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Abstract: Lentinula edodes is an edible mushroom that is rich in polysaccharides, glucan, and lentinan.
It is famous for its earthy, sweet, umami flavor, and is used in various foods all over the world.
Although Lentinula edodes does not carry out photosynthesis with light, its fruit body development is
regulated by light. In this study, we analyzed the morphological changes of L. edodes strain Sanjo701ho
and identified the global gene expression patterns using EdgeR of fruit body development under blue
light. The phenotype analysis under different light sources revealed that the pileus diameter grew,
while the stipe length was suppressed under blue light. To understand the changes in the transcrip-
tome under different light sources in L. edodes, gene set enrichment analysis (GSEA), KOG functional
categories, and KEGG pathways were used and compared to the no-light condition. Lignocellulose,
CAZyme, and transcription factor classified DEGs (differentially expressed genes) were identified to
better understand the significant DEGs affected by light sources in the synthesis, metabolism, and
recognition of complex carbohydrates. Six glycoside hydrolases (GHs), four auxiliary activities (AAs),
three carbohydrate esterases (CEs), and glycosyltransferases (GTs) were identified as upregulated
in the CAZyme DEGs. Furthermore, four 3-glucosidase, one glucose oxidase, and one multicopper
oxidase-related gene for lignocellulolytic genes were upregulated in the blue light condition, and
AT_hook transcription factor, CBFD_NFYB_HMF transcription factor, HMG_box transcription factor,
and fungal specific transcription factor were upregulated in the blue light condition. This study helps
us understand fruit body development in mushroom-breeding programs.

Keywords: CAZyme; fruit body development; Lentinula edodes; lignocellulose; transcriptome analysis;
transcription factors

1. Introduction

Mushrooms are one kind of spore-producing fungi. Most mushroom genera belong to
the basidiomycetes, but the others are classified as ascomycetes [1]. The energy production
of fungi is characterized by nutrient absorption through oxygen respiration; otherwise,
in the higher plant kingdom, photosynthesis is the primary energy production method.
In addition, mushrooms are rich in minerals and have adequate proteins, so they have
the nutritional ingredients of both vegetables and meat. In particular, mushrooms contain
essential amino acids, vitamins, and inorganic salts [2]. Lentinula edodes, which is an edible
mushroom belonging to the genus Basidiomycetes, mainly occurs in old broad-leaved
trees such as oak and chestnut. Moreover, it is known as one of the world’s three major
edible mushrooms, including Tricholoma matsutake and Sarcodon imbricatus [3]. As fungi are
heterotrophic organisms, incapable of photosynthesis [4], it is considered that mushrooms
do not have photoreceptors. However, Sano et al. [5] reported the presence of Le.phrA,
which responds to blue light in Lentinula edodes, as the first photoreceptor. It has been
reported that the main stipe is shorter, and the color of the shade is darker under blue and
green light than under darkness [6]. However, these studies were on a few genes or in the
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mycelium. Research on all photoreactive genes in mushrooms is still unclear and has been
inadequate.

A whole-genome sequencing analysis of Lentinula edodes was completed in 2016 [7].
Several transcriptome studies were reported using the genome sequencing data [8,9].
Additionally, a transcriptome analysis of Lentinula edodes mycelium according to light
conditions reported that cell division-related genes, such as the chromosomal structure
during DNA replication and recombination, showed an increase in their expression [10].
In this study, we performed genome-wide transcriptome analyses and identified DEGs
(differentially expressed genes) in L. edodes under blue light cultivation. The blue light-
induced fruit body developmental genes may be involved in functions, such as the cell
wall, light response, and carbohydrate metabolic processing. These results can provide
useful information on the mechanism of fruit body development.

2. Materials and Methods
2.1. Fungal Materials

The Shiitake mushroom (Lentinula edodes) strain Sanjo701ho (Accession no. ASI 3305)
was obtained from the National Institute of Crop Science (RDA, Jeonju, Republic of Korea).
After five days of incubation in PDA (potato dextrose agar) medium, the mycelium of
Sanjo701ho was transferred onto the mushroom culture medium for 20 days. The mush-
room culture medium was mixed with oak sawdust, rice bran, and oyster shell powder at
80%, 18, and 2%, respectively. The moisture was maintained at 58%. Browning formation
for 50 days in the dark and 70 days in the light was performed according to Kim et al. [11].
For the morphological analysis under different light sources, the generated fruit bodies
were provided with a fluorescent lamp, a white LED (light-emitting diode), a red (660 nm)
LED, a green LED, a blue LED, a white—-green (525 nm) LED mix, a white-blue (450 nm)
LED mix, and no light in a growth chamber maintained at 20 °C and 80% humidity. Each
light source was illuminated with 300 lux at the position of the mushrooms’ growth.

Morphological properties under different light sources were determined as described
in Jang et al. [12]. The color difference of pileus under blue light or dark (no light) was
measured by CM-2600d Spectrophotometer (Konica Minolta, Osaka, Japan).

For the expression profiles of the target genes, the L. edodes fruit body was incubated
under blue light or dark (no light) with the same culture conditions for one week. The
mushroom samples for the pilei or stipes of the fruit bodies under blue light or dark
conditions were harvested every two days until six days after the initiation of the incubation.
We designated the harvest times as pileus 1, pileus 2, pileus 3, stipe 1, stipe 2, and stipe 3,
respectively. The harvested samples were stored at -80 °C until qRT-PCR analysis.

2.2. RNA Sequencing Analysis

Total RNA was extracted from the whole fruit body using the TRIzol reagent (Invitro-
gen, Waltham, MA, USA) and then used for the library construction with the Ribospin TMII
Kit (Geneall Biotechnology, Seoul, Korea) according to the manufacturer’s instructions.
A total of six RNA-seq paired-end libraries were constructed from the control (no light)
and blue light illuminated sample consisting of three biological replicates each, using the
SMARTer Stranded RNA-Seq Kit (Clontech Laboratories Inc., Mountain View, CA, USA)
following the manufacturer’s instructions. Each library was then loaded onto the Illumina
Hiseq2000 platform, high-throughput sequencing was performed, and paired-end reads
were generated. High-quality reads were obtained after several steps of quality checks,
which included trimming and the removal of the adaptor/primer and low-quality reads
using Trimmomatic v 0.35 [13], and sequence data with quality scores of Q > 20 were
extracted using SolexaQA. High-quality filtered reads of all samples were mapped to a
draft genome sequence of Lentinula edodes W1-26 (v1.0) from the Joint Genome Institute
(JGI) [14] using hisat2 [15], with all parameters set to the default. Then, HTSeq v0.6.1 was
used to count the reads that were mapped to each gene and how many reads were mapped
to the exons of each gene [16]. The differentially expressed genes between blue light and
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no-light conditions were identified by the EdgeR package [17], and up and downregulated
genes with a p-value < 0.05 and an absolute fold change value of >2 were considered
for differentially expressed genes (DEGS) and used for downstream functional analysis.
Furthermore, assessment of the quality of the mapped reads was conducted by Qualimap
for mapping alignment rates, the duplication rate, the GC content, and reads of genomic
location [18].

2.3. Functional Analysis of Differentially Expressed Genes

After the data analysis procedure, the selected transcripts were validated and anno-
tated by comparison to the NCBI NR (nonredundant protein) database with an e-value
<1 x 107'% and annotated by Blast2GO with the default parameters [19]. To assess the
GSEA (gene set enrichment analysis) [20] of the DEGs, gene ontology analysis was per-
formed for the significantly expressed genes with a p-value < 0.05 using eggNOG 5.0 to
categorize their molecular function, biological process, and cellular components [21]. To
this end, the estimated expression levels of all genes were applied in the GSEA, and then
enrichment scores were calculated according to the rank-ordered gene list. The GOs of the
predefined gene sets were considered, GO terms containing a minimum of 15 genes were
evaluated, and an enrichment map in Cytoscape was used for the visualization of the GSEA
results. In addition, euKaryotic Orthologous Groups (KOGs) were analyzed by the KOG
online tool (WebMGA, http:/ /weizhongli-lab.org/metagenomic-analysis/server/kog/,
accessed on 20 October 2020) using blastx (e-value < 1 x 1073), and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) analyses were carried out using BlastKOALA
(https:/ /www.kegg jp/blastkoala/, accessed on 22 October 2020), assigning GO iden-
tifiers to the sequence data of up and downregulated genes. Transcription factor and
lignocellulolytic genes were identified from the gene sets derived by Chen et al. [14].

2.4. DEG Expression Profiles and Quantitative RT-PCR Validation

Total RNA was separately extracted from the pili and stipes of mushroom samples 2,
4, and 6 days after incubation under blue light and dark conditions with Trizol (Invitrogen,
Carlsbad, CA, USA). One microgram of total RNA was converted into first-strand cDNA
using a Power cDNA Synthesis Kit (iNtRON Biotechnology, Seoul, Korea) according to
the manufacturer’s instructions. The diluted cDNAs of each were used as a template for
the synthesis of the second-strand cDNA with gene-specific primers. The gene-specific
primers used in this study are listed in Table S2. Quantitative RT-PCR was carried out
with the Rotor-Gene Q 2plex HRM (Qiagen, Hilden, Germany) using the Rotor-Gene SYBR
Green PCR Kit (Qiagen, Hilden, Germany). The PCR program for the qRT-PCR used
standard methods, and the Rpl4 gene was used as a housekeeping gene for normalization
described by Kim et al. [11]. Three replicates of qRT-PCR were done and normalized
with the expression of Rpl4 as the internal control gene (Rpl4). Eventually, the relative
expression level was calculated using the 224t method [22] compared to the expression
of the pileus sample two days after incubation under blue light.

2.5. Statistical Analysis

All experiments for mushroom morphological properties were carried out by three
repetitions, and the values of the mean and standard deviation in Table 1 were analyzed
using the SPSS 24 program. A statistical significance test (p < 0.05) was performed for each
experimental mean difference through Duncan’s multiple range test.
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Table 1. Summary of morphological properties of the fruit body under different light sources.

) Pileus Stipe Pileus Diameter/
Light Source .

Diameter (mm) Thickness (mm) Length (mm) Diameter (mm) Stipe Length
Fluorescent lamp 53.25 + 2.87 19.42 4+ 1.19« 4277 £1.00¢ 13.83 + 1.00 2P 1.25 +0.07
White LED 55.68 + 2.38 ab 20.07 + 1.13 bed 4128 +0.44°¢ 13.45 + 1.06 2b¢ 1.35 + 0.06 b¢
White-Green LED 57.27 + 0.68 2P 22.63 + 0.44 2P 40.73 £2.06 ¢ 11.37 + 0.454 1.42 +0.07 b¢
White-Blue LED 59.38 & 1.952b 24.62 +0.792 39.10 + 1.66 € 14.03 + 0.352 1.54 +0.10°
Red LED 46.17 £ 1.68 ¢ 20.85 + 0.20 be 51.45 + 1.652 11.93 + 0.19 bed 0.90 +£0.034
Green LED 54.27 + 1.09 2b 20.93 + 0.70 b¢ 43.63 + 1.59 be 12.78 -+ 0.40 abed 1.25 4+ 0.04 ¢
Blue LED 60.13 £ 0.722 22.70 + 0.19 @b 3243 +1.054 10.93 +0.31 4 1.87 +0.082
Dark (no light) 35.63 +5.24 4 17.89 + 1.76 4 48.62 +5.173b 11.56 + 0.25 <d 0.73 £ 0.044

Values followed by the same letter do not differ significantly at p > 0.05 according to Duncan’s multiple range test.

3. Results and Discussion
3.1. Blue Light-Induced Mushroom Phenotypes

The mushroom phenotypes, including the pileus diameter, pileus thickness, stipe
length, and stipe diameter, are presented in Table 1. The diameter of the pileus had the most
vigorous growth under blue light, but the least growth in the dark. The thickness of the
pileus had the highest value under the white—blue mix light but the lowest value in the dark.
The longest stipe length occurred under the red light and was the shortest under the blue
light (Supplementary Materials Figure S1, Table 1). Interestingly, the mushrooms under the
dark condition had the second longest stipe length. Moreover, the pileus diameter under
red light had the second smallest value. The stipe diameter had the highest value under
the fluorescent lamp but the lowest value under the blue light (Table 1). The mushroom
phenotype under the red light was similar to the dark condition. Eventually, the ratio
of the pileus diameter to the stipe length had the highest value under the blue light and
the lowest value under the dark condition. Additionally, the second lowest value was
under the red light. The configuration properties are shown in Figure S2. The lightness
and yellowness of the pileus in the dark (no light) were higher than under the blue light.
However, the redness under the blue light was higher than in the dark (Table S1).

3.2. Transcriptome Sequencing and Functional Annotation of Differentially Expressed Genes
(DEGs)

To understand the genome-wide transcriptional changes under different light sources
in L. edodes, we carried out a RNA-seq analysis with different light conditions. After quality
evaluation and trimming, over 2.2 million trimmed reads on average were generated from
each mushroom sample in the dark (no light, NL) and blue light (BL) conditions (Table 2).
Over 74% of the sequenced data (average mapping rate: 75.5%) were mapped to assemble
the transcripts from the new reference genome sequence with the JGI database in this study.
The duplication ratio and GC content ranged between 42.66—46.86% and 47.35-47.66%,
respectively. The average 6.7 million, 1.4 million, 5.1 million, and 1.5 million reads of
each sample mapped to the exonic region, intronic intergenic, and intronic/intergenic
overlapping exon of the gene structure, respectively (Table 2). In addition, principal
component analysis (PCA) was performed with specific features derived from alignment,
including coverage, GC content, insert size, and mapping quality of each sample, and
shown in Figure S2.
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Table 2. Summary of sequencing and mapping results.

Reads of Genomic Origin

Mapped

Total Duplicati GC Intronic/

Sample R:afls /Rlzizcz‘f/o ) lIl{I;t:EC?"/tlw())n Content (%) Exonic Intronic Intergenic Ol‘r;et:lrag;;ll;g

Exon:

bluelight 1 21176451 7072 44.19 47.45 6371649 1,323,094 4,725,629 1,453,657
bluelight 2 21053355 7 46.86 47.57 6,681,571 1,380,842 4,680,733 1,516,080
bluelight 3 17,564,307 13'/3;66_'806 42.66 4752 5656474 1,149,817 3,785,002 1,271,736
nolight 1 23,688,201 17'/5;12'389 4391 47.31 6285984 1276813 5,857,490 1,413,930
nolight 2 25,593,815 19'/27652.’598 46.86 474 7417614 1544413 6,028,425 1,704,375
nolight 3 23,973,170 18'/2773'2632 15 4751 7649221 1525141 5,298,595 1,694,124
Average 22,174,883 16/75’557 >4 4491 47.46 6,677,086 1,366,687 5,062,646 1,508,984

A total of 1,416 genes were expressed in at least one of six samples with a p-value
less than 0.05. Among them, 338 and 246 genes showed a log, fold change with up and
downregulation in the BL condition, respectively (Table S3). The transcriptome data re-
ported for DEGs specific to blue light cultivation condition in our previous study [11] were
different from what is reported here for GSEA analysis, transcription factors, lignocellulose,
and CAZyme for carbohydrates in mushrooms. To better understand the significant DEGs
affected by the light sources, over-representation of the GO terms with the DEGs was de-
termined by GSEA analysis (Figure 1 and Table 54). These were categorized into functional
groups and displayed by an enrichment map in Cytoscape. Significant GO representations
(p-value < 0.05, FDR < 0.25) were mainly related to the regulation of cell morphogenesis,
such as cell shape, cytoskeleton, and DNA repair, including non-recombinational repair
and double-strand repair. In addition, transcription- and translation-related genes, such as
transcription factor complex, RNA polymerase activity, and translation initiation factor,
were significantly expressed in different light sources.

cytoplasmic m\c@u\e organization

regu\alio\l shape microlubulmerization

supramo\ecul@r organization

regulation of establishment or

ce\l@ing

r\onrrecomuonai repair

mamlenan: ell polarity doub\e-strang;::jak repair via
fegulating cell shape nonhomalot end joining
regulation of rphUgEnGS\S
establishment U;gjmemam;e of cell structural consn@ of cytoskeleton gene ersmn DNA re.; omplex
polarity regul g cell shape
protein \ocalwz to cell cortex
nuclear transcri @ factor complex .
P RNA uu\yse activity
negative regulation of filamentous
growth of a pupn of unicellular
organisms
negative regulmof filamentous eukaryotic transl initiation factor
gl \ranscriptwuur complex 3 cﬁ‘

carbon catabolite activation of
transcription frof A polymerase
Il promoter

transcription u\amr activity
negative regn of growth

Figure 1. Gene set enrichment analysis (GSEA) of differentially expressed genes. Cytoscape and an
enrichment map were used for visualization of the GSEA results.



Appl. Sci. 2021, 11, 6997 60f13

Investigation of the KOG functional categories was performed for the genes upregu-
lated under the BL condition (Figure 2). Most of the terms were upregulated in the BL con-
dition; among them, “transcription,” “posttranslational modification,” “protein turnover,”
“chaperones,” “signal transduction mechanisms,” “RNA processing and modification,”
and “replication, recombination and repair” had higher correlations with upregulation in
the BL condition than in the NL condition. These results correspond with the GSEA assay
and imply that light plays a significant role in the basic development and division of L.
edodes cells. To further evaluate the functional pathway derived by the BL condition, KEGG
sub-classification was performed with the up and downregulated genes in different light
sources. Coincident with the results of the GSEA and KOG analysis, “chromosome and
associated proteins,” “mitochondrial biogenesis,” “ribosome biogenesis,” “transcription
machinery,” and “DNA repair and recombination proteins” showed high matches with the
upregulated genes in the BL condition (Figure 3).

” o o

7

e s

Cell wall/membranc/envelope biogenesis M
Cell motility N

Posttranslational modification, protein turnover, chaperones O

u down-rugulation

mup-regulation
Signal transduction mechanisms T

Intracellular trafficking, secretion, and vesicular transport U
Defense mechanisms V

Extracellular structures W

Nuclear structure Y

Cytoskeleton Z

RNA processing and modification A

Chromatin stracture and dynamics B

Translation, ibosomal structure and biogenesis J
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Replication, recombination and repair L
Energy production and conversion C

Cell cycle control, cell division, chromosome D
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Lipid transport and metabolism T
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Functional class Number of differentially expressed genes (DEGs)

Figure 2. EuKaryotic Orthologous Groups (KOG) function classifications of differentially expressed
genes (DEGs, absolute fold change value set to >2 and p < 0.05) under blue light. Functional
predictions of DEGs were classified into 25 functional classes by the KOG database, and the functional
classes are shown according to the number of DEGs.
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KEGG pathway Number of differentially expressed genes (DEGs)

Figure 3. Categories classified by Kyoto Encyclopedia of Genes and Genomes (KEGG) of differentially
expressed genes (DEGs, absolute fold change value set to >2 and p < 0.05) under blue light. Pathways
are shown according to the number of DEGs.
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Light is a key environmental factor that influences fruiting body development in
many basidiomycetes. For several decades, it has been shown that fruiting body growth,
development, and differentiation in basidiomycetes are regulated by blue light [23-26]. In
addition, pileus differentiation and development require light stimulation, and different
light qualities can produce different morphological features [27]. In this study, genes
related to signal transduction, transcription/post-translation, and cell division, including
DNA replication and repair, were upregulated in the blue light condition. The results
indicate that blue light affected the growth and development at the cellular level and
caused different morphogenesis compared with the no-light condition.

3.3. CAZyme Encoding Genes under Different Light Sources Mapped to the Differentially
Expressed Genes (DEGs)

We analyzed families of structurally related catalytic and carbohydrate-binding mod-
ules of enzymes that degrade, modify, or create glycosidic bonds using CAZy in DEGs
(Figure 4). A total of 16 and 10 genes related to the carbohydrate-binding modules of
enzymes were identified as up and downregulated DEGs, respectively. In the upregulated
genes, the highest distribution of DEGs belonged to superfamilies with six glycoside hy-
drolases (GHs), followed by four auxiliary activities (AAs), three carbohydrate esterases
(CEs), and glycosyltransferases (GTs).
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Figure 4. Heat map analysis and hierarchical clustering of up and downregulated genes under blue light and no-light

conditions for (A) CAZyme, (B) lignocellulose, and (C) transcription factor. Each column represents an experimental
mushroom sample under a different light source (no light and blue light), and each row represents an identified gene.
Yellow and blue indicate the upregulation and downregulation of each gene, respectively. Expression values of genes were

transformed into Z-score values.

Among the CAZyme genes, GHs mainly hydrolyze glycosidic bonds between two or
more sugars or a sugar and non-sugar moiety within carbohydrates or oligosaccharides
and play important roles in the developmental process, such as cell wall modification,
cellulosic biomass metabolism, energy metabolism, and stress resistance [28-32]. In this
study, the GH1 (1 gene), GH3 (3 genes) GH17 (1 gene), and GH71 (1 gene) families were
upregulated under the blue light condition (Figure 4A), and the ratio of the pileus diameter
to the stipe length had the highest value under the blue light condition and the lowest
value under the dark condition (Figure S1, Table 1). In previous reports, the GH1 family
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was found to participate in a number of developmental processes and stress responses,
including cell wall modification, plant hormone activation or deactivation, and herbivore
resistance [29]. GH3 enzymes carry out a range of functions, including cellulosic biomass
degradation, plant and bacterial cell wall remodeling, energy metabolism, and pathogen
defense [30,31], and the family GH17 mediates diverse processes that include growth,
callose deposition, and pathogen defense [32]. Therefore, it is suggested that upregulated
GH families under blue light could positively affect the pileus diameter. In addition, AA1
(1 gene), AA2 (1 gene), AA3 (1 gene), and AA14 (1 gene) of the AA family, and GT1
(1 gene), GT15 (1 gene), and GT22 (1 gene) of the GT family were upregulated under
the blue light condition (Figure 4A). Auxiliary activity (AA) classification consists of the
potential ability to help the original GH, PL, and CE enzymes gain access the carbohydrates
encrusted in the plant cell wall [33]. In addition, glycosyltransferases (GTs) influence
growth, development, cell division, and environmental responses [34]. Therefore, we can
suggest that the upregulated CAZyme gene family, such as GHs, AAs, and GTs under blue
light condition, are positively related to pileus development and differently affect the ratio
of pileus diameter to the stipe length.

Using the lignocellulolytic genes of L. edodes annotated by Chen et al. [14], we show
that four (3-glucosidases, one glucose oxidase, and one multicopper oxidase-related gene,
also called GH1/GH3, AA3, and AALl, respectively, were upregulated in the blue light
condition (Figure 4B), and these results corresponded with the CAZyme analysis. As
described above, we showed that the CAZyme and lignocellulolytic genes are upregulated
during the early development stage of L. edodes, induced by blue light, suggesting that
these enzymes play important roles in lignocellulose degradation to provide sufficient
nutrition for the development and differentiation of L. edodes; however, the functions of
these genes still require further research.

In molecular biology, a transcription factor is a protein that controls the rate of tran-
scription of genetic information from DNA to messenger RNA by binding to a specific DNA
sequence [35]. In this study, 10 out of 13 transcription factors were upregulated in the blue
light condition. Among them, six and three C2H2-zf (zinc finger) transcription factors were
up and downregulated in the blue light condition, respectively. In addition, the AT_hook,
CBFD_NFYB_HMF, and HMG_box transcription factors and fungal-specific transcription
factor were upregulated in the blue light condition (Figure 4C). Zinc-finger proteins are the
largest family of transcription regulators and differ widely in their structures and functions
in many species. Many zinc-finger proteins function as a transcription factor, and these
proteins are considered to mainly interact with DNA or chromatin and bind to RNA and
proteins [36-38]. Therefore, C2H2-Zfs not only participate in transcriptional regulation
but also act in RNA metabolism and other biological activities. They are involved in a
broad area of processes, such as growth, development, biotic and abiotic stress responses,
and external stimulus in living organisms, participating not only in transcriptional reg-
ulation but also in RNA metabolism and other biological processes. The AT_hook motif
proteins regulate gene expression through the interaction of the motif with the narrow
minor groove of AT-rich DNA sequences through both local and global changes in the
chromatin structure [39]. AT_hook proteins are involved in meristem maintenance and
flowering regulation [40], leaf longevity [41], and hypocotyl growth [42].

3.4. Validation of the Transcriptome Data by gRT-PCR

To validate the RN Aseq results, the expression levels of selected DEGs for transcription
factors, lignocellulose, and CAZymes were quantified using qRT-PCR analysis. As shown
in Figure 5, the RNA-seq fold change values were basically consistent with the qRT-PCR
expression patterns. Seven DEGs for upregulation and two for downregulation in the
CAZymes overlapped with lignocellulose. Therefore, the duplicated gRT-PCR results for
GH]1, 3, AA1, 2, and 3 in the upregulated DEGs, and GH7 and AA9 in the downregulated
DEGs were removed from Figure 5. The comparison of the RNAseq and qRT-PCR data
implied the accuracy of the sequencing methods (Table S5).
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Figure 5. Expression validation of selected DEGs for CAZyme, lignocellulose, and transcription factor using qRT-PCR in
mushrooms under blue light and dark (no light) conditions. Each relative expression was normalized by the mushroom
Rpl4 housekeeping gene.

GT15 (LE01Gene00748), CE10 (LE01Gene03808), AA14 (LE01Gene(07497) in CAZyme
were observed to have upregulated expression, while AA7 (LE01Gene00046) and GH79
(LE01Gene00946) in CAZyme were downregulated in gqRT-PCR. 3-glucosides (LE01Gene06170,
06300, and 07491) and L-ascorbate oxidase (LE01Gene 08723) were shown to have upregu-
lated expression in lignocellulose, while 1,4-3-cellobiosidase (LE01Gene04829) and endo-
beta-1,4-glucanase (LE01Gene(03338) were downregulated. Interestingly, the upregulated
expression rates under blue light compared to the dark in pileus samples were superior to
those in the stipe sample. As shown in Figure S1, the growth of pilus under blue light was
more vigorous than in the dark. However, the length of the stipe was greater in the dark.
The growth in stipe elongation in the dark may be more significant than under blue light.
That is one indirect reason for the low expression of upregulated DEGs in the stipe. On the
other hand, the upregulated DEGs for transcription factors, such as fungal-specific tran-
scription factor (LE01Gene05969), C2H2-zinc finger transcription factor (LE01Gene07732,
01730, 09749, and 11531), TBP-domain-containing protein (LE01Gene08830), and AT-hook
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transcription factor (LE01Gene 13269), were dominantly expressed in both the pileus and
the stipe.

Generally, the DEG expression of CAZyme increased according to fruit body develop-
ment, but the DEG expression of lignocellulose did not. The downregulated DEGs, AA?7,
GH?79, 1,4--cellobiosidase, and endo-beta-1,4-glucanase were significantly expressed in
the stipe 2 sample under the dark. Remarkably, cell wall degradation enzyme endo-1,4-
glucanase increased its expression in Lentinula edodes under blue light [9], and enzyme
activity increased in Pleurotus eryngii [43]. However, the increase in expression and activity
was determined only at the primordial formation stage. In this study, endo-1,4-glucanase
was observed to be highly expressed in a stipe sample in the dark during fruit body devel-
opment. This may provide additional information for mushroom breeders regarding fruit
body development.

As for transcription factors, seven out of nine upregulated DEGs in the stipe 2 sample
under blue light were detected to have the highest expression. Several studies reported
upregulated expression of transcription factors in mushrooms under blue light. Sakamoto
etal. [44] reported that a fungal-specific transcription factor was upregulated after blue light
exposure at the mycelium stage in Coprinopsis cinerea. C2H2 zf transcription factor was also
reported to have upregulated expression under blue light in Schizophyllum commune [45,46].
C2H2 zf transcription factor had the highest expression in the fruit body compared to the
mycelium, aggregate, and primordia stages [45], and drastically increased the expression
in dikaryon under blue light [46]. Therefore, C2H2 zf transcription factor may be most
expressed in the stipe at stage 2 under blue light.

C2H2 zf transcription factors are considered an abundant family. Shelest [47] stated
that C2H2-like zf is one of three major transcription factor families in fungi. Verma [48]
classified transcription factors into 32 fungal-specific families, and reported an abundance
of C2H2 zf transcription factor from 28 to 112 in fungi. In this study, seven C2H2 zf
transcription factors were used to validate the expression with qRT-PCR. Although four
C2Hc zf transcription factors in upregulated DEGs were vigorously expressed at stipe
2 under blue light, one C2H2 zf transcription factor (LE01Gene(09749) was uniformly
expressed during fruit body development. Moreover, two other C2H2 zf transcriptions
(LE01Gene03510, LE01Gene08925) detected the highest expression in stipe 2 in the dark.
The contradictory results may be caused by the abundant C2H2 zf transcription factors
in mushrooms. Because of the limitations on genome annotations in mushrooms, several
DEGs remain unclear. However, our results may be useful for mushroom breeders and
researchers.

4. Conclusions

In conclusion, we performed RNAseq to identify DEGs involved in blue light-induced
fruit body development in L. edodes. The fruit body formation is involved in cells” mor-
phological and molecular functions such as cell division, cell wall, and the carbohydrate
metabolic process. In the phenotypic analysis, the pileus diameter grew, and the stipe
length was suppressed under the blue light. The transcriptomic analysis using GSEA,
KOG analysis, and KEGG pathways identified categories for the central processes of
molecular biology as upregulated genes, including transcription factors in the BL con-
dition. Among the 13 DEGs in the transcription factor category, 10 DEGs including the
AT_hook, CBFD_NFYB_HMF, and HMG_box transcription factors and the fungal-specific
transcription factor were upregulated in the blue light condition.

CAZyme classifications of the DEGs were conducted to better understand the signifi-
cant DEGs affected by the light sources on the synthesis, metabolism, and recognition of
complex carbohydrates. Selected CAZyme DEGs showed six superfamilies of glycoside
hydrolases (GHs) followed by four auxiliary activities (AAs), three carbohydrate esterases
(CEs), and glycosyltransferases (GTs), which implies a functional change related to the cell
wall polysaccharide metabolism. Furthermore, four 3-glucosidases, one glucose oxidase,
and one multicopper oxidase-related gene were upregulated in the blue light condition
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as DEGs for lignocellulose genes. Interestingly, several DEGs overlapped in both the
CAZyme and lignocellulose genes. These results provide important information to further
our understanding of fruit body development under blue light.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/app11156997 /51, Figure S1: Morphological transforms according to different light cultivation
conditions, Figure S2: Principal component analysis of Multi-sample BAM QC analysis by Qualimap
based on specific features derived from the alignment, including coverage, GC content, insert size
and mapping quality of blue (red circles) and no (blue circles) light conditions., Table S1: Summary of
color difference of pileus under blue light or dark (no light)., Table S2: The list of DEG primers with 2-
fold change under blue light for qRT-PCR, Table S3: The list and annotation of up and downregulated
genes with 2-fold change under blue light, Table S4: The list of the differentially expressed genes
enriched in GSEA analysis, Table S5: The list of the differentially expressed genes related to the
carbohydrate-active enzymes (CAZyme) family, lignocellulose, and transcription factors.
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