253-009-2343-7
http://www.ncbi.nlm.nih.gov/pubmed/19956947
http://dx.doi.org/10.4489/MYCO.2008.36.4.228
http://www.ncbi.nlm.nih.gov/pubmed/23997631
http://dx.doi.org/10.1016/j.fbr.2018.02.003
http://dx.doi.org/10.1128/MMBR.64.2.316-353.2000
http://dx.doi.org/10.1016/j.fgb.2010.05.003
http://dx.doi.org/10.1016/j.fgb.2009.10.006
http://dx.doi.org/10.1016/j.funbio.2013.10.003
http://dx.doi.org/10.1007/BF01322277
http://dx.doi.org/10.1016/j.funbio.2015.07.008
http://dx.doi.org/10.1017/S0953756205002509
http://dx.doi.org/10.1073/pnas.1817822116
http://www.ncbi.nlm.nih.gov/pubmed/30902897
http://dx.doi.org/10.1038/s41559-017-0347-8
http://www.ncbi.nlm.nih.gov/pubmed/29085064


Int. J. Mol. Sci. 2019, 20, 6317 13 of 15

13. Almasi, E.; Sahu, N.; Krizsan, K.; Balint, B.; Kovacs, G.M.; Kiss, B.; Cseklye, J.; Drula, E.; Henrissat, B.;
Nagy, I.; et al. Comparative genomics reveals unique wood-decay strategies and fruiting body development
in the Schizophyllaceae. N. Phytol. 2019, 224, 902–915. [CrossRef] [PubMed]

14. Riley, R.; Salamov, A.A.; Brown, D.W.; Nagy, L.G.; Floudas, D.; Held, B.W.; Levasseur, A.; Lombard, V.;
Morin, E.; Otillar, R.; et al. Extensive sampling of basidiomycete genomes demonstrates inadequacy of
the white-rot/brown-rot paradigm for wood decay fungi. Proc. Natl. Acad. Sci. USA 2014, 111, 9923–9928.
[CrossRef]

15. Floudas, D.; Held, B.W.; Riley, R.; Nagy, L.G.; Koehler, G.; Ransdell, A.S.; Younus, H.; Chow, J.; Chiniquy, J.;
Lipzen, A.; et al. Evolution of novel wood decay mechanisms in Agaricales revealed by the genome sequences
of Fistulina hepatica and Cylindrobasidium torrendii. Fungal Genet. Biol. 2015, 76, 78–92. [CrossRef]

16. Kiss, E.; Hegedus, B.; Viragh, M.; Varga, T.; Merenyi, Z.; Koszo, T.; Balint, B.; Prasanna, A.N.; Krizsan, K.;
Kocsube, S.; et al. Comparative genomics reveals the origin of fungal hyphae and multicellularity. Nat.
Commun. 2019, 10, 4080. [CrossRef]

17. Varga, T.; Krizsan, K.; Foldi, C.; Dima, B.; Sanchez-Garcia, M.; Sanchez-Ramirez, S.; Szollosi, G.J.;
Szarkandi, J.G.; Papp, V.; Albert, L.; et al. Megaphylogeny resolves global patterns of mushroom evolution.
Nat. Ecol. Evol. 2019, 3, 668–678. [CrossRef]

18. Nagy, L.G.; Szollosi, G. Fungal Phylogeny in the Age of Genomics: Insights Into Phylogenetic Inference
From Genome-Scale Datasets. Adv. Genet. 2017, 100, 49–72. [CrossRef]

19. Chen, B.; van Peer, A.F.; Yan, J.; Li, X.; Xie, B.; Miao, J.; Huang, Q.; Zhang, L.; Wang, W.; Fu, J.; et al. Fruiting
Body Formation in Volvariella volvacea Can Occur Independently of Its MAT-A-Controlled Bipolar Mating
System, Enabling Homothallic and Heterothallic Life Cycles. G3 (Bethesda) 2016, 6, 2135–2146. [CrossRef]

20. Gehrmann, T.; Pelkmans, J.F.; Ohm, R.A.; Vos, A.M.; Sonnenberg, A.S.M.; Baars, J.J.P.; Wosten, H.A.B.;
Reinders, M.J.T.; Abeel, T. Nucleus-specific expression in the multinuclear mushroom-forming fungus
Agaricus bisporus reveals different nuclear regulatory programs. Proc. Natl. Acad. Sci. USA 2018, 115,
4429–4434. [CrossRef]

21. Ohm, R.A.; de Jong, J.F.; de Bekker, C.; Wosten, H.A.; Lugones, L.G. Transcription factor genes of
Schizophyllum commune involved in regulation of mushroom formation. Mol. Microbiol. 2011, 81,
1433–1445. [CrossRef] [PubMed]

22. Tao, Y.; van Peer, A.F.; Chen, B.; Chen, Z.; Zhu, J.; Deng, Y.; Jiang, Y.; Li, S.; Wu, T.; Xie, B. Gene expression
profiling reveals large regulatory switches between succeeding stipe stages in Volvariella volvacea. PLoS ONE
2014, 9, e97789. [CrossRef] [PubMed]

23. Arima, T.; Yamamoto, M.; Hirata, A.; Kawano, S.; Kamada, T. The eln3 gene involved in fruiting body
morphogenesis of Coprinus cinereus encodes a putative membrane protein with a general glycosyltransferase
domain. Fungal Genet. Biol. 2004, 41, 805–812. [CrossRef] [PubMed]

24. Wang, Y.; Zeng, F.; Hon, C.C.; Zhang, Y.; Leung, F.C. The mitochondrial genome of the Basidiomycete fungus
Pleurotus ostreatus (oyster mushroom). FEMS Microbiol. Lett. 2008, 280, 34–41. [CrossRef] [PubMed]

25. Qu, J.; Zhao, M.; Hsiang, T.; Feng, X.; Zhang, J.; Huang, C. Identification and Characterization of Small
Noncoding RNAs in Genome Sequences of the Edible Fungus Pleurotus ostreatus. Biomed. Res. Int. 2016,
2016, 2503023. [CrossRef] [PubMed]

26. Piscitelli, A.; Tarallo, V.; Guarino, L.; Sannia, G.; Birolo, L.; Pezzella, C. New lipases by mining of Pleurotus
ostreatus genome. PLoS ONE 2017, 12, e0185377. [CrossRef]

27. Lei, M.; Wu, X.; Zhang, J.; Wang, H.; Huang, C. Gene cloning, expression, and characterization of
trehalose-6-phosphate synthase from Pleurotus ostreatus. J. Basic Microbiol. 2017, 57, 580–589. [CrossRef]

28. Ohm, R.A.; de Jong, J.F.; Lugones, L.G.; Aerts, A.; Kothe, E.; Stajich, J.E.; de Vries, R.P.; Record, E.; Levasseur, A.;
Baker, S.E.; et al. Genome sequence of the model mushroom Schizophyllum commune. Nat. Biotechnol. 2010,
28, 957–963. [CrossRef]

29. Sakamoto, Y.; Nakade, K.; Sato, S.; Yoshida, K.; Miyazaki, K.; Natsume, S.; Konno, N. Lentinula edodes
Genome Survey and Postharvest Transcriptome Analysis. Appl. Environ. Microbiol. 2017, 83. [CrossRef]

30. Lyons, J.M.; Karin, N.J. A role for G protein-coupled lysophospholipid receptors in sphingolipid-induced
Ca2+ signaling in MC3T3-E1 osteoblastic cells. J. Bone Miner. Res. 2001, 16, 2035–2042. [CrossRef]

31. Breslow, D.K. Sphingolipid homeostasis in the endoplasmic reticulum and beyond. Cold Spring Harb. Perspect
Biol. 2013, 5, a013326. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/nph.16032
http://www.ncbi.nlm.nih.gov/pubmed/31257601
http://dx.doi.org/10.1073/pnas.1400592111
http://dx.doi.org/10.1016/j.fgb.2015.02.002
http://dx.doi.org/10.1038/s41467-019-12085-w
http://dx.doi.org/10.1038/s41559-019-0834-1
http://dx.doi.org/10.1016/bs.adgen.2017.09.008
http://dx.doi.org/10.1534/g3.116.030700
http://dx.doi.org/10.1073/pnas.1721381115
http://dx.doi.org/10.1111/j.1365-2958.2011.07776.x
http://www.ncbi.nlm.nih.gov/pubmed/21815946
http://dx.doi.org/10.1371/journal.pone.0097789
http://www.ncbi.nlm.nih.gov/pubmed/24867220
http://dx.doi.org/10.1016/j.fgb.2004.04.003
http://www.ncbi.nlm.nih.gov/pubmed/15219564
http://dx.doi.org/10.1111/j.1574-6968.2007.01048.x
http://www.ncbi.nlm.nih.gov/pubmed/18248422
http://dx.doi.org/10.1155/2016/2503023
http://www.ncbi.nlm.nih.gov/pubmed/27703969
http://dx.doi.org/10.1371/journal.pone.0185377
http://dx.doi.org/10.1002/jobm.201700120
http://dx.doi.org/10.1038/nbt.1643
http://dx.doi.org/10.1128/AEM.02990-16
http://dx.doi.org/10.1359/jbmr.2001.16.11.2035
http://dx.doi.org/10.1101/cshperspect.a013326
http://www.ncbi.nlm.nih.gov/pubmed/23545423


Int. J. Mol. Sci. 2019, 20, 6317 14 of 15

32. Choi, S.; Kim, J.A.; Kim, T.H.; Li, H.Y.; Shin, K.O.; Lee, Y.M.; Oh, S.; Pewzner-Jung, Y.; Futerman, A.H.;
Suh, S.H. Altering sphingolipid composition with aging induces contractile dysfunction of gastric smooth
muscle via K(Ca) 1.1 upregulation. Aging Cell 2015, 14, 982–994. [CrossRef] [PubMed]

33. Kindman, L.A.; Kim, S.; McDonald, T.V.; Gardner, P. Characterization of a novel intracellular sphingolipid-
gated Ca2+-permeable channel from rat basophilic leukemia cells. J. Biol. Chem. 1994, 269, 13088–13091.
[PubMed]

34. Foo, E.; Plett, J.M.; Lopez-Raez, J.A.; Reid, D. Editorial: The Role of Plant Hormones in Plant-Microbe
Symbioses. Front. Plant. Sci. 2019, 10, 1391. [CrossRef]

35. Sun, X.; Wang, N.; Li, P.; Jiang, Z.; Liu, X.; Wang, M.; Su, Z.; Zhang, C.; Lin, F.; Liang, Y. Endophytic fungus
Falciphora oryzae promotes lateral root growth by producing indole derivatives after sensing plant signals.
Plant. Cell Environ. 2019. [CrossRef]

36. Bastias, D.A.; Alejandra Martinez-Ghersa, M.; Newman, J.A.; Card, S.D.; Mace, W.J.; Gundel, P.E. The plant
hormone salicylic acid interacts with the mechanism of anti-herbivory conferred by fungal endophytes in
grasses. Plant. Cell Environ. 2018, 41, 395–405. [CrossRef]

37. Zuccaro, A.; Lahrmann, U.; Langen, G. Broad compatibility in fungal root symbioses. Curr. Opin. Plant. Biol.
2014, 20, 135–145. [CrossRef]

38. Miller, A.J.; Vogg, G.; Sanders, D. Cytosolic calcium homeostasis in fungi: Roles of plasma membrane
transport and intracellular sequestration of calcium. Proc. Natl. Acad. Sci. USA 1990, 87, 9348–9352.
[CrossRef]

39. Dunn, T.; Gable, K.; Beeler, T. Regulation of Cellular Ca2+ by Yeast Vacuoles. J. Biol. Chem. 1994, 269,
7273–7278.

40. Campbell, A.K. Role of Intracellular Ca2+ in Plants and Fungi. John Wiley & Sons, Ltd. 2014. Available online:
https://onlinelibrary.wiley.com/doi/10.1002/9781118675410.ch9 (accessed on 14 December 2019).

41. Gururaj, C.; Federman, R.S.; Chang, A. Orm proteins integrate multiple signals to maintain sphingolipid
homeostasis. J. Biol. Chem. 2013, 288, 20453–20463. [CrossRef]

42. Liu, M.; Huang, C.; Polu, S.R.; Schneiter, R.; Chang, A. Regulation of sphingolipid synthesis through Orm1
and Orm2 in yeast. J. Cell Sci. 2012, 125, 2428–2435. [CrossRef] [PubMed]

43. Guimaraes, L.L.; Toledo, M.S.; Ferreira, F.A.; Straus, A.H.; Takahashi, H.K. Structural diversity and biological
significance of glycosphingolipids in pathogenic and opportunistic fungi. Front. Cell Infect. Microbiol. 2014,
4, 138. [CrossRef] [PubMed]

44. Bothwell, J.H.F.; Ng, C.K.Y. The evolution of Ca2+ signalling in photosynthetic eukaryotes. N. Phytol. 2005,
166, 21–38. [CrossRef] [PubMed]

45. Kim, S.; Lakhani, V.; Costa, D.J.; Sharara, A.I.; Fitz, J.G.; Huang, L.W.; Peters, K.G.; Kindman, L.A.
Sphingolipid-gated Ca2+ release from intracellular stores of endothelial cells is mediated by a novel
Ca2+-permeable channel. J. Biol. Chem. 1995, 270, 5266–5269. [CrossRef] [PubMed]

46. Mathieson, F.A.; Nixon, G.F. Sphingolipids differentially regulate mitogen-activated protein kinases and
intracellular Ca2+ in vascular smooth muscle: Effects on CREB activation. Br. J. Pharmacol. 2010, 147, 351–359.
[CrossRef]

47. Jiang, Z.; Zhou, X.; Tao, M.; Yuan, F.; Liu, L.; Wu, F.; Wu, X.; Xiang, Y.; Niu, Y.; Liu, F.; et al. Plant cell-surface
GIPC sphingolipids sense salt to trigger Ca2+ influx. Nature 2019, 572, 341–346. [CrossRef]

48. Deng, Y.; Pakdel, M.; Blank, B.; Sundberg, E.L.; Burd, C.G.; von Blume, J. Activity of the SPCA1 Calcium Pump
Couples Sphingomyelin Synthesis to Sorting of Secretory Proteins in the Trans-Golgi Network. Dev. Cell
2018, 47, 464–478. [CrossRef]

49. Abbineni, P.S.; Coorssen, J.R. Sphingolipids modulate docking, Ca2+ sensitivity and membrane fusion of
native cortical vesicles. Int. J. Biochem. Cell Biol. 2018, 104, 43–54. [CrossRef]

50. Kajiwara, K.; Muneoka, T.; Watanabe, Y.; Karashima, T.; Kitagaki, H.; Funato, K. Perturbation of sphingolipid
metabolism induces endoplasmic reticulum stress-mediated mitochondrial apoptosis in budding yeast. Mol.
Microbiol. 2012, 86, 1246–1261. [CrossRef]

http://dx.doi.org/10.1111/acel.12388
http://www.ncbi.nlm.nih.gov/pubmed/26288989
http://www.ncbi.nlm.nih.gov/pubmed/8175733
http://dx.doi.org/10.3389/fpls.2019.01391
http://dx.doi.org/10.1111/pce.13667
http://dx.doi.org/10.1111/pce.13102
http://dx.doi.org/10.1016/j.pbi.2014.05.013
http://dx.doi.org/10.1073/pnas.87.23.9348
https://onlinelibrary.wiley.com/doi/10.1002/9781118675410.ch9
http://dx.doi.org/10.1074/jbc.M113.472860
http://dx.doi.org/10.1242/jcs.100578
http://www.ncbi.nlm.nih.gov/pubmed/22328531
http://dx.doi.org/10.3389/fcimb.2014.00138
http://www.ncbi.nlm.nih.gov/pubmed/25309884
http://dx.doi.org/10.1111/j.1469-8137.2004.01312.x
http://www.ncbi.nlm.nih.gov/pubmed/15760348
http://dx.doi.org/10.1074/jbc.270.10.5266
http://www.ncbi.nlm.nih.gov/pubmed/7890637
http://dx.doi.org/10.1038/sj.bjp.0706600
http://dx.doi.org/10.1038/s41586-019-1449-z
http://dx.doi.org/10.1016/j.devcel.2018.10.012
http://dx.doi.org/10.1016/j.biocel.2018.09.001
http://dx.doi.org/10.1111/mmi.12056


Int. J. Mol. Sci. 2019, 20, 6317 15 of 15

51. Jia, D.; Wang, B.; Li, X.; Peng, W.; Zhou, J.; Tan, H.; Tang, J.; Huang, Z.; Tan, W.; Gan, B.; et al. Proteomic
Analysis Revealed the Fruiting-Body Protein Profile of Auricularia polytricha. Curr. Microbiol. 2017, 74,
943–951. [CrossRef]

52. Castanera, R.; Lopez-Varas, L.; Pisabarro, A.G.; Ramirez, L. Validation of Reference Genes for Transcriptional
Analyses in Pleurotus ostreatus by Using Reverse Transcription-Quantitative PCR. Appl. Environ. Microbiol.
2015, 81, 4120–4129. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s00284-017-1268-0
http://dx.doi.org/10.1128/AEM.00402-15
http://www.ncbi.nlm.nih.gov/pubmed/25862220
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Isobaric Labeled Quantitative Proteomics Enabled the High-Throughput Proteomic Analysis of the Pleurotus ostreatus Fruiting Body 
	GO Analysis Revealed Great Differences in Membrane Part and Catalytic Activity 
	KEGG and Protein–Protein Interaction Analysis Revealed the Significant Metabolic Differences Between the Cap and Stipe 
	Quantitative Real-Time PCR Validation of the Expression of the DEPs 
	Ca2+ Plays a Regulatory Role in the Primordium Differentiation 

	Discussion 
	Potential Mechanism of Ca2+ on Inhibiting the Stipe Growth and Differentiation 
	Sphingolipids Are Indispensable Signaling Mediators in Regulating the Cap and Stipe Differentiation 

	Materials and Methods 
	Fungal and Culture Conditions 
	Chemical Inducers Application 
	Protein Extraction, Digestion, iTRAQ Labeling, and High pH Fractionation 
	LC–MS/MS Analysis 
	Data Analysis 
	Bioinformatics Analysis 
	RNA Extraction and Quantitative Real-Time PCR Analysis 

	Conclusions 
	References

