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Abstract: Hypsizygus marmoreus is a representative edible mushroom with low-temperature fruiting
after a long postripening (LFLP). Clarifying the mechanism of LFLP and applying a rigorous low-
temperature-limited process will optimize the mushroom cultivation process. This study performed
an integrative multi-omics analysis of the molecular mechanism of LFLP in combination with genetic,
physiological, and cultivation confirmation. The results showed that the amino acid content was in-
creased during LFLP, mainly arginine. pH analysis showed acidification in the postripening stage and
alkalization in the substrates of the reproductive growth stage. An enzyme activity test confirmed the
increased enzyme activity of arginase and citrate synthase in the postripening stage. Weighted gene
coexpression network analysis of the transcriptome and metabolomics indicated that pH variation
is correlated mainly with changes in citrate and arginine. Multi-omics reveals a straightforward
way of providing enriched materials for amino acid biosynthesis, namely, synergistically elevating
citric acid and arginine through enhanced activity of the arginine synthesis branch pathway in the
citrate cycle. Our study confirmed that GCN2 mediated metabolic adaptation by enhancing protein
translation, highlighting its regulatory role during LFLP. Exogenously added citric acid and arginine
shortened the postripening period by 10 days and increased the fruiting body yield by 10.2~15.5%.
This research sheds light on the molecular mechanism of LFLP in H. marmoreus and highlights the
promising application of nutrient accumulation in high-efficiency cultivation.
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1. Introduction

The rapidly growing global population has also resulted in growing food demand
and increased agricultural output, leading to the generation of agricultural byproducts
and wastes, such as sugarcane bagasse, rice husks, cotton stalks, straw, and stover [1].
Mushrooms vegetatively grow on these stubborn residual biomasses and convert them into
high-value edible and medicinal products [2—4]. In China, the economic output of edible
fungi has ranked as the fifth-largest agricultural sector after grain, vegetables, fruit trees,
and oilseeds, ahead of tea, sugar, and cotton [5]. Mushroom cultivation must go through
vegetative and reproductive growth to form the fruiting body. For most mushrooms,
the transition from vegetative to reproductive development must be induced by low-
temperature treatment. Low-temperature treatment is a necessary process allowing many
mushrooms to enter the reproductive stage [6,7], such as Lentinus edodes [8], Agaricus
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bisporus [9], Flammulina velutipes [10], Pleurotus eryngii subsp. tuoliensis (Bailinggu) [11],
Pleurotus nebrodensis [11], Armillaria mella [12], and Hypsizygus marmoreus. In addition,
the overgrown mycelia of some mushrooms need to go through a long postripening
stage before low-temperature treatment. These processes consume much energy and
increase production costs, limiting the cultivation of mushrooms from being low carbon
and sustainable agricultural industry. It is essential to unravel the molecular mechanisms
behind these transitions to guide sustainable mushroom cultivation.

Hypsizygus marmoreus, also known as beech mushroom, crab mushroom, sea mush-
room, etc. [13,14], has a month-long postripening stage and a typical low-temperature
fruiting stage after a long postripening (LFLP). Premature interruption of the postripening
stage for fruiting results in a drastic reduction in production. Furthermore, the subse-
quent low-temperature treatment of mature mycelia is the main trigger for primordia
initiation and plays a crucial role in the mushroom formation and the subsequent yields of
H. marmoreus. Therefore, it can be used as a typical model organism to study the molecular
mechanism of the postripening stage and the low-temperature fruiting of mushrooms.

The regulation of cytosolic mRNA translation is crucial for rapid adaptation to envi-
ronmental stress conditions. General control nonderepressible 2 (GCN2) is a Ser-Thr kinase
found in all eukaryotic organisms that phosphorylate eukaryotic translation initiation
factor 2 (elF2) under cold stress, which inhibits the initiation of protein translation and is
essential for cold tolerance in Arabidopsis [15]. Recent research has shown that GCN2 is
activated under various stresses, including cold treatments [16]. Therefore, it is desirable to
study the regulatory role of GCN2-mediated translation in the LFLP of H. marmoreus.

In this study, we investigated the expression profile of the representative developmen-
tal stages in H. marmoreus using quantitative transcriptome, amino acid (AA), and organic
acid-targeted metabolomics to reveal the molecular mechanism of LFLP in H. marmoreus.
Arginine and citrate could act as postripening biomarkers in H. marmoreus. The enhanced
GCN2-mediated translation pathway is essential for promoting LFLP in H. marmoreus.
These findings have the potential to guide lower-cost, low-carbon mushroom cultivation
methods.

2. Materials and Methods
2.1. Sample Preparation

The strain Finc-W-247 is the primary cultivar planted by Shanghai Fengke Science
and Technology Co., Ltd., stored in China’s Typical Culture Preservation Center (Wuhan
University). The strain was cultured with cottonseed shell 15%, wood chips 25%, rice bran
20%, corn cob 15%, bran 19%, cornmeal 5%, lime 1%, and water content 65%. The evenly
stirred medium was put into an 850 mL cultivation bottle for sterilization and inoculation
after cooling. The inoculated culture bottles were transferred to the culture chamber for
cultivation. The temperature of the culture chamber was generally set at 22-23 °C, the
humidity was 70%, and the CO, concentration was 2500-3500 mg/kg. After 30 to 35 days of
culture, mycelia were overgrown within the bottle. After approximately 40 days of culture,
the mycelia reached physiological maturity (this period is called the postripening stage),
and the scratching fungus operation was carried out. Then, the cultivation bottle was
transferred to the mushroom room, where the temperature was 14-16 °C, the air humidity
was 95-100%, and the CO, concentration was 1500-2500 mg/kg. After approximately
22 days of low-temperature cultivation, fruiting was completed from the primordium stage.

The six growth stages were sampled and stored at —80 °C until testing. They included
the overgrown mycelia stage (OG), the postripening culture for 15 d (LR15), the postripen-
ing culture for 30 d (LR30), the primordium phase (PS), the droplets phase (with apparent
differentiation of the cap and stalk) (DS), and the fruiting body stage (FS). The three samples
in the substrates of the developmental stage of the mushroom were collected to understand
the metabolic flux of substrates in fruiting stages since metabolites were secreted into the
substrates. They include the substrates of the primordium phase (PSR), the substrates of
the droplets phase (DSR), and the substrates of the fruiting body stage (FSR).
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Finc-W-247 blocks (diameter of 6 mm) were inoculated on potato dextrose agar medium
in a 90 mm diameter Petri dish and cultured at 25 °C for 13 days. Then, mycelia were collected
and placed at 4 °C for 0, 2, 4, 6, and 8 h and stored at —80 °C until qPCR analysis.

All assays in this study were performed in three independent biological experiments
with at least three replicates.

2.2. Absolute Quantitative Transcriptome of Nine Developmental Stages of H. marmoreus

The samples of nine developmental stages of H. marmoreus were collected and lyophilized,
and total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) accord-
ing to the manufacturer’s instructions. There were three biological replicates in this study.
RNA extraction, RNA quantity and purity determination, and RNA integrity evaluation
were performed according to methods described in previous research [17]. The clean reads
were compared to the reference H. marmoreus genome [18] using Hisat2 software. PSORTb
v3.03 was used for protein subcellular localization prediction [19]. The details about the
transcriptome library construction and data analysis can be found in recent studies [20].

2.3. Amino Acid-Targeted Metabolome of the Developmental Stages of H. marmoreus

An amino acid-targeted metabolome was used to analyze the metabolites of the nine
developmental stages of H. marmoreus. There were six biological replicates in this study.
LC-MS detection was performed for each standard solution of amino acids and the treated
samples. The heatmap program package in R (V3.3.2) was used for agglomerate hierarchical
data clustering. The R language ropls package was used for principal component analysis
(PCA). The standard for differential metabolites was p-value < 0.05 and VIP (variable
importance for the projection) > 1. The details about constructing the Mass spectrometric
(MS) detection and data analysis can be found in the supplementary material.

2.4. Organic Acid-Targeted Metabolome Detection

An organic acid-targeted metabolome was used to analyze the metabolites of nine
developmental stages of H. marmoreus. There were six biological replicates in this study.
Twenty-six organic acid standard substances were weighed. The single standard stock
solution was prepared with methanol or water to make a mixed standard. A 30% methanol
aqueous solution (containing 0.1% formic acid) was diluted to make a standard working
solution, which was stored at 0 °C until LC-MS detection.

The extraction of metabolites was performed according to the methods described in
previous research [21]. An ACQUITY UPLC® BEH C18 column (2.1 x 100 mm, 1.7 pm,
Waters Inc., Milford, Massachusetts, USA) was used for chromatographic determination.
The sample loading volume was 5 puL, the column temperature was 40 °C, and the mobile
phases were A-water (containing 0.1% formic acid) and B-methanol water (containing
0.1% formic acid). Multiple response monitoring was used for scanning. Previous research
explicitly referred to the chromatographic and mass spectrometric conditions for computer
detection [22,23]. The details about the organic acid-targeted metabolome detection can be
found in the supplementary material.

2.5. Gene Coexpression Network Construction

Weighted correlation network analysis (WGCNA) can find modules of highly corre-
lated genes. Transcriptome data from the postripening stage (PRS) to the substrates of the
reproductive growth stage (SRS) were used as input expression data. The organic acid
content and pH sample from the PRS to SRS acted as an attribute matrix. WGCNA of the
two types of data was used to analyze the critical module of pH variation from the PRS to
the SRS.

Transcriptome data from the PRS, the reproductive growth stage (RGS), and SRS were
used as input expression data. AA content from the PRS, RGS, and SRS was used as an
input attribute matrix. WGCNA of the two types of data was used to analyze the critical
module of the change in AA content in LFLP. The WGCNA R software package was used
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to perform various aspects of weighted correlation network analysis [24]. For details about
the steps of WGCNA, refer to a previously published article [25].

2.6. gPCR Assays and Western Blot Analysis

Samples of nine developmental stages and the cold-treated samples of H. marmoreus
were collected for RNA extraction. Details of the qPCR assay are described in a previous
study [26]. The primers used for qPCR are listed in Supplementary Table S1. All qPCR
assays were performed in three independent experiments. The expression levels of the
mRNAs were normalized to Actin-1 and were calculated using the 2-AACt method [27].
One-way ANOVA followed by the Tukey test for multiple comparisons was conducted
using SigmaPlot Version 12.0 to evaluate significant differences among the groups (p < 0.05).

Samples from nine developmental stages of H. marmoreus were used for total protein
extraction. The polyclonal antibody against GCN2 was purchased from Servicebio (catalog
no: GB111095). Recombinant protein corresponding to mouse GCN2 was used for the
immunization of a rabbit. Western blot analysis was conducted as described previously [28].

2.7. Determination of Enzyme Activity

Samples from nine developmental stages of H. marmoreus were collected to determine
the enzyme activity. The arginase activity of the samples was measured using an arginase
activity assay kit (Shanghai Bohu Biological Technology Co., Ltd., Shanghai, China) accord-
ing to the manufacturer’s protocol. In this procedure, a 1 g sample was mixed with 9 mL
phosphate buffer in an ice bath and then centrifuged at 5000 r/min for 15 min. Then, 10 puL
supernatant was used for enzyme activity determination. The absorbance change of the
system AA at a wavelength of 450 nm was measured when assaying enzyme activity. AA is
brought into the linear regression equation (y = 0.03290 x + 0.09103, R? = 0.9944, where x is
arginase activity and y is the sample AA value) for enzyme activity calculation. The sample
was diluted five times as directed by the instructions, and the calculated result multiplied
by 5 is the actual sample concentration (U/L).

The citrate synthase of the samples was measured using a citrate synthase assay kit
(Shanghai Bohu Biological Technology Co., Ltd., Shanghai, China) according to the manu-
facturer’s protocol. AA is brought into the linear regression equation (y = 0.06232 x + 0.1375,
R? =0.9981, where x is citrate synthase activity and y is the sample AA value) for enzyme
activity calculation. The sample was diluted five times as directed by the instructions, and
the calculated result multiplied by 5 is the actual sample concentration (IU/L).

2.8. Cultivation Experiment with Exogenous Arginine and Citric Acid

A 10 mL solution of H,O, Arg (6 mmol/L), and citric acid (200 mg/L) was injected into
the OG stage. The operation of scratching the fungus was carried out after postripening the
culture for 30 d. The cultivation bottle was transferred to the fruiting room after scratching
the fungus, and then the weight of the fruiting body per bottle was measured (g/bottle).
CK represents the normal postripening culture for 40 d without any solution addition. Each
treatment was repeated with five bottles.

The lightness values (L-value) of the wood chips in the cultivation materials were
determined by an SC-10 handheld color meter (Shenzhen Sunenshi Technology Co., LTD.,
China), and the determination time was postripening culture for 8 d, 15 d, 22 d, and 30 d.
An appropriate amount of the culture material at the shoulder of the bottle was taken and
laid on a 90 mm plate to measure the L-value of the wood chips in the cultivation material.
Three bottles were taken from each treatment, and each bottle was measured twice.

3. Results
3.1. Enhanced Ribosome Pathway for Low-Temperature Fruiting

We obtained samples of the different developmental stages of H. marmoreus (Figure 1).
High-throughput analysis of these samples makes it possible to obtain critical metabolic
pathways, amino acids, and organic acids involved in LFLP through multi-omics analysis.
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The molecular mechanism of LFLP could be further identified in combination with genetic
and physiological confirmation (Figure 1). These studies will help to obtain molecular
biomarkers of LFLP.

Early Later
Postripening Postripening

|| Primordium Droplets B ruiting-bodyli
Phase Phase Phase™ i

!
[
- Fruiting Development after Postripening (15 °C);

T

|
[
[
[
| -
[
[
[

UMI-mRNA seq Targeted Metabolome

Multi-omics Analysis

Figure 1. Flow chart of this study. Multi-omics analysis was used to analyze the gene and metabolite
expression profiles of H. marmoreus at developmental stages to reveal the molecular mechanism
of LFLP.

The unique molecular identifier (UMI) absolute quantitative transcriptome of H. marmoreus
was determined through RNA extraction, purification, detection, library construction, and
sequencing. PCA showed that the samples had excellent repeatability and discrimina-
tion (Supplementary Figure S1A). Heatmap analysis showed that the samples from the
postripening stage (PRS) were clustered together, while the samples from the reproductive
growth stage were grouped into another cluster (Supplementary Figure S1B). Venn analysis
showed 234 differentially overlapped genes among the samples of the development stages
(Supplementary Figure S1C).

There were five significantly enriched pathways (SEPs) in OG vs. PS using the DEGs
for which the ratio of upregulated DEGs to downregulated DEGs was greater than 3 and
the p-value < 0.05. Heatmap analysis showed that ribosomes were the most SEPs in OG
vs. PS (Supplementary Figure S1D), indicating the enhanced activity of ribosomes in LFLP.
There were no SEPs in OG vs. PS using the DEGs for which the ratio of downregulated
DEGs to upregulated DEGs was greater than 3 and the p-value < 0.05. Heatmap analysis
showed the upregulated ribosomal pathway in PS and DS (Supplementary Figure S2).
KEGG enrichment analysis showed that the DEGs in LR30_vs_PS were enriched in the
ribosome (Supplementary Figure S3). The ratio of upregulated DEGs to downregulated
DEGs in LR30_vs_PS was 28.5 in the enriched ribosome pathway, representing the enhanced
ribosome pathway in PS. For the comparison, KEGG enrichment analysis showed that
the upregulated DEGs in OG_vs_LR30 were enriched in valine, leucine, and isoleucine
degradation, methane metabolism, and glycolysis/gluconeogenesis instead of the ribosome
(Supplementary Figure S4). These results indicate that enhanced activity of the ribosome
pathway is essential for LFLP in H. marmoreus.
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3.2. Accumulation of Dissociative Amino Acids for Low-Temperature Fruiting

The amino acid metabolism pathway showed an apparent difference in gene expres-
sion in the LFLP in H. marmoreus (Supplementary Figure S5A). The upregulated DEGs
occurring only in the postripening stage were enriched in the cellular amino acid metabolic
and biosynthetic processes (Supplementary Figure S5B). The upregulated DEGs in the re-
productive growth stage (RGS) were enriched in the alpha-amino acid biosynthetic process
(Supplementary Figure S5C). These results indicate that gene transcription is not restricted
to the protein translation pathway in the postripening stage. Considering the enhanced
activity of the ribosome pathway in the primordium phase instead of the postripening stage,
protein translation is inhibited in the postripening stage. This result shifts our attention to
the variation in AA content in the LFLP.

The AAs in 54 samples (6 samples per development stage or its substrates) in LFLP
were detected by LC-MS/MS to obtain the metabolic flow of AAs. The hierarchical cluster of
AAs showed that the substrates of the reproductive growth stage (SRS), including PSR, DSR,
and FSR, were grouped and separated from the large cluster of the other developmental
stages (Figure 2A). Targeted profiling of the AA metabolome showed an apparent increase
in AA content in the RGS and SRS (Figure 2B). Statistical tests confirmed the significant
upregulation (p < 0.001) of several amino acids, such as glutamine (Gln), arginine (Arg),
and ornithine (Orn) (Figure 2C). These results indicated that the enriched AAs in RGS and
SRS are essential for LFLP.
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Figure 2. AAs targeted metabolomics of H.marmoreus at different developmental stages.
(A) Hierarchical cluster of AAs. (B) Targeted profiling of the AA metabolome of H. marmoreus at dif-
ferent developmental stages. (C) Statistical tests of the top three AAs with the highest concentrations.
** represents p < 0.001.

Analysis of the AA content showed an apparent increase in the SRS (Supplementary
Figure S6A). Gln, Arg, and lysine (Lys) exhibited the highest concentrations in the PSR, and
Orn showed the highest concentrations in the FSR (Supplementary Figure S6B). PCA of
the AAs in the developmental stages of H. marmoreus showed that Gln, Arg, Lys, Leucine
(Leu), and Orn were separated from the other AAs (Supplementary Figure S7), suggesting
that these AAs might play a critical role in the LFLP.



J. Fungi 2022, 8, 695

7 of 18

3.3. Formation of Arginine Pool Promotes Low-Temperature Fruiting

Correlation analysis of the significant differential AAs (SDAs) and DEGs in OG vs. PS
was conducted to obtain the associated DEGs. The associated AAs showed that glutamic
acid (Glu), methionine (Met), and glycine (Gly) were the top three AAs with the highest
number of associated DEGs (Supplementary Table S3). The associated AAs showed that Glu,
aspartic acid (Asp), and Gly were the top three AAs with the highest associated pathways
(Supplementary Table S3). The EC annotations of these associated genes showed that N-
methyltransferase, N-acetyltransferase, and branched-chain amino acid aminotransferase
were the top three enzymes with the most significant number (Supplementary Table 54).
KEGG enrichment analysis showed that the associated upregulated DEGs were enriched
in arginine biosynthesis and arginine and proline metabolism (Figure 3A). The associated
downregulated DEGs were enriched in alanine, aspartate, and glutamate metabolism and
tryptophan metabolism. A total of 10 pathways were screened by correlative pathway anal-
ysis of the associated SDMs in OG vs. PS (Impact > 1), such as aminoacyl-tRNA biosynthesis
and arginine biosynthesis (Figure 3B). The citrate cycle (TCA cycle) (map00020) showed
that alanine, aspartate, and glutamate metabolism provided metabolites for downstream
arginine biosynthesis. Together with the strong association of Glu and Asp with DEGs and
pathways (Supplementary Tables S3 and S4), these observations indicated a critical role
of Arg in LFLP. Statistics of the AA content showed the similarity between the acid AAs
and the basic AAs in the PRS and RGS (Figure 3C). The content of basic AAs showed a
significant increase in SRS relative to acid AAs (Figure 3C). These observations suggest that
the substrates of the reproductive growth stage are the Arg pool for supplying the AAs to
the reproductive growth.
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Figure 3. Transcriptome analysis of arginine biosynthesis in H. marmoreus. (A) KEGG enrichment
analysis of the associated differentially expressed genes (DEGs) in OG vs. PS. * represents downregu-
lated DEGs. (B) Correlation pathway analysis of the significantly different AAs (SDAs) in OG vs. PS
(Impact > 1). (C) Analysis of the content of AAs in H. marmoreus at different developmental stages. (D)
Heatmap analysis of gene expression in arginine biosynthesis. (E) KEGG pathway view (ko00350) of
arginine biosynthesis. Red indicates upregulation in OG vs. PS. Blue suggests upregulation in OG vs.
PS. (F) Determination of arginase enzyme activity in H. marmoreus at different developmental stages.
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The absolute quantitative transcriptome was used to obtain SRS expression profiles.
PCA showed that all samples were divided into three groups (Supplementary Figure S8A),
including the PRS, RGS, and SRS. Heatmap analysis of the expression profile showed
apparent differences in the PRS, RGS, and SRS (Supplementary Figure S8B). KEGG en-
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richment analysis showed decreased activity of the citrate cycle (TCA cycle) compared
to the enhanced activity of the pentose phosphate pathway and pentose and glucuronate
interconversions in LR30_vs_PSR (Supplementary Table S2). The enhanced activity in
the latter two ways could provide large 5-carbon skeletons for the accelerated transfor-
mation from 5-carbon to 4-carbon and 7-carbon, producing enriched materials for amino
acid biosynthesis.

The upregulated DEGs in PSR_vs_DSR were enriched in arginine biosynthesis
(Supplementary Figure S9), indicating the enhanced activity of arginine biosynthesis in SRS
and its essential role in LFLP. Homologous genes of arginine biosynthesis in H. marmoreus
were obtained using Blastp (1 x 1073Y). Heatmap analysis showed that the upregulated
genes in arginine biosynthesis in SRS were clustered and marked by a box (Figure 3D). The
KEGG pathway view (ko00350) showed that argininosuccinate synthase (scaffold5.g62)
and argininosuccinate lyase (scaffold4.g71) in the box cluster were responsible for the
biosynthesis of arginine (Figure 3D,E), indicating the enhanced activity of arginine biosyn-
thesis in SRS instead of PRS. Arginase (3.5.3.1) is an enzyme that catalyzes the hydrolysis
of L-arginine into L-ornithine and urea. The increased arginase in the PRS means more
hydrolysis of L-arginine, leading to a lower Arg content (Figure 3D). Heatmap analysis
showed the increased expression of arginase (scaffold9.g163) in the PRS (Figure 3D and
Supplementary Table S5). Enzyme activity tests further confirmed the increased arginase
activity in the PRS, consistent with the low concentration of Arg in the PRS (Figure 3F).
Analysis of the pH values showed acidification in PRS and subsequent alkalization in SRS
(Supplementary Figure S10). The apparent pH change confirms the redirection of nitrogen
metabolism to the synthesis of arginine, which agrees with the essential role of the Arg
pool for LFLP.

3.4. Accumulated Citric Acid and Arginine Promote Amino Acid Biosynthesis

The trend analysis of DEGs showed two representative clusters, Cluster 4 and Cluster 7
(Figure 4A,B). The trends in Cluster 4 showed increased gene expression in RGS and SRS
but not PRS. Enrichment of DEGs in Cluster 4 showed that cytoplasmic ribosomal proteins
were the most enriched terms (Figure 4C), indicating that protein translation was essential
for LFLP. The trends in Cluster 7 showed increased gene expression in the PRS instead of
the RGS and SRS (Figure 4B). Enrichment of DEGs in Cluster 7 showed that the organic acid
metabolic process was the most enriched pathway (Figure 4D), indicating that organic acid
metabolic processes play an important role in LFLP. Heatmap analysis further indicated
the enhanced activity of citrate synthesis according to the upregulated CIT2, PYC2, PDBI,
and ACOL1 in the PRS (Supplementary Figure S11).

Considering the acidification of the postripening stage (Supplementary Figure 510), we
focused on the change in organic acids using organic acid-targeted metabolome detection.
Heatmap analysis of organic acids showed increased organic acids in the PSR and DSR
(Supplementary Figure S12). The Z score of organic acids showed a decreased content in
OG_vs_LR30, including 3-hydroxy-3-methylglutaric acid, succinic acid, and malic acid
(Figure 4E). These organic acids belong mainly to the downstream products in the citrate
cycle. As an upstream metabolite in the citrate cycle, citric acid showed an increase
in OG_vs_LR30 (Figure 4E). The difference test box diagram confirmed the continuous
apparent upregulation of citric acid in the LFLP (Figure 4F), indicating its critical role in
LFLP. Expression analysis showed increased expression of citrate synthase (scaffold4.g43)
in the PRS (Supplementary Figure S11). An enzyme activity test further confirmed the
increasing activity of citrate synthase in PRS (Figure 4G).
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Figure 4. Organic acid-targeted metabolome detection of H. marmoreus. (A) Trend analysis of
DEGs in Cluster 4. (B) Trend analysis of DEGs in Cluster 7. (C) Enrichment of DEGs in Cluster 4.
(D) Enrichment of DEGs in Cluster 7. (E) Z score results of the content of organic acids in OG_vs_LR30.
(F) Difference test box diagram of the four top organic acids (>10 pg/g). (G) Determination of citrate
synthase enzyme activity in H. marmoreus at different developmental stages. (H) FPKM (fragments
per kilobase million) expression values of KGD1 in H. marmoreus at different developmental stages.
* represents p < 0.05; ** represents p < 0.01; *** represents p < 0.001. to the (F) and * represents p < 0.05.
to the (H).

Since citric acid is highly acidic (pKal = 3.14 Ka), the upregulated citric acid could
explain the acidification in the postripening stage. The difference test box diagram of
organic acids showed the obvious downregulation of pantothenic acid in the PSR and
DSR (Figure 4F). Based on the high concentrations of pantothenic acid, the downregulated
pantothenic acid (pKa = 4.30 £ 0.10) and the increased Arg in the SRS could explain the
alkalization in the SRS. The citrate cycle in KEGG showed that citrate provided the materials
for the branch pathway of arginine biosynthesis through downstream 2-oxo-glutarate. The
downregulated expression of the 2-oxo-glutarate metabolic enzyme (Figure 4H), alpha-
ketoglutarate dehydrogenase KGD1 [EC:1.2.4.2] (scaffold6.g76), reduced the activity of
the citrate cycle and shifted the branch pathway of arginine biosynthesis in SRS. The
synergistically elevated citric acid and arginine reveal a straightforward way of providing
enrichment of materials for amino acid biosynthesis.
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3.5. GCN2-Mediated Translation Regulates Low-Temperature Fruiting

The large AA materials in PSR shifted our attention to translation regulation during
reproductive growth. WGCNA of the AA metabolome and transcriptome from the PRS,
RGS, and SRS showed 16 modules, among which pink modules correlated with most
amino acid (AAs) (Supplementary Figure S13A,B). The total association score of AAs
and modules showed that pink modules had the highest score (13.98). Heatmap analysis
showed the prominent upregulation of the expression of the hub genes in the pink modules
in the DSR and FSR (Supplementary Figure S13C,D). Enrichment analysis of the genes in
the pink modules showed the most enrichment of the association of TriC/CCT with the
target proteins during biosynthesis (Supplementary Figure S13E) [29], which indicated that
regulation of protein biosynthesis is essential in the LFLP of H. marmoreus.

Considering the feature of low-temperature fruiting of H. marmoreus, we focused on
the control of translation via the eukaryotic translation initiation factor 2 (elF2), while four
different protein kinases (GCN2, PKR, PEK, HRI) phosphorylate the « subunit of elF2
in response to various environmental stresses, including cold stress [30]. The key genes’
homologous genes in elF2 translation control in H. marmoreus were obtained using Blastp
(1 x 1071%). The BLASTP results showed that scaffold1.g45 was the homologous gene
with the best hits among the three kinases (GCN2, PEK, and HRI), and scaffold13.g118
was the homologous gene with the best hits of PKR (1.19 x 10~22). The Blastp e-values of
GCN2, PEK, and HRI to scaffold1.g45 were 5.02 x 107 111,3.96 x 1072, and 4.46 x 10732,
respectively, indicating that the conserved GCN2 (scaffold1.g45) was an ancient type of
kinase involved in response to different environmental stresses. Heatmap analysis showed
the upregulated expression of GCN2 and translation control genes, such as elF2, eIlF2B,
and EFT1, in the reproductive growth PS, DS, and DSR (Figure 5A). qPCR confirmed the
obviously upregulated expression of GCN2 and elF2 (p < 0.05) in PS compared to OG
(Figure 5B). Notably, GCN2 showed obviously (p < 0.05) upregulated expression in PS, DSR,
and DS compared to OG, indicating its primary role in LFLP (Figure 5B). A western blot
experiment with GCN2 showed approximately 160 kD bands enriched in DSR (Figure 5C).
The molecular weight of GCN2 is 162.77 kDa, and it falls in this range. qPCR experiments
further confirmed that cold stress (4 °C) stimulated the obviously upregulated expression
of GCN2 (scaffold1.g45) in H. marmoreus mycelia (Supplementary Figure S14). Analysis of
genes interacting with GCN2 showed many interacting genes, including GCN20 and TOR2
(Figure 5D). Heatmap analysis showed the upregulated expression of GCN2, GCN20, and
TOR2 in PS and DS, and they consisted of a cluster (Figure 5E). These results indicated that
low temperature stimulated the GCN2-mediated translation pathway to promote LFLPs.

3.6. Cultivation Optimization with Citric Acid and Arginine Addition

Weighted correlation network analysis (WGCNA) of the organic acid-targeted metabolome
and transcriptome from the PRS and SRS showed six modules: blue, brown, green, gray, red,
turquoise, and yellow (Figure 6A). The cluster dendrogram showed that the turquoise and
blue modules were the two largest modules (Figure 6B). The genes in the turquoise modules
were correlated mainly with organic acids, including citric acid and malic acid, while the
genes in the blue modules were primarily associated with the pH values (Figure 6B). The
genes in the turquoise modules were enriched in the ribosome, arginine biosynthesis,
pyruvate metabolism, and biosynthesis of amino acids (Figure 6C). The genes in the blue
modules were enriched in protein processing in the endoplasmic reticulum, citrate cycle
(TCA cycle), phagosome, and biosynthesis of amino acids (Figure 6D). These observations
further indicated that the pH variation in the PRS and SRS was correlated mainly with the
changes in arginine and citrate.
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Figure 5. GCN2-mediated translation regulation in low-temperature fruiting after long postripening
(LFLP) in H. marmoreus. (A) Heatmap analysis of key genes in GCN2-mediated translation control
in H. marmoreus at different developmental stages. (B) qPCR analysis of GCN2 and elF2 in LFLP
of H. marmoreus. * indicates p < 0.05; ** indicates p < 0.001. (C) Western blot experiment of GCN2
in LFLP. Arrow: the enriched GCN2 with expected MW 160 kD. (D) Analysis of GCN2-interacting
genes. (E) Heatmap analysis of the interacting genes of GCN2.

The cultivation results showed that the L-value of cultivation substrates supplemented
with additive citric acid and arginine on postripening culture for 8 d, 15 d, and 24 d was
higher than those supplemented with H,O (Figure 6E). Fruiting experiments confirmed
that the fruiting body yield of the citric acid treatment (postripening culture for 30 d) was
significantly higher than that of CK (postripening culture for 40 d) (p = 0.0021) (Figure 6F).
The average fruiting body yield per bottle under the citric acid treatment and Arg treatment
was 15.468% and 10.176% higher than that under CK. The average fruiting body yield
per bottle under the citric acid and Arg treatments was 12.27% and 7.12% higher than the
control, respectively. These results confirmed that citric acid and Arg addition could shorten
the postripening culture by 10 d and increase the production by at least 10% compared
to CK. These observations confirmed that the accumulation of arginine and citrate could
promote the fruiting efficiency of H. marmoreus.
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Figure 6. Cultivation experiment with arginine and citric acid addition. (A) Clustering dendrograms
of module eigengenes and heatmap of eigengene adjacency. Each row and column corresponds to
one eigengene within the heatmap. Red indicates high adjacency (positive correlation) within the
heatmap, and turquoise indicates low adjacency (negative correlation), as shown by the color legend.
(B) Hierarchical cluster dendrogram showing coexpressed modules and module trait heatmap. Each
leaf on the tree represents a gene. Each colored row indicates a color-coded module that contains
a group of highly interconnected genes. (C) The KEGG enrichment of genes in turquoise modules.
(D) The KEGG enrichment of genes in blue modules. (E) Change in the L-value of wood chips in the
postripening culture under different treatments; H,O represents 10 mL H,O solution. A6 represents
10 mL arginine solution with 6 mmol/L; C200 represents 10 mL citrate solution with 200 mg/L.
(F) Statistics of fruiting body yield per bottle in the postripening culture under different treatments.
CK represents the traditional postripening culture without any solution addition for 40 days. The
illustrations of other treatments can be found in (E).
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4. Discussion

Vernalization accelerates plant development from the vegetative to the reproductive
stage, leading to considerable changes in the metabolite profiles of plants [31]. This study
also confirmed that the vernalization-like low-temperature treatment process in mush-
rooms has similar metabolic changes. Some of these metabolites can be used as biomarkers
in mushroom factory culture to optimize the cultivation process. Compared to RGS, the
abundant AAs in SRS indicated that SRS develops an AAs pool. Arg (one of the major
biomarkers) is the dominant component of the AA pool in SRS (Figure 2B), indicating its
essential role in LFLP. The arginine pool plays an essential role in loblolly pine seedlings
without prior conversion [32], suggesting that the newly synthesized Arg in SRS is trans-
ported rapidly and efficiently for fruiting development without prior conversion. The
increased Arg content in SRS indicates that Arg is synthesized mainly in SRS. The pH value
of the upper substrates in the cultivation bottle was lower than that in the lower part in
LR15 (Supplementary Figure S10), compared to the opposite trend of pH value in DSR.
Our results showed the opposite trend of pH change in the spatial distribution inner the
cultivation bottle in LFLP (Supplementary Figure 510), suggesting an upwards metabolic
flux of arginine for supplying the fruiting.

Arginase (scaffold9.g163) showed high gene expression in the postripening stage
(Figure 4B,D), which supports the increased enzyme activity of arginase in the postripening
stage (Figure 4E). The absence of arginase during the initiation of fruit growth indicated
a redirection of nitrogen metabolism to the synthesis of arginine [33]. The lower arginase
activity in the PSR stage (Figure 4E) explained the increased content of Arg in SRS, sug-
gesting a redirection of nitrogen metabolism in the PRS to arginine synthesis in SRS. The
addition of Arg in the OG stage promoted fruiting efficiency (Figure 6F), indicating that
enhanced nitrogen metabolism activity is essential for postripening. This result agrees
with the developmental velocity influenced by the external addition of arginine to the
ascomycete Sordaria macrospora Auersw [34].

Another biomarker found in this study is citrate, which has a high concentration in
the PSR. In contrast, citrate synthase enzyme activity decreased in this stage. Previous
research reported that a mitochondrial methyltransferase inhibited citrate synthase activity
through metabolite-sensitive lysine methylation [35]. Multi-omics analysis showed that
methyltransferase was the top associated enzyme with the most significant number in
OG vs. PS (Figure 3B). Subcellular localization prediction indicated that two methyltrans-
ferases (scaffold27.g50 and scaffold2.g228) were located in mitochondria, and they showed
increased expression in the postripening stage, suggesting that methylation also plays an
inhibitory role against citrate synthase activity in the postripening stage. The methylation
level might be reduced due to the decreased expression of methyltransferases in the low-
temperature treatment, which is consistent with a previous study that showed that cold
treatment selectively decreased the methylation level in the root of maize [36]. The regular
citrate synthase activity may account for the enriched citrate in the PSR. The increased
citrate is positively correlated with the high AA content in the LFLP of H. marmoreus, which
is consistent with the finding that increased citrate may induce AA synthesis in citrus
fruit [37]. A high concentration of citrate might inhibit the activity of the citrate cycle and
shift it to the branch AA synthesis pathways.

A close link between the upregulation of low-temperature-associated proteins and
vernalization fulfillment in wheat [38] suggests a role of cold stress-responsive genes
in the vernalization-like process in H. marmoreus. GCN2 is a serine/threonine-protein
kinase that regulates translation in response to stressors such as amino acid and purine
deprivation, cold shock, wounding, cadmium exposure, and UV-C exposure [39]. In yeast
and animals, phosphorylation of the c-subunit of elF2 is the most thoroughly characterized
event regulating global translation under stress. GCN2 is activated under various stresses,
including cold treatments [16]. GCN2 and elF2 were upregulated under low-temperature
fruiting (Figure 5B), indicating that low temperature stimulated the GCN2-mediated elF2
pathway to promote global protein translation (Figure 7). Activated GCN2 phosphorylates
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Vernalization-like Process

A ¥4
Fruiting stage
i -
ﬁ:}f ) GCN2 Om
Citrate .
Arginase
Synthase elF2 ’
Droplets stage
Global Tyr  Asp
Translation
Primordium
stage
Enriched amino
acids and ATP Arg GIn Lys

Cold Induced Fruiting

Figure 7. A potential model of GCN2-mediated translation regulation for low-temperature fruiting
after long postripening (LFLP) in H. marmoreus. Low temperature stimulated the GCN2-mediated
elF2 translation pathway with the enriched amino acids and ATP in LFLP, which are essential for
promoting global translation. The synergistically increased citrate and Arg may promote amino acid
synthesis and ATP production for global translation in H. marmoreus.

Protein translation is controlled by versatile ATP-driven machines [41], which means
that enriched ATP is essential for global protein translation. A high concentration of citrate
means the accumulation of ATP due to the enhanced activity of the citrate cycle during
the postripening process of mycelia. Reduced activity of the citrate cycle means a shift
to the branch AA synthesis pathways. Our observations reveal a straightforward way
of providing enrichment materials for amino acid biosynthesis, namely, synergistically
elevated citric acid and arginine levels. The downregulated expression of the enzyme KGD1
(Figure 4H) indicates the reduced activity of the downstream pathway of the citrate cycle.
The accumulation of citric acids could provide enriched materials to the arginine synthesis
branch pathway, promoting arginine accumulation. The accumulation of arginine is neces-
sary for protein translation in the LTLP of H. marmoreus, which is consistent with previous
studies showing that sufficient arginine concentrations are required for normal protein
accumulation rates [42]. Our model suggested that the synergistically rising citrate and
arginine induced amino acid synthesis and ATP production for global translation (Figure 7).
The enhanced activity of the GCN2-mediated elF2 translation pathway promoted global
protein translation in the LFLP of H. marmoreus with enriched AAs and ATP (Figure 7).



J. Fungi 2022, 8, 695

150f18

The analysis of this process contributes to a low-cost mushroom cultivation process and
provides a breeding direction for mushrooms suitable for sustainable cultivation.

In addition to the pivotal cold induction, other factors are also involved in forming
fruiting bodies. HyO addition positively affected the yield of the fruiting body compared
to CK (Figure 6F). The decreased CO; concentration during the fruiting of H. marmoreus
may agree with the increased respiration activity during primordia formation in the devel-
opment of fruiting bodies [43]. Future research needs to integrate these factors to reveal
this complex process’s mechanism further.

5. Conclusions

Our findings reveal that protein translation is essential for the LFLP in H. marmoreus
with the synergistic accumulation of citric acid and arginine. The highly accumulated
concentration of citrate might inhibit the activity of the citrate cycle and shift it to the
branch arginine synthesis pathways. Low temperature stimulated GCN2-mediated global
protein translation control in LFLPs with enriched ATP and AAs. The SRS acts as the
AAs pool for supplying the AAs for the LFLP in H. marmoreus. Citric acid and arginine
additions could increase fruiting efficiency in H. marmoreus and reduce the cost of large-
scale cultivation. The increasing activity of citrate synthase and arginase could be used
as screening criteria for superior breeding varieties. More importantly, our pilot study
of LFLP in H. marmoreus contributes to a better understanding of the physiological and
genetic mechanisms involved in fungal growth and development.
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H. marmoreus mycelia. Table S1: Primers used for qPCR; Table S52: KEGG enrichment analysis of the
DEGs in LR30 vs. PSR; Table S3: Correlation analysis of differentially expressed genes (DEGs) and
significantly different AAs (SDAs) in OG vs. PS. The associated AAs obtained by correlation analysis
of DEGs and SDAs; Table S4: The associated enzymes obtained by correlation analysis of DEGs and
SDAs; Table S5 KEGG annotation of arginine biosynthesis.


https://www.mdpi.com/article/10.3390/jof8070695/s1

J. Fungi 2022, 8, 695 16 of 18

Author Contributions: Conceptualization, Investigation, Writing—Original Draft, Writing—Review
and Editing, Funding Acquisition, M.G.; Methodology, Investigation, T.H.; Methodology, Y.L.;
Methodology, J.L.; Resources, E.S.; Methodology, L.T.; Investigation, Writing—Original Draft,
Writing—Review and Editing, Funding Acquisition, Validation, G.Z.; Conceptualization, Resources,
Supervision, Validation, D.B. All authors have read and agreed to the published version of the manuscript.

Funding: This study was sponsored by the National Natural Science Foundation of China (32072642)
and the Science and Technology Innovation Plan of the Shanghai Science and Technology Commission
(20310741900). The funders had no roles in study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data supporting the findings of this work are available within
the paper and its supplementary files. The data sets generated and analyzed during this study are
available from the corresponding author upon request.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper. The
authors (Jinxin Li) declare no conflict of interest with Shanghai Finc Bio-Tech Inc.

References

1.

10.

11.

12.

13.

14.

15.

16.

Zou, G,; Li, B,; Wang, Y.; Yin, X.; Gong, M.; Shang, J.; Wei, Y.; Li, X.; Bao, D. Efficient conversion of spent mushroom substrate
into a high value-added anticancer drug pentostatin with engineered Cordyceps militaris. Green Chem. 2021, 23, 10030-10038.
[CrossRef]

Zou, G.; Bao, D.; Wang, Y.; Zhou, S.; Xiao, M.; Yang, Z.; Wang, Y.; Zhou, Z. Alleviating product inhibition of Trichoderma reesei
cellulase complex with a product-activated mushroom endoglucanase. Bioresour. Technol. 2021, 319, 124119. [CrossRef] [PubMed]
Amirullah, N.A.; Zainal Abidin, N.; Abdullah, N. The potential applications of mushrooms against some facets of atherosclerosis:
A review. Food Res. Int. 2018, 105, 517-536. [CrossRef] [PubMed]

Zhou, J.; Chen, M.; Wu, S,; Liao, X.; Wang, J.; Wu, Q.; Zhuang, M.; Ding, Y. A review on mushroom-derived bioactive peptides:
Preparation and biological activities. Food Res. Int. 2020, 134, 109230. [CrossRef] [PubMed]

Zhang, Y.; Geng, W.; Shen, Y.; Wang, Y.; Dai, Y.-C. Edible mushroom cultivation for food security and rural development in China:
Bio-innovation, technological dissemination and marketing. Sustainability 2014, 6, 2961-2973. [CrossRef]

Stamets, P. Growing Gourmet and Medicinal Mushrooms, 3rd ed.; Ten Speed Press: California, CN, USA, 2000.

Pang, J.; Sun, G.; Jing, Y.; Meng, H.; Wang, H.; Liu, Y,; Yang, Z. Cluster Analysis Based on the Growth Temperature of 35 Edible
Fungi. Edible Fungi China 2015, 34, 34-37.

Nakazawa, T.; Miyazaki, Y.; Kaneko, S.; Shishido, K. Stimulative effects of light and a temperature downshift on transcriptional
expressions of developmentally regulated genes in the initial stages of fruiting-body formation of the basidiomycetous mushroom
Lentinula edodes. FEMS Microbiol. Lett. 2008, 289, 67-71. [CrossRef]

Morin, E.; Kohler, A.; Baker, A.R.; Foulongne-Oriol, M.; Lombard, V.; Nagy, L.G.; Ohm, R.A ; Patyshakuliyeva, A.; Brun, A,;
Aerts, A.L.; et al. Genome sequence of the button mushroom Agaricus bisporus reveals mechanisms governing adaptation to a
humic-rich ecological niche. Proc. Natl. Acad. Sci. USA 2012, 109, 17501-17506. [CrossRef]

Sakamoto, Y.; Ando, A.; Tamai, Y.; Miura, K.; Yajima, T. Protein expressions during fruit body induction of Flammulina velutipes
under reduced temperature. Mycol. Res. 2002, 106, 222-227. [CrossRef]

Fu, YP; Liang, Y,; Dai, Y.T.; Yang, C.T.; Duan, M.Z.; Zhang, Z.; Hu, S.N.; Zhang, Z.W.; Li, Y. De Novo Sequencing and
Transcriptome Analysis of Pleurotus eryngii subsp. tuoliensis (Bailinggu) Mycelia in Response to Cold Stimulation. Molecules
2016, 21, 560. [CrossRef]

Ford, K.L.; Baumgartner, K.; Henricot, B.; Bailey, A.M.; Foster, G.D. A reliable in vitro fruiting system for Armillaria mellea for
evaluation of Agrobacterium tumefaciens transformation vectors. Fungal Biol. 2015, 119, 859-869. [CrossRef] [PubMed]

Liu, Y;; Chen, H.; Feng, Z.; Chen, M.; Wang, H.; Long, Y.; Xie, M.; Zhang, J. Analysis on correlation between LBL evaluation and
agronomic characters of Hypsizygus marmoreus. Acta Agric. Shanghai 2011, 2, 247-257.

Park, Y.J.; Jung, E.S; Singh, D.; Lee, D.E.; Kim, S.; Lee, Y.W.; Kim, J.-G.; Lee, C.H. Spatial (cap & stipe) metabolomic variations
affect functional components between brown and white beech mushrooms. Food Res. Int. 2017, 102, 544-552. [PubMed]

Wang, L.; Li, H.; Zhao, C.; Li, S.; Kong, L.; Wu, W.; Kong, W.; Liu, Y.; Wei, Y; Zhu, ] K,; et al. The inhibition of protein translation
mediated by AtGCN1 is essential for cold tolerance in Arabidopsis thaliana. Plant Cell Environ. 2017, 40, 56—68. [CrossRef]
[PubMed]

Lokdarshi, A.; Morgan, PW.; Franks, M.; Emert, Z.; Emanuel, C.; von Arnim, A.G. Light-Dependent Activation of the GCN2
Kinase Under Cold and Salt Stress Is Mediated by the Photosynthetic Status of the Chloroplast. Front. Plant Sci. 2020, 11, 431.
[CrossRef] [PubMed]


http://doi.org/10.1039/D1GC03594K
http://doi.org/10.1016/j.biortech.2020.124119
http://www.ncbi.nlm.nih.gov/pubmed/32957048
http://doi.org/10.1016/j.foodres.2017.11.023
http://www.ncbi.nlm.nih.gov/pubmed/29433243
http://doi.org/10.1016/j.foodres.2020.109230
http://www.ncbi.nlm.nih.gov/pubmed/32517923
http://doi.org/10.3390/su6052961
http://doi.org/10.1111/j.1574-6968.2008.01364.x
http://doi.org/10.1073/pnas.1206847109
http://doi.org/10.1017/S095375620100541X
http://doi.org/10.3390/molecules21050560
http://doi.org/10.1016/j.funbio.2015.06.007
http://www.ncbi.nlm.nih.gov/pubmed/26399182
http://www.ncbi.nlm.nih.gov/pubmed/29195984
http://doi.org/10.1111/pce.12826
http://www.ncbi.nlm.nih.gov/pubmed/27577186
http://doi.org/10.3389/fpls.2020.00431
http://www.ncbi.nlm.nih.gov/pubmed/32411155

J. Fungi 2022, 8, 695 17 of 18

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Gong, M.; Wang, Y.; Zhang, J.; Zhao, Y.; Wan, J.; Shang, J.; Yang, R.; Wu, Y,; Li, Y,; Tan, Q.; et al. Chilling Stress Triggers
VvAgol-Mediated miRNA-Like RNA Biogenesis in Volvariella volvacea. Front. Microbiol. 2020, 11, 523593. [CrossRef]

Ming, G.; Yan, L.; Dapeng, B.; Junjun, S.; Ruiheng, Y.; Chenli, Z.; Jianing, W.; Yingying, W. Genome-wide association study on
mycelial growth rate of Hypsizygus marmoreus cultivation strains. Acta Edulis. Fungi. 2021, 28, 8.

Yu, N.Y.; Wagner, J.R.; Laird, M.R.; Melli, G.; Rey, S.; Lo, R.; Dao, P.; Sahinalp, S.C.; Ester, M.; Foster, L.].; et al. PSORTb 3.0:
Improved protein subcellular localization prediction with refined localization subcategories and predictive capabilities for all
prokaryotes. Bioinformatics 2010, 26, 1608-1615. [CrossRef]

Gong, M.; Wang, Y.; Su, E.; Zhang, J.; Tang, L.; Li, Z.; Zhang, L.; Zou, G.; Wan, J.; Bao, D. The promising application of a
-glucosidase inhibitor in the postharvest management of Volvariella volvacea. Postharvest Biol. Technol. 2022, 185, 111784.
[CrossRef]

Selli, S.; Kelebek, H.; Kesen, S.; Sonmezdag, A.S. GC-MS olfactometric and LC-DAD-ESI-MS/MS characterization of key odorants
and phenolic compounds in black dry-salted olives. J. Sci. Food Agric. 2018, 98, 4104—4111. [CrossRef]

Fiori, ].; Amadesi, E.; Fanelli, F; Tropeano, C.V.; Rugolo, M.; Gotti, R. Cellular and mitochondrial determination of low molecular
mass organic acids by LC-MS/MS. J. Pharm. Biomed. Anal. 2018, 150, 33-38. [CrossRef] [PubMed]

Pawlak, M.; Klupczynska, A.; Kokot, Z.].; Matysiak, J. Extending Metabolomic Studies of Apis mellifera Venom: LC-MS-Based
Targeted Analysis of Organic Acids. Toxins 2019, 12, 14. [CrossRef] [PubMed]

Langfelder, P.; Horvath, S. WGCNA: An R package for weighted correlation network analysis. BMC Bioinform. 2008, 9, 559.
[CrossRef] [PubMed]

Liang, Y.; Wang, S.; Zhao, C.; Ma, X.; Zhao, Y.; Shao, J.; Li, Y,; Li, H.; Song, H.; Ma, H.; et al. Transcriptional regulation of bark
freezing tolerance in apple (Malus domestica Borkh.). Hortic. Res. 2020, 7, 205. [CrossRef] [PubMed]

Gong, M.; Wang, H.; Chen, M.; Bao, D.; Zhu, Q.; Tan, Q. A newly discovered ubiquitin-conjugating enzyme E2 correlated with
the cryogenic autolysis of Volvariella volvacea. Gene 2016, 583, 58-63. [CrossRef] [PubMed]

Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 2001, 25, 402-408. [CrossRef]

Lu, D.; Pava-Ripoll, M.; Li, Z.; Wang, C. Insecticidal evaluation of Beauveria bassiana engineered to express a scorpion neurotoxin
and a cuticle degrading protease. Appl. Microbiol. Biotechnol. 2008, 81, 515-522. [CrossRef]

Yam, A.Y,; Xia, Y.; Lin, H.T.; Burlingame, A.; Gerstein, M.; Frydman, J. Defining the TRiC/CCT interactome links chaperonin
function to stabilization of newly made proteins with complex topologies. Nat. Struct. Mol. Biol. 2008, 15, 1255-1262. [CrossRef]
Flores-Méndez, M. A.; Martinez-Lozada, Z.; Monroy, H.C.; Herndndez-Kelly, L.C.; Barrera, I.; Ortega, A. Glutamate-dependent
translational control in cultured Bergmann glia cells: eIF2oc phosphorylation. Neurochem. Res. 2013, 38, 1324-1332. [CrossRef]
Nugroho, A.B.D.; Lee, S.W.,; Pervitasari, A.N.; Moon, H.; Choi, D.; Kim, J.; Kim, D.H. Transcriptomic and metabolic analyses
revealed the modulatory effect of vernalization on glucosinolate metabolism in radish (Raphanus sativus L.). Sci. Rep. 2021,
11, 24023. [CrossRef]

Todd, C.D.; Cooke, ].E.; Mullen, R.T.; Gifford, D.J. Regulation of loblolly pine (Pinus taeda L.) arginase in developing seedling
tissue during germination and post-germinative growth. Plant Mol. Biol 2001, 45, 555-565. [CrossRef] [PubMed]

Alabadi, D.; Aguero, M.S.; Perez-Amador, M.A.; Carbonell, J. Arginase, Arginine Decarboxylase, Ornithine Decarboxylase, and
Polyamines in Tomato Ovaries (Changes in Unpollinated Ovaries and Parthenocarpic Fruits Induced by Auxin or Gibberellin).
Plant Physiol. 1996, 112, 1237-1244. [CrossRef] [PubMed]

Molowitz, R.; Bahn, M.; Hock, B. The control of fruiting body formation in the ascomycete Sordaria macrospora Auersw. by
arginine and biotin: A two-factor analysis. Planta 1976, 128, 143-148. [CrossRef] [PubMed]

Matecki, J.; Jakobsson, M.E.; Ho, A.Y.Y.; Moen, A.; Rustan, A.C.; Falnes, P. Uncovering human METTL12 as a mitochondrial
methyltransferase that modulates citrate synthase activity through metabolite-sensitive lysine methylation. J. Biol. Chem. 2017,
292,17950-17962. [CrossRef] [PubMed]

Steward, N.; Kusano, T.; Sano, H. Expression of ZmMET1, a gene encoding a DNA methyltransferase from maize, is associated
not only with DNA replication in actively proliferating cells, but also with altered DNA methylation status in cold-stressed
quiescent cells. Nucleic Acids Res. 2000, 28, 3250-3259. [CrossRef] [PubMed]

Degu, A.; Hatew, B.; Nunes-Nesi, A.; Shlizerman, L.; Zur, N.; Katz, E.; Fernie, A.R.; Blumwald, E.; Sadka, A. Inhibition of aconitase
in citrus fruit callus results in a metabolic shift towards amino acid biosynthesis. Planta 2011, 234, 501-513. [CrossRef]

Sarhadi, E.; Mahfoozi, S.; Hosseini, S.A.; Salekdeh, G.H. Cold acclimation proteome analysis reveals close link between the
up-regulation of low-temperature associated proteins and vernalization fulfillment. J. Proteome Res. 2010, 9, 5658-5667. [CrossRef]
[PubMed]

Llabata, P,; Richter, J.; Faus, I.; Stominiska-Durdasiak, K.; Zeh, L.H.; Gadea, J.; Hauser, M.T. Involvement of the elF2x Kinase
GCN2 in UV-B Responses. Front. Plant Sci. 2019, 10, 1492. [CrossRef] [PubMed]

Zhigailov, A.V.; Alexandrova, A.M.; Nizkorodova, A.S.; Stanbekova, G.E.; Kryldakov, R.V.; Karpova, O.V.; Polimbetova, N.S.;
Halford, N.G.; Iskakov, B.K. Evidence That Phosphorylation of the «-Subunit of eIF2 Does Not Essentially Inhibit mRNA
Translation in Wheat Germ Cell-Free System. Front. Plant Sci. 2020, 11, 936. [CrossRef]

Gerovac, M.; Tampé, R. Control of mRNA Translation by Versatile ATP-Driven Machines. Trends Biochem. Sci. 2019, 44, 167-180.
[CrossRef] [PubMed]


http://doi.org/10.3389/fmicb.2020.523593
http://doi.org/10.1093/bioinformatics/btq249
http://doi.org/10.1016/j.postharvbio.2021.111784
http://doi.org/10.1002/jsfa.8927
http://doi.org/10.1016/j.jpba.2017.11.071
http://www.ncbi.nlm.nih.gov/pubmed/29216582
http://doi.org/10.3390/toxins12010014
http://www.ncbi.nlm.nih.gov/pubmed/31905643
http://doi.org/10.1186/1471-2105-9-559
http://www.ncbi.nlm.nih.gov/pubmed/19114008
http://doi.org/10.1038/s41438-020-00432-8
http://www.ncbi.nlm.nih.gov/pubmed/33328456
http://doi.org/10.1016/j.gene.2016.02.038
http://www.ncbi.nlm.nih.gov/pubmed/26927519
http://doi.org/10.1006/meth.2001.1262
http://doi.org/10.1007/s00253-008-1695-8
http://doi.org/10.1038/nsmb.1515
http://doi.org/10.1007/s11064-013-1024-1
http://doi.org/10.1038/s41598-021-03557-5
http://doi.org/10.1023/A:1010645616920
http://www.ncbi.nlm.nih.gov/pubmed/11414614
http://doi.org/10.1104/pp.112.3.1237
http://www.ncbi.nlm.nih.gov/pubmed/12226441
http://doi.org/10.1007/BF00390315
http://www.ncbi.nlm.nih.gov/pubmed/24430689
http://doi.org/10.1074/jbc.M117.808451
http://www.ncbi.nlm.nih.gov/pubmed/28887308
http://doi.org/10.1093/nar/28.17.3250
http://www.ncbi.nlm.nih.gov/pubmed/10954592
http://doi.org/10.1007/s00425-011-1411-2
http://doi.org/10.1021/pr100475r
http://www.ncbi.nlm.nih.gov/pubmed/20804221
http://doi.org/10.3389/fpls.2019.01492
http://www.ncbi.nlm.nih.gov/pubmed/31850012
http://doi.org/10.3389/fpls.2020.00936
http://doi.org/10.1016/j.tibs.2018.11.003
http://www.ncbi.nlm.nih.gov/pubmed/30527974

J. Fungi 2022, 8, 695 18 of 18

42. Flint, H.].; Dible, S.; Kacser, H. Depression of enzyme synthesis in response to arginine limitation in Neurospora crassa. J. Gen.
Microbiol. 1985, 131, 2891-2900.

43. 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]


http://doi.org/10.1016/j.fbr.2018.02.003

	Introduction 
	Materials and Methods 
	Sample Preparation 
	Absolute Quantitative Transcriptome of Nine Developmental Stages of H. marmoreus 
	Amino Acid-Targeted Metabolome of the Developmental Stages of H. marmoreus 
	Organic Acid-Targeted Metabolome Detection 
	Gene Coexpression Network Construction 
	qPCR Assays and Western Blot Analysis 
	Determination of Enzyme Activity 
	Cultivation Experiment with Exogenous Arginine and Citric Acid 

	Results 
	Enhanced Ribosome Pathway for Low-Temperature Fruiting 
	Accumulation of Dissociative Amino Acids for Low-Temperature Fruiting 
	Formation of Arginine Pool Promotes Low-Temperature Fruiting 
	Accumulated Citric Acid and Arginine Promote Amino Acid Biosynthesis 
	GCN2-Mediated Translation Regulates Low-Temperature Fruiting 
	Cultivation Optimization with Citric Acid and Arginine Addition 

	Discussion 
	Conclusions 
	References

