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RNA-Seq-based high-resolution linkage map reveals the genetic
architecture of fruiting body development in shiitake mushroom,
Lentinula edodes
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Fruiting body development (FBD) of mushroom-forming fungi has attracted tremendous interest.
However, the genetic and molecular basis of FBD is poorly known. Here, using Lentinula edodes (shiitake)
as a model, we deciphered the genetic architecture underlying fruiting body-related traits (FBRTs) by
combined genomic, genetic and phenotypic data. Using RNA-Seq of fruiting bodies from 110 dikaryons
in a bi-parental mapping population, we constructed an ultra-high-density genetic map of L. edodes
(Lemap2.0) with a total length of 810.14 cM, which covered 81.7% of the shiitake genome. A total of
94 scaffolds of the shiitake genome were aligned to Lemap2.0 and re-anchored into nine pseudo-
chromosomes. Then via quantitative trait locus (QTL) analysis, we disclosed an outline of the genetic
architecture of FBD in shiitake. Twenty-nine QTLs and three main genomic regions associated with
FBD of shiitake were identified. Using meta-QTL analysis, seven pleiotropic QTLs for multiple traits were
detected, which contributed to the correlations of FBRTs. In the mapped QTLs, the expression of 246
genes were found to significantly correlate with the phenotypic traits. Thirty-three of themwere involved
in FBD and could represent candidate genes controlling the shape and size of fruiting bodies. Collectively,
our findings have advanced our understanding of the genetic regulation of FBD in shiitake and
mushroom-forming fungi at large.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Mushroom-forming fungi (Agaricomycetes) are of great impor-
tance in ecology, agriculture, industry and medicine. They repre-
sent an important and sustainable food source, with favorable
medicinal properties [1]. The global production of mushroom-
forming fungi has increased rapidly over the last decades [2].
Mushroom-forming fungi have a high morphological diversity,
arousing curiosity to understand the molecular mechanisms
underlying fruiting body initiation and development [3,4]. In addi-
tion, the morphogenesis and development of fruiting body repre-
sent a key innovation in the evolution of mushroom-forming
fungi [4].
Lentinula edodes, also known as the shiitake mushroom, is one
of the most widely cultivated edible mushrooms, contributing to
about 22% of the world’s total production [5]. L. edodes has
attracted tremendous interest since it could convert a wide variety
of lignocellulosic wastes into high-protein foods with pharmaco-
logical effects [6]. L. edodes has a similar life cycle to other basid-
iomycetes, and produces the typical pileate-stipitate fruiting
bodies (sporophores). Because of its ease of growth and fruiting
under laboratory conditions, L. edodes has also been used as a
model basidiomycete in studies of mushroom genetics and physi-
ology [7].

Triggered by a changing environment (e.g. light, temperature
and nutrient factors, etc.), the induction and development of fruit-
ing bodies of mushroom-forming fungi involve a transition from
simple multicellular hyphae to a complex multicellular fruiting
body initial, a process which is controlled by complicated networks
of transcriptional and translational regulation [1,3,8,9]. A number
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of structural and regulatory genes, including those coding for
hydrophobins, blue light receptors, cyclopropane fatty acyl phos-
pholipid synthase, cell wall-modifying enzymes, and transcrip-
tional regulators, have been characterized to be involved in the
fruiting of model mushroom-forming basidiomycetes such as
Coprinopsis cinerea and Schizophyllum commune [3,8,10]. In L. edo-
des, great efforts were also made to elucidate its fruiting processes,
and a few differentially expressed genes at various developmental
stages have been characterized [11], including priA [12], lac1 and
lac2 [13], Le.hyd1 [14], and Le.flp1 [15]. Gene expression in the
fruiting bodies of shiitake was also profiled by using a whole-
genome approach [7]. Despite advances in this field, most studies
to date have focused on the gene regulation of fruiting body initi-
ation. The development of fruiting body, such as gene regulation of
the elongation of pileus and stipe, is poorly known. The shape and
size of fruiting bodies are genetically determined, and understand-
ing the molecular basis of fruiting body development (FBD) is
important both in biological studies and in commercial
production [3].

The pileus and stipe are the two major parts of the basidiocarp
in most umbrella-shaped mushrooms, including L. edodes. Traits
related to pileus and stipe could reflect the shape of fruiting bodies
from different aspects, and are thus known as fruiting body-related
traits (FBRTs). FBRTs of shiitake are quantitative traits controlled
by multiple genes or quantitative trait loci (QTLs), and the genetic
architectures of which are complicated and largely unknown [16].
QTL mapping is a powerful tool for detecting the genetic architec-
tures of quantitative traits, and could greatly facilitate marker-
assisted selection and accelerate the breeding progress [17,18]. In
mushroom-forming basidiomycetes, QTL mapping of phenotypic
traits was scarce and limited to several cultivated edible mush-
rooms, such as Pleurotus ostreatus [19], Agaricus bisporus [20,21],
and L. edodes [16]. These QTL detections were mainly of low-
resolution and rarely involved in FBRTs. There is an increasing need
to decipher the regulatory network of FBRTs with a higher resolu-
tion in mushroom-forming basidiomycetes. For accurate identifica-
tion and characterization of QTLs, high-density genetic maps are
required in linkage mapping [22]. RNA sequencing (RNA-Seq) that
makes use of next-generation sequencing, is the powerful tool for
discovering large-scale single-nucleotide polymorphisms (SNPs),
and for generation of dense linkage maps for scaffolding of gen-
omes. This method has been widely applied in plants, and enabled
a major technological leap from low-resolution to high-resolution
QTL mapping [17,23,24].

Fruiting body morphogenesis of mushroom-forming basid-
iomycetes is a complicated biological process. Systems genetic
studies have provided a global view of the molecular architecture
of complex phenotypes by combining genomic and genetic data
[25]. QTL mapping could be useful to elucidate the genetic program
of complex phenotypes such as FBRTs. Despite the fact that an
increasing number of mushroom-forming basidiomycetes have
been sequenced or re-sequenced [26], the application of high-
throughput sequencing in genetic studies of mushrooms is still
rare. Herein, the genetic repertoire of the shape of fruiting bodies
was deciphered using L. edodes as a model. An ultra-high-density
genetic linkage map of L. edodes was constructed via high-
throughput RNA-Seq analysis of 110 dikaryons. QTL analysis was
then performed using phenotypic data and the linkage map.
FBD-related genes were disclosed to be candidate genes of the phe-
notypic QTLs. Findings of this study have not only provided
insights into the genetic and molecular basis of FBRTs in shiitake,
but also advanced our understanding of FBD in mushroom-
forming fungi at large.
1642
2. Materials and methods

2.1. L. edodes strains and population

All the tested L. edodes strains and mapping population were
generated and used previously [27]. Briefly, a total of 146 F1
single-spore isolates (SSIs) were randomly sampled from spores
derived from crossing two parental monokaryon strains L205-6
and W1-26. Then, all the 146 SSIs were paired with the monokar-
yon strain 741–15 to produce the population LQ-15 [27]. All the
tested strains were preserved in the Institute of Applied Mycology,
Huazhong Agricultural University.

2.2. Phenotype evaluation

Followed as the cultivation procedures described by Gong et al
[28], fruiting trials of all the 146 dikaryotic strains in LQ-15 were
carried out at Huazhong Agricultural University (Wuhan, China,
114.35�E, 30.48�N). In this study, seven FBRTs (pileus diameter,
PD; pileus thickness, PT; pileus weight, PW; stipe length, SL; stipe
diameter, SD; stipe weight, SW; and the weight of a single fruiting
body, WF), as well as NF (number of fruiting bodies of a single bag),
Y (yield of a single bag), and FP (fruiting bodies precocity) were
evaluated in cultivation trials both in 2012 and 2016. All strains
were allocated in a mushroom house in accordance with the
randomized-block design with two blocks, and six culture bags of
each strain were included in each replication. During the cultiva-
tion trial, only 110 strains could produce >20 fruiting bodies in
each block. Thereby, only these 110 strains in LQ-15 were used
for phenotypic investigation and subsequently transcriptome
sequencing. All the fruiting bodies were harvested while the pileus
was still slightly curled in or just as the partial veil breaks away.
For each strain, each block, phenotypic evaluation of seven FBRTs
were obtained from 20 fruiting bodies from August 2016 to May
2017. From different harvest batches, different bags, these 20
non-malformed fruiting bodies were randomly selected for traits
assessment. A brief description of all the ten surveyed traits was
summarized in Table 1. Based on the same strains, an additional
phenotypic dataset of the ten traits surveyed from September
2012 to May 2013 [28] were also utilized in this study. For simplic-
ity, the phenotypic data of agronomic traits for 2016–2017 were
annotated with the suffix ‘‘2016” and those for 2012–2013 were
annotated with the suffix ‘‘2012”.

SPSS version 22 (SPSS Inc., Chicago, IL, USA) was utilized to per-
form descriptive statistical analysis, and analysis of variance
(ANOVA). For each trait, the phenotypic data were subjected to
normality test (Kolmogorov-Smirnov test). Broad-sense
heritability (H2) was assessed with the formula: H2 = rG

2/[rG
2 +

rG�E
2 /nr + re

2/n], where rG
2 is the genotypic variance, re

2 is the error
variance, rG�E

2 is the variance of genotype and year interaction, n is
the number of replicates in the experiment, and r is the number of
years.

2.3. High-throughput sequencing

Using Illumina HiSeq 2000 platform, the genomes of two
monokaryotic strains L205-6 and W1-26 had been re-sequenced
previously [16]. In the cultivation trial in 2016, only 110 strains
producing >20 fruiting bodies were selected for transcriptome
sequencing. Three mature fruiting bodies from each block of each
strain were collected separately, longitudinal cut into 1–2 mm
thick slices and freezed immediately with liquid nitrogen. For each
strain, the collected slices from six fruiting bodies from two blocks



Table 1
Descriptive statistics of the ten investigated phenotypic traits.

Trait Description Year Max value Min value Mean ± standard error Standard deviation CV a r b

PD (mm) Average diameter of pileus, determined as 2016 55.03 25.22 36.689 ± 0.48 5.03 13.84% 0.404**
the mean of two perpendicular diameters 2012 75.95 35.88 57.368 ± 0.81 8.11 14.14%

PT (mm) Average thickness of pileus 2016 14.44 4.74 8.032 ± 0.16 1.6 20.33% 0.249*
2012 24.36 11.39 17.222 ± 0.25 2.49 14.43%

PW (g) Average weight of pileus 2016 18.16 2.37 6.917 ± 0.25 5.7 38.63% 0.215*
2012 35.29 5.89 19.892 ± 0.63 6.34 31.89%

SL (mm) Average length of stipe 2016 58.4 21.82 32.806 ± 0.59 5.85 18.87% 0.389**
2012 54.93 18.63 34.414 ± 0.68 6.84 19.87%

SD (mm) Average diameter of stipe 2016 17.11 6.78 10.650 ± 0.15 1.67 14.91% 0.373**
2012 22.46 9.83 15.135 ± 0.24 2.4 15.88%

SW (mm) Average weight of stipe 2016 9.52 0.86 2.564 ± 0.12 1.23 47.55% 0.328**
2012 13.51 1.13 4.240 ± 0.21 2.07 48.82%

WF (g) Average weight of the single fruiting body 2016 23.43 1.76 7.191 ± 0.30 3.06 43.26% 0.324**
2012 41.67 5.41 18.795 ± 0.75 7.51 39.97%

NF Average number of total fruiting bodies 2016 73.75 3 28.133 ± 1.23 12.61 45.69% 0.487**
(per/bag) per bag during the whole harvest time 2012 27.83 1 8.289 ± 0.57 5.73 69.19%
Y (g/bag) Total yield per bag 2016 248.28 55.42 171.205 ± 3.75 37.71 23.00% 0.386**

during the whole harvest time 2012 244.21 12.93 127.159 ± 5.98 59.83 47.05%
FP (d) Time interval (in days) from incubation to 2016 233 106 121.318 ± 1.62 15.07 13.97% 0.411**

harvest of the first fruiting body 2012 211 95 132.730 ± 3.00 29.96 22.57%

Note: PD: pileus diameter; PT: pileus thickness; PW: pileus weight; SL: stipe length; SD: stipe diameter; SW: stipe weight; WF: weight of a single fruiting body; NF: number
of fruiting bodies of single bag; Y: yield of single bag; FP: fruiting bodies precocity.

a Coefficient of variation, calculated by dividing the standard deviation by the mean of each trait.
b Correlation coefficient of a particular trait between year 2016 and 2012. *p < 0.05; **p < 0.01
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were then mixed and ground. Total RNA of each strain was
extracted using the InvitrogenTM Trizol Plus RNA Purification kit
according to its protocol. mRNA was then enriched by combining
Oligo (dT) magnetic beads with polyA tail of mRNA. cDNA was syn-
thesized using NEBNext Ultra II RNA Library Prep Kit for Illumina.
Chain-specific transcriptome sequencing was carried out on an
Illumina X-Ten sequencing platform. No less than 4 Gb clean data
were obtained for each strain. RNA extraction, library construction
and sequencing were performed by Wuhan Genoseq Technology
Co., Ltd. All DNA and RNA sequencing data were deposited to Gen-
Bank Sequence Read Archive (SRA) under the accession
PRJNA649389.
2.4. Genotype identification

The raw paired-end reads of 110 dikaryotic strains were
trimmed to remove the adaptors using cutadapt (version 1.13, -e
0.1 -O 5 -m 100) [29]. Trimmomatic (version 0.33, SLIDINGWIN-
DOW:4:15 MINLEN:50) was used to remove low-quality bases to
obtain high-quality clean data [30]. The trimmed clean reads of
L205-6 and W1-26 were aligned to the 0899ss11 genome v1.0 of
L. edodes (hereafter as 0899ss11 genome) (https://genome.jgi.doe.-
gov/Lenedo1/Lenedo1.home.html) via BWA-MEM (version 0.7.15-
r1140, -c 200 -M) [31]. Filtered clean reads of the 110 dikaryotic
strains were aligned to the 0899ss11 genome by using HISAT2
(version 2.1.0, --score-min L,0,-0.2 --pen-noncansplice 1000000)
[32]. SAM files were converted to BAM files by SAMtools (version
1.3.1, with default parameters) [33], and the alignment results
were sorted using Picard (version 1.91, with default parameters).
SAMtools rmdup was then utilized to remove PCR duplicates. For
variants calling, using GATK (version 3.7), SNPs and insertion-
deletions (InDels) were excavated for the 110 dikaryotic strains
and the parental strains by HaplotypeCaller with default parame-
ters (SNP: QUAL < 40, QD < 2.0, MQ < 40.0, FS > 60.0, SOR > 3.0,
MQRankSum < � 12.5, ReadPosRankSum < � 8.0, and InDel:
QUAL < 40, QD < 2.0, MQ < 40.0, FS > 200.0, SOR > 3.0,
MQRankSum < � 12.5, ReadPosRankSum < � 20.0) [34]. To get
high-quality variants, SNPs and InDels were screened using the fol-
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lowing criteria: missing data < 20%, minor allele frequency > 20%,
and polymorphic between L205-6 and W1-26. Since the parental
strains and the tester strain (741–15) were monokaryons, only
bi-allelic SNPs and InDels were reserved in further analysis.

The deduction of genotypes of the SSIs were shown in Fig. 1. At
each locus, the genotype identical to L205-6 is coded as A, while
that toW1-26 is coded as B. Since only bi-allelic loci were reserved,
if a bi-allelic SNP locus is C (cytosine) in L205-6 and T (thymine) in
W1-26, this locus in 741–15 must be either C or T. If its genotype in
741–15 is C, only C/C or C/T would be detected in the dikaryotic
strains in LQ-15, and vice versa. In this case, C/C in the dikaryotic
strain means that the genotype of the corresponding SSI is the
same as L205-6 with a C (coded as A), while C/T means that it is
the same as W1-26 with a T (coded as B). In the case of the geno-
type of 741–15 is T, only C/T or T/T would be detected in LQ-15.
The dikaryotic strain with C/T means that the genotype of the cor-
responding SSI is C (same as L205-6, coded as A), while T/T means
that it is T (same as W1-26, coded as B). The same deduction pro-
cess was used for the other types of bi-allelic variants, and the
independent deduction of genotypes for each locus was performed.
In our previous study, 86 genomic sequence-based InDel markers
were used for electrophoresis-based genotyping and linkage map-
ping in shiitake [16]. To verify the deduction of SSIs genotypes, we
compared these 86 InDel genotypes of the SSIs obtained by this
deduction procedure with the results of electrophoresis-based
genotyping [16].
2.5. Construction of linkage map and anchored genomic scaffolds

After filtering, a total of 69,681 markers including 67,138 SNPs
and 2,543 InDels were retained. To increase the mapping effi-
ciency, we first merged the adjacent SNPs and InDels within 1 kb
into consolidated markers, and only kept one marker for each
1 kb. Therefore, only 826 markers were reserved. To generate a
set of non-redundant markers for genetic map construction, the
exact co-segregated markers in this population were combined
into a recombination bin, and resulted in 488 bin markers. Then,
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Fig. 1. Workflow of genotyping of 110 F1 SSIs. Genotypes of the 110 F1 SSIs were inferred from the genotypes of the 110 dikaryotic strains in LQ-15.
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the LOD (logarithm of odds) score between bin markers was calcu-
lated using the formula:

LOD ¼ log10
R

Rþ NR

� �R

� 1� R
Rþ NR

� �NR
" #

where R = number of recombinants, NR = number of non-
recombinants. The 488 bin markers were assigned into nine linkage
groups (LGs) with LOD > 4. To obtain a preliminary genetic linkage
map, MSTMap [35] was used to sort the markers within each LG and
to calculate the genetic distance among the bin markers. Then, scaf-
folds of 0899ss11 genome were anchored to the linkage map by
ALLMAPS [36] to construct pseudo-chromosomes corresponding
to the nine LGs. The screened SNPs and InDels were sorted accord-
ing to their physical location on the pseudo-chromosomes. To gen-
erate a high-quality genetic linkage map, missing genotypes were
filled according to the procedures described by Xie et al [37].
Finally, MSTMap was used to calculate the genetic distances among
markers within the pseudo-chromosomes, resulting in a final high-
quality genetic linkage map (Lemap2.0). All co-segregated markers
located on the same genetic position were combined into a recom-
bination bin. Using the 86 InDel markers, Lemap2.0 and the previ-
ously constructed genetic map [15] was also compared. Syntenic
relationship between the genetic map and the pseudo-
chromosomes was graphically displayed using Circos [38].

2.6. QTL mapping and meta-QTL analysis

Based on Lemap2.0, genome-wide QTL scanning for phenotypic
traits was performed by composite interval mapping in WinQTL-
cart 2.5 [39]. The parameters of QTL mapping were set to model
6 with a scanning step of 1 cM. For all traits, permutation-based
LOD score thresholds were calculated (p < 0.05). The QTL confi-
dence interval (CI) was defined as the interval between both sides
of the position of LOD peak minus one. QTLs were named in the
format of ‘‘qSD.1.1”, in which ‘‘SD” is the abbreviation of traits
and ‘‘1.1” means the first SD-QTL on chr1. QTL hotspots were iden-
tified manually by searching in a sliding window of 20 cM, in
which at least three adjacent or overlapping QTLs were included
[40]. To narrow the CIs of QTLs, especially for those co-located
QTLs, meta-QTL analysis was performed using BioMercator v2.1
[41]. According to the procedures described by Gong et al [16],
using Lemap2.0 as the consensus map, the most probable number
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of pleiotropic QTLs and their position and the new CIs were deter-
mined by the model with the lowest Akaike information criterion
score. Genes in the CIs of QTLs were then searched to screen for
candidate genes.

2.7. Transcriptome analysis and candidate genes screening

BAM files of RNA-Seq in the 110 dikaryotic strains were used to
calculate the expression level of each gene by StringTie [42]. Raw
counts of each gene were normalized to FPKM (fragments per kilo-
base per million reads). Correlation coefficients (r values, ranged
between �1 and 1) between FPKM values of all genes and pheno-
typic values were calculated using the pearsonr function in the
SciPy package of python (https://www.scipy.org), and r values < 5%
quantile or > 95% quantile indicate significant correlations
(p < 0.05) [43]. A correlation coefficient < 0 indicates a negative
correlation, whereas those > 0 indicate a positive correlation.

Candidate genes controlling targeted traits could be verified by
the correlation between gene expression and phenotypic values
[44]. Therefore, genes in the CIs of meta-QTLs, whose expressions
were significantly correlated with phenotypic values of the trait
(p < 0.05), were identified as putative candidate genes for FBD.
Candidate genes were functionally annotated by using Blast2GO
[45]. GO (Gene Ontology) and KEGG (Kyoto Encyclopedia of
Genes and Genomes) analysis were carried out using WEGO [46]
and KAAS [47]. GO and KEGG enrichment were analyzed by
clusterProfiler [48]. Candidate genes were considered
reliable if they were identified in both phenotypic datasets of
2012 and 2016.
3. Results

3.1. Phenotypic variation of FBRTs in LQ-15

The seven FBRTs and the other three traits in LQ-15 examined in
2016 had a continuous variation (Fig. 2). The phenotypic variations
of surveyed traits in 2012 were also shown in Fig. S1. Except WF,
NF, Y, and FP, the other six FBRTs traits were distributed normally.
The phenotypic performances of all the ten traits investigated in
2012 and 2016 were presented in Table 1. Among the seven FBRTs,
three weight-related traits (SW, PW and WF) had a higher coeffi-
cient of variation than the other four shape-related traits (SD, SL,

https://www.scipy.org


Fig. 2. Frequency distribution of the surveyed traits in LQ-15 of L. edodes in cultivation trial of 2016. For each trait, coefficient of variation was shown as a percentage in the
upper right corner of the histogram.
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PD and PT) in both years. NF also had a relatively high coefficient of
variation. Since the same strains in LQ-15 were cultivated in 2012
and 2016, the performances of the same traits were analyzed. For
all the surveyed traits, significant correlations were found between
the same traits in both years (Table 1). The average yield of
dikaryotic strains in LQ-15 had little difference between 2012
and 2016. The dikaryotic strains were earlier-fruiting, and pro-
duced more but smaller fruiting bodies in 2016 than in 2012.
The phenotypic differences of dikaryotic strains across years was
likely caused by the environmental effect, such as temperature
and humidity.

Correlation analysis and ANOVA results showed that genotype,
year, and their interaction had significant impact on seven FBRTs
(Table S1). The H2 values were able to measure the extent of phe-
notypic variation affected by genetic factors, which ranged from
0.11 for PT to 0.70 for SL in the seven FBRTs. The three pileus-
related traits had lower H2 values as compared to those for stipe-
related traits, indicating that environmental factors influenced
greatly on these traits.

Correlations among different traits in the same year were also
analyzed (Table S2). Significant positive correlations were identi-
fied among the seven FBRTs. In addition, significant negative corre-
lations between NF and the seven FBRTs were observed in both
years. Most of the FBRTs showed the positive correlations with
FP, indicating that strains fruiting late may tend to produce larger
fruiting bodies (Table S2).
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3.2. Bin map construction and alignment of genomic scaffolds

The reference genome 0899ss11 of L. edodes had a size of
45.59 Mb, consisting of 128 scaffolds with a N50 of 690 kb and
L50 of 22 scaffolds. In LQ-15, only 110 strains producing >20 fruit-
ing bodies were selected for transcriptome sequencing. Clean data
from RNA-Seq among these 110 dikaryons varied from 4.00 Gb to
7.59 Gb, with an average of 5.47 Gb. The mapping rate of the clean
data of the 110 dikaryons to the 0899ss11 genome ranged from
74.6% to 86.7%, with a mean of 83.7%. The percentage of coding
sequence covered by the RNA reads, ranged from 69.8% to 74.6%.
For the two parental monokaryons L205-6 and W1-26, 74.1% and
65.6% of clean reads were aligned to the 0899ss11 genome, respec-
tively (Table S3). A total of 174, 332 variants were identified
between L205-6 and W1-26.

In this study, the 110 F1 SSIs were used for linkage map con-
struction, and their genotypes were inferred from the genotypes
of the 110 dikaryotic strains in LQ-15 (Fig. 1). As shown in Dataset
1 (Supplementary material), among 86 InDel markers, 86.5% of SSIs
genotypes obtained from deduction procedure were consistent
with the results of electrophoresis-based genotyping. After vari-
ants calling and filtering, 69,681 markers with allele frequencies
of 0.3 to 0.8, were obtained (Fig. S2). After bin calling and correc-
tion, 488 bins were obtained for linkage analysis.

The total length of the constructed bin map (Lemap2.0) was
810.1 cM, with an average distance of 1.65 cM between adjacent



Table 2
Summary of Lemap2.0 of L. edodes.

Chromosome Physical
length (Kb)

Map
length
(cM)

No. of
scaffolds

Recombination
rate (cM/Mb)

No. of
markers

No. of
bins

Marker density
(per Mb)

Bin
interval
(cM)

Max
interval
(cM)

Mean crossover
frequency

chr1 6297.8 182.1 15 28.9 11,676 92 1854.0 2.00 16.13 1.80
chr2 5626.9 126.0 8 22.4 14,213 86 2525.9 1.48 10.23 1.26
chr3 5000.0 101.2 11 20.2 10,738 64 2147.6 1.61 8.33 1.01
chr4 4198.8 68.9 17 16.4 7784 47 1853.9 1.50 3.68 0.68
chr5 3809.0 61.7 7 16.2 6633 37 1741.4 1.71 9.28 0.61
chr6 3574.5 122.0 12 34.1 5280 72 1477.1 1.72 17.16 1.21
chr7 3489.0 24.8 6 7.1 6243 24 1789.3 1.08 1.84 0.25
chr8 3269.4 85.8 14 26.3 3112 43 951.9 2.04 14.13 1.45
chr9 1962.5 37.7 4 19.2 3955 23 2015.3 1.72 9.28 0.37
Whole 37228.0 810.1 94 – 69,634 488 – – – –
Average 4136.4 90.0 10.4 21.8 7737.1 54.2 1870.5 1.65 10.01 0.96

Fig. 3. Genetic linkage map of L. edodes and distribution of QTLs. The genetic position of bins is shown with a genetic ruler on the left. Bands on the map indicate the bin
markers. The bin markers in red on chr2 and chr4 indicate MAT-A (68.05 cM) and MAT-B (0 cM), respectively. LOD-1 confidence interval is indicated by the length of the QTL
bar, and the position of the LOD peak is represented by the short line in the middle of the QTL bar. QTLs for PW, PT and PD are marked in green; QTLs for SW, SD and SL are in
blue; QTLs for FP are in black; QTLs for WF are in pink; QTLs for NF are in brown; QTLs for Y are in light green; and pleiotropic QTLs identified bymeta-QTL analysis are in red.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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bin markers (Table 2). The distribution of bins on the LGs was
shown in Fig. 3. The size of LGs ranged from 24.8 cM (chr7) to
182.1 cM (chr1), with an average of 90.0 cM (Table 2). Previously,
the mating types of all the SSIs were determined by mating tests
[25]. Here, by genome annotation and homology search, the
MAT-A and MAT-B genes were found to be located on scaffold_1
and scaffold_56, respectively, in accordance with the results of
linkage mapping of mating-type loci A and B (Fig. 3). We also com-
pared the genetic position of the 86 InDel markers in Lemap2.0 and
the previously constructed shiitake genetic map [16]. A good syn-
tenic relationship was found, and only four InDel markers were
discrepant (data not shown).

A total of 94 scaffolds covering 81.7% (37.23 Mb) of 0899ss11
genome were aligned into nine LGs of Lemap2.0, and were re-
anchored into nine pseudo-chromosomes by using ALLMAPS
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(Table 2, Table S4, Supplementary material Dataset 2). Each
pseudo-chromosome contained four to 17 scaffolds. Accordingly,
83.7% (31.16 Mb) of re-anchored scaffolds were oriented. A total
of 17 scaffolds of the 0899ss11 genome were dissected into two
to four parts (Table S5). The distribution of SNP and InDel markers
in the physical map was shown in Fig. S3, and some gaps were
found on all nine pseudo-chromosomes. A high level of collinearity
between genome scaffolds and Lemap2.0 was found (Fig. S4). Over-
whelming majority of the marker orders on LGs were consistent
with their position on the genome. The nine pseudo-
chromosomes included 11,871 annotated genes accounting for
84.4% of the total L. edodes genes. Recombination rates of the nine
pseudo-chromosomes varied from 7.1 cM/Mb to 34.1 cM/Mb, with
an average of 21.8 cM/Mb. Limited crossovers occurred in LQ-15
and large continuous segments derived from the same parent were



Table 3
Meta-analysis of QTLs for fruiting body-related traits of L. edodes.

Meta-QTL a Position
(cM)

Refined
CI (cM)

No.
genes

Genes
with
traits b

Trait QTL ID Chr Position
(cM)

LOD Additive Parental
allele

CI
(cM)

R2

(%)

pq1.1 105.5 100.5–110.5 11 0 SD-2016 qSD.1.1 1 105.5 3.02 �0.49 L205-6 102.1–115 9.0
SW-2016 qSW.1.1 1 105.5 2.95 �0.38 L205-6 102.4–118.3 9.7

pq1.2 157.3 156.6–158.0 1 0 PD-2016 qPD.1.1 1 157.3 3.02 �1.55 L205-6 156.1–158.2 8.5
PW-2016 qPW.1.1 1 157.3 4.33 �0.97 L205-6 156.2–158.2 11.9

pq1.3 166.3 165.3–167.3 139 33 PW-2012 qPW.1.2 1 165.7 2.97 �3.01 L205-6 164.7–168.4 11.2
(cqpw) PW-2016 qPW.1.3 1 166.5 4.69 �0.98 L205-6 164.7–169.8 12.9

PD-2016 qPD.1.2 1 166.5 3.63 �1.65 L205-6 164.7–169.8 10.1
PT-2016 qPT.1.1 1 166.5 7.30 �0.68 L205-6 164.7–168.9 16.8
SL-2016 qSL.1.1 1 166.5 3.69 �2.00 L205-6 163.7–170.6 10.2
WF-2016 qWF.1.1 1 166.5 3.27 �0.99 L205-6 166.4–171.4 9.8

qPD.2.1 76.6 71.3–81.9 5 1 PD-2012 qPD.2.1 2 76.6 3.09 2.71 W1-26 69.7–84.6 11.0
pq2.1 88.0 87.3–88.6 211 67 FP-2016 qFP.2.1* 2 85.5 2.12 5.71 W1-26 84.6–89.6 4.5
(cqfp) FP-2012 qFP.2.2 2 89.3 3.05 9.72 W1-26 85.5–94.1 10.2

PD-2012 qPD.2.2 2 88.3 3.00 2.65 W1-26 86.5–89.3 10.5
NF-2012 qNF.2.1 2 88.3 4.31 �2.14 L205-6 87.0–90.1 13.5

qPT.3.1 77.3 69.3–79.1 53 8 PT-2016 qPT.3.1 3 77.3 4.10 0.49 W1-26 69.3–79.1 8.6
qY.5.1 2.8 0.9–6.1 49 4 Y-2016 qY.5.1 5 2.8 2.86 12.79 W1-26 0.9–6.1 9.6
pq5.1 18.4 17.5–19.3 15 4 PD-2016 qPD.5.1 5 18.4 3.58 �1.65 L205-6 13.3–20.2 9.9

PT-2016 qPT.5.1 5 18.4 7.43 �0.69 L205-6 17.2–20.2 17.0
PW-2016 qPW.5.1 5 18.4 4.20 �0.93 L205-6 15.8–20.2 11.4
WF-2016 qWF.5.1 5 18.4 3.30 �1.03 L205-6 15.9–19.3 10.4
FP-2016 qFP.5.1 5 18.4 2.20 �4.86 L205-6 15.1–24.9 7.7

pq5.2 25.0 23.3–26.8 411 74 PW-2016 qPW.5.2 5 23.9 3.95 �0.90 L205-6 20.2–27.7 10.8
PD-2016 qPD.5.2 5 25.8 3.48 �1.61 L205-6 20.2–27.6 9.7
SD-2016 qSD.5.1 5 24.8 2.99 �0.49 L205-6 21.5–27.6 9.0
WF-2016 qWF.5.2 5 25.8 2.69 �0.93 L205-6 20.2–27.9 8.6

qSD.7.1 12.9 5.5–16.5 419 55 SD-2016 qSD.7.1 7 12.9 3.17 0.53 W1-26 5.5–16.5 9.5
pq8.1 48.1 46.6–49.7 1 0 SD-2012 qSD.8.1 8 48.1 3.08 �1.50 L205-6 46.7–51.0 11.4

SW-2012 qSW.8.1 8 48.1 3.75 �1.43 L205-6 46.5–51 13.9

* qFP.2.1 was a suggestive locus, since the LOD of this QTL was over 2.0, but lower than permutation-based thresholds (2.15).
Chr was chromosome, LOD was the logarithm of odds, and CI was the QTL confidence interval.

a Pleiotropic QTLs were abbreviated as pq.
b Number of genes which expression levels were identified to be significantly correlated with the phenotypic traits.
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observed in the SSIs (Fig. S5). The crossover frequency per LG per
individual varied from 0.2 to 1.8, with an average of 0.96 (Table 2).

3.3. QTL mapping of FBRTs

Based on Lemap2.0, the phenotypic data of the ten traits sur-
veyed in 2012 and 2016 were used to detect seven and 22 QTLs,
respectively, and most of them were year-specific (Table 3). One
consensus PW-QTL cqpw was identified in both years, contributing
to 11.2% and 6.7% of the phenotypic variation of PW, respectively.
The other consensus QTL cqfp for FP was also identified in both
years. The 29 QTLs were distributed on six LGs, explaining 4.5%
to 17.0% of the phenotypic variation. Twenty-four of these QTLs
were FBRT-QTLs, while five of them were for the other three traits.
Fourteen QTLs for pileus-related traits were identified and seven
QTLs for stipe-related traits were detected. Only part of phenotypic
variation of investigated traits could be explained by the mapped
QTLs (Table S6), which suggests that the existence of other unchar-
acterized genomic loci associated with FBD.

On chr1, chr2 and chr5, three QTL hotspots were identified, on
which most FBRT-QTLs were located (Fig. 3, Table 3). The QTL hot-
spot on chr1 spanned 15.3 cM (156.1–171.4 cM) and mainly
contained QTLs for pileus-related traits (Fig. 3). All the eight QTLs
showed negative effects, indicating that their favorable alleles
were derived from the parental strain L205-6. The stable QTL cqpw
was included in this hotspot region. The QTL hotspot on chr2 was
located in the region of 69.7 cM to 94.1 cM and contained five QTLs
for three traits. The consensus FP-QTL cqfp was located in this hot-
spot region. On chr5, the third QTL hotspot was mapped on the
1647
region of 13.3 cM to 27.9 cM (Fig. 3). A total of nine QTLs with
negative effects were included in this hotspot region. This QTL hot-
spot was found to be associated with multiple traits, such as
pileus- and stipe-related traits.

To further illustrate the results of QTL mapping, QTLs for differ-
ent traits with overlapping CIs were considered to be one pleiotro-
pic QTL. In addition, meta-QTL analysis was performed to clarify
the CIs of the pleiotropic QTLs. The 29 QTLs were refined into 11
meta-QTLs, seven of which were pleiotropic loci (Table 3). Each
pleiotropic QTL included two to six QTLs. The CIs of the seven
pleiotropic QTLs were also narrowed down, varied from 1.4 cM
to 10.0 cM, with an average of 3.3 cM. Six pleiotropic QTLs
(pq1.1, pq1.2, pq1.3, pq5.1, pq5.2 and pq8.1) were integrated from
QTLs with all favorable alleles derived from L205-6.

3.4. Screening of QTL candidate genes

A total of 1,315 annotated genes were identified in the CIs of the
11 meta-QTLs (Table 3). Correlation analysis between FPKM and
phenotypic values of these 1,315 genes identified significant corre-
lations between the expression of 246 genes and the phenotypic
values of the target traits (Table S7). Among the 246 expression-
phenotype-associated genes, 106 genes were associated with mul-
tiple traits (Table S7). The 246 genes were then functionally anno-
tated by Blast2GO. GO terms of molecular function mainly covered
catalytic activity, binding, molecular function regulator, trans-
porter activity and transcription regulator activity, whereas those
of biological process mainly contained metabolic process, cellular
process, regulation of biological process, biological regulation,
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response to stimulus and signaling (Fig. S6). GO and KEGG enrich-
ment analysis were employed for functional annotation for the 246
phenotype-specific expressed genes. Results demonstrated that GO
terms of molecular function were enriched in 31 categories and
those of biological process were 43 (p < 0.05) (Table S8). Five
enriched KEGG pathways were detected in the 246 genes
(p < 0.05) (Table S9). As for the reliable candidate genes of QTLs,
47 genes and 36 genes were respectively detected to be associated
with PW and FP in both the 2012 and 2016 datasets, with gene
expressions significantly correlated with the corresponding pheno-
typic values (Table S10 and S11). Seven out of the 83 genes (jgi.p|
Lenedo1|1157672, jgi.p|Lenedo1|1040279, jgi.p|Lenedo1|1206258,
jgi.p|Lenedo1|1164760, jgi.p|Lenedo1|1174308, jgi.p|Lenedo1|
1031698 and jgi.p|Lenedo1|1077466), deserved further study,
since their functions were relevant to FBD (Table 4). For instance,
the gene encoding the cyclase-associated protein was found to be
an important candidate gene for PW. In addition, several important
candidate genes (such as those encoding fasciclin-like protein and
PCI-domain-containing protein), which were reported to be
involved in FBD [1,15], were also identified (Table 4).
4. Discussion

4.1. High-density linkage map and chromosome-level genome

In view of its importance in research and the industry of
mushroom-forming fungi, the genetics, genomics and breeding of
L. edodes have been extensively studied. Mainly based on anony-
mous and poorly informative PCR-based markers, several genetic
maps of L. edodes have been constructed over the past decade
[16,49,50]. Several genome sequences of L. edodes have also been
released [51,52]. However, until now, there is no L. edodes genome
that can correspond to the chromosomal level, and integrative
studies combining physical mapping and genetic mapping are
unavailable in L. edodes. As a result, the practical use of these
genetic and genomic resources is very limited, and the genetic pro-
gram of complex phenotypes, such as traits related to FBD, remains
to be elucidated. In this study, we constructed a second-generation
genetic linkage map of L. edodes (Lemap2.0) via high-throughput
genotyping by sequencing-based approaches. We then aligned 94
scaffolds of the genome published by JGI to Lemap2.0 and re-
assembled nine pseudo-chromosomes in shiitake for the first time.

In most mushroom-forming fungi, heterokaryotic or dikaryotic
strains are indispensable for forming fruiting bodies from which
phenotypic data of traits (such as FBRTs) are surveyed [16]. F1 pro-
genies such as monokaryotic SSIs are widely used for genotyping
and construction of genetic maps. The population inconsistency
between the mapping population and trait segregation population
causes a large amount of workload in genetic mapping of
mushroom-forming fungi. Here, we propose an efficient method
to infer the genotype of SSIs from transcriptome sequencing of
dikaryotic strains. To verify this genotypes deduction, we com-
pared 86 InDel genotypes of the SSIs obtained by this deduction
procedure with our previous data [16]. The results of 86.5% of InDel
genotypes of SSIs obtained from deduction procedure were consis-
tent with electrophoresis-based genotyping, suggestive of the
robustness of this deduction of SSIs genotypes. Its validity was fur-
ther verified by the high syntenic relationship between the genetic
position of the 86 InDel markers in Lemap2.0 with that in previ-
ously constructed shiitake genetic map [16]. Errors in genotype
calling and alignment, as well as the location of some InDel mark-
ers in intergenic regions, which may account for the inconsistency
between these two genotyping strategies. To increase the mapping
efficiency, the recombination bin strategy was used in linkage map
construction. Since the cultivars of L. edodes in China are closely
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related [53], the polymorphism between the two parental strains
L205-6 and W1-26 was low. Limited recombination events have
occurred in the artificial bi-parental population LQ-15. Thereby, a
total of 69,634 markers were grouped into only 488 recombination
bins, with highly redundant markers in each bin. Similarly in Heri-
cium erinaceus, a relatively small number of recombination events
were occurred in a biparental population, and each recombination
bin contained massive SNPs [54]. A high collinearity between the
genome assemblies and Lemap2.0 indicates that both this genetic
map and genome assembly are of high fidelity. The accuracy of
Lemap2.0 was also verified by mapping of the mating type loci
and InDel markers. Compared with the constructed shiitake
genetic maps, Lemap2.0 was highly saturated and could be used
as a powerful tool for QTL mapping. More importantly, the integra-
tion of the genome assembly and Lemap2.0 could accelerate the
identification of compelling candidate genes. Although the molec-
ular marker dataset was from transcriptome sequencing of the
mature fruiting bodies, 81.7% of the L. edodes genome was assem-
bled into nine pseudo-chromosomes, which contained 84.4% of all
annotated genes. To our knowledge, this is the first chromosome-
level genome assembly of shiitake. A high-quality reference gen-
ome is beneficial for research of the functional genome of L. edodes.
Overall, the newly constructed Lemap2.0 and improved assembly
could be used as a reference in future shiitake genetic, genomic,
and breeding studies.

4.2. QTLs for fruiting body development

FBD of mushroom-forming fungi has been attracting a lot of
attention [3,4]. However, the genetic underpinnings for FBD of
mushroom-forming fungi are poorly understood due to the com-
plicated biological process involved [1]. In the present study, using
shiitake as a model, quantitative genetics was employed to reveal
the genetic repertoire for fruiting body-related traits at the
genome-wide level.

Obtained via genetic mapping, information of the distribution
of QTLs provides a basic outline for the genetic architecture of
FBD in L. edodes. It is common for the presence of QTL clusters
for closely related traits, such as FBRTs surveyed here. As expected,
most FBRT-QTLs were clustered in three hotspots on chr1, chr2 and
chr5. The shape and size of shiitake fruiting body are regulated by a
few main regions in the genome. The QTLs co-localization for
FBRTs contributed to the genetic basis for phenotypic correlations
between these traits. This result is consistent to that reported in P.
ostreatus [19], A. bisporus [20] and our previous study in L. edodes
[16]. Pleiotropy and close linkage between QTLs controlling differ-
ent traits are the major reasons for trait correlations [55]. In most
typical pileate-stipitate fruiting bodies of mushroom-forming
fungi, the stipe structurally supports the pileus, like in the basidio-
carp of shiitake. And the hierarchical structure among FBRTs may
represent one possible cause of gene pleiotropy, where a gene is
responsible for a trait which leads to, or partly contributes to,
another trait [55].

In this study, the segregating population LQ-15 was generated
by mated the F1 SSIs with a tester monokaryon. Thereby, the
mapped QTLs in LQ-15 reflect the allelic substitution effect of the
segregating allele with their interactions with the constant allele
from the tester nucleus [16]. Actually, the significant effects of
genetic background of tester monokaryon on the expression of
traits and QTLs detection had been reported in L. edodes and other
mushrooms [16,19–21]. This presents the challenge for accurate
identification of QTLs.

In mushroom-forming fungi, the complex quantitative traits are
sensitive to environmental factors. Thereby, the identification of
stable QTLs underlying phenotypic traits across multiple environ-
ments is quite challenging. In contrast to previous studies in shi-



Table 4
Important QTL candidate genes and their functions in fruiting body development.

Functional category QTL Gene name Functional description KEGG description GO description

Environmental response pq5.2 jgi.p|Lenedo1|1114176 hexose transporter NA NA
pq2.1 jgi.p|Lenedo1|

1157672a
opt oligopeptide transporter NA NA

Signal transduction pq1.3 jgi.p|Lenedo1|
1040279b

cyclase-associated protein Membrane trafficking; Exosome NA

qPT.3.1 jgi.p|Lenedo1|88319 calcium activated cation channel NA Ion channel activity, ion transport
qSD.7.1 jgi.p|Lenedo1|1194336 WD40 repeat-like protein NA NA
pq1.3 jgi.p|Lenedo1|

1206258b
WD40 repeat-like protein NA NA

pq5.2 jgi.p|Lenedo1|1114625 WD40 repeat-like protein RNA transport Cellular response to osmotic stress
Transcription regulation pq1.3 jgi.p|Lenedo1|538809 transcription factor NA Regulation of transcription, DNA-templated

qPD.2.1 jgi.p|Lenedo1|1032489 HD1 homeodomain mating-type protein Le.a1-2 NA Regulation of transcription, DNA-templated
pq2.1 jgi.p|Lenedo1|

1164760a
Transcription and mRNA export factor NA Transcription coactivator activity

pq2.1 jgi.p|Lenedo1|26471 myb3r transcription factor Transcription factors DNA binding
pq2.1 jgi.p|Lenedo1|30321 ace1 transcription factor NA Regulation of transcription, DNA-templated
pq5.2 jgi.p|Lenedo1|1067568 Chromatin modification-related protein EAF7 NA Regulation of transcription, DNA-templated
qSD.7.1 jgi.p|Lenedo1|305037 predicted protein NA Regulation of transcription, DNA-templated

Protein degradation pq5.2 jgi.p|Lenedo1|1043151 e3 ubiquitin-protein ligase rnf13-like Ubiquitin system NA
pq2.1 jgi.p|Lenedo1|1076755 PCI-domain-containing protein Ubiquitin system NA

Cell cycle regulation pq1.3 jgi.p|Lenedo1|
1174308b

cell cycle control protein NA NA

pq1.3 jgi.p|Lenedo1|1093770 TPR-like protein Cell cycle, Cell cycle - yeast, Meiosis - yeast Regulation of mitotic cell cycle
Cell adhesion qSD.7.1 jgi.p|Lenedo1|1160703 fasciclin-like protein NA NA

qSD.7.1 jgi.p|Lenedo1|1044962 cell adhesion protein byn-1 NA NA
Cell wall remodeling (CAZymes) qY.5.1 jgi.p|Lenedo1|1057255 glycoside hydrolase family 3 protein Starch and sucrose metabolism NA

pq5.2 jgi.p|Lenedo1|1101195 glycoside hydrolase family 17 protein NA NA
pq5.2 jgi.p|Lenedo1|1101211 glycoside hydrolase family 79 protein NA NA
pq5.2 jgi.p|Lenedo1|881996 glycoside hydrolase family 61 protein NA Hydrolase activity
pq2.1 jgi.p|Lenedo1|

1031698a
glycoside hydrolase family 79 protein NA NA

qSD.7.1 jgi.p|Lenedo1|1205574 glycoside hydrolase family 47 protein Various types of N-glycan biosynthesis NA
Others pq2.1 jgi.p|Lenedo1|1164647 cytochrome p450 NA NA

pq2.1 jgi.p|Lenedo1|1032363 cytochrome P450 Steroid biosynthesis;Cytochrome P450 NA
pq2.1 jgi.p|Lenedo1|1164679 cytochrome p450 NA NA
qSD.7.1 jgi.p|Lenedo1|1119574 cytochrome P450 NA NA
qSD.7.1 jgi.p|Lenedo1|1045197 cytochrome p450 NA NA
pq2.1 jgi.p|Lenedo1|

1077466a
BAR-domain-containing protein Endocytosis; Fc gamma R-mediated phagocytosis Establishment or maintenance of cell

polarity regulating cell shape
pq5.2 jgi.p|Lenedo1|1168070 septin family protein NA GTP binding

a Genes detected as FP candidate genes in both years.
b Genes detected as PW candidate genes in both years.
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Fig. 4. A process of fruiting body development in L. edodes. Shiitake senses changing environmental conditions and then triggers fruiting body development. Many QTL
candidate genes are relevant to fruiting body development, including those involved in environmental response, signal transduction, transcription regulation, and fruiting
body morphogenesis and development.
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itake [16], where traits were mainly phenotyped in a single envi-
ronment, we performed QTL analysis based on phenotypic data
from two years of cultivation trials in this study. A total of 29 QTLs
for ten traits were disclosed, but only two (6.9%) consensus QTLs
(cqfp and cqpw) were identified in both years, indicating strong
effects of environment on FBD. Moreover, this percentage of stable
loci is lower than that in A. bisporus [20] and could be attributed to
the fact that the fruiting trials of A. bisporus were carried out at
growing rooms with well-controlled environments [20], whereas
L. edodeswas usually cultivated in simple mushroom houses under
varied environments [28]. The identification of stable QTLs is chal-
lenging because each locus has only minor phenotypic effects as
well. In this study, no QTL could attribute to over 20% of the phe-
notypic variation, making it difficult to identify these loci simulta-
neously in different years.

For breeding purposes, findings of QTL mapping have potential
to facilitate the genetic improvement of shiitake cultivars. In par-
ticular, the stable QTL pq1.3 is a pleiotropic locus for pileus weight,
pileus diameter and the weight of a single fruiting body, making it
an important locus for genetic improvement of shiitake pileus. For
these three traits, the additive values of pq1.3 had the same sign,
and only one recombination bin (c01b078) was included in the
confidence interval. It is expected that this bin marker can be used
in marker-assisted selection to increase the genetic improvement
efficiency of the shiitake pileus.

4.3. Candidate genes involved in fruiting body development

Fruiting body is the most complicated multi-cellular structure
in fungi, and many genes are involved in FBD, including those func-
tion in environmental response, signal transduction, transcription
regulation, cell wall remodeling, protein degradation, cell cycle
regulation and cell adhesion [1,3,8,56]. In our previous study, some
QTLs associated with FBRTs in shiitake had been identified based
on the previously constructed genetic map [16]. However, due to
a shortage of genome-anchored markers, the identification of can-
didate genes in the CIs of QTLs was greatly limited. Here, taking
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advantage of the alignment of genome assembly and Lemap2.0,
genes within these identified FBRT-QTLs could be scanned directly.
Ten fruiting body-related traits were surveyed here, and there
could be connections between these genes and their traits. Corre-
lation analysis between gene expression and phenotypic traits
was employed to refine the candidate genes.

FBD is triggered by environmental factors [3] and sensed by
fungi, which transduce the signals into cell (Table 4). The gene
jgi.p|Lenedo1|1114176 within the CI of meta-QTL pq5.2 encodes a
hexose transporter that is induced by different levels of glucose
in yeast [57]. The gene jgi.p|Lenedo1|1157672 encoding opt
oligopeptide transporter. In fungi, oligopeptide transport plays
important roles in sexual differentiation, mating and pheromone
sensing [58]. Ca2+ signaling plays regulatory role in primordium
differentiation and stipe development of P. ostreatus [59]. The gene
jgi.p|Lenedo1|88319 encoding calcium activated cation channel
may function in Ca2+ signaling of L. edodes.

Seven QTL candidate genes may be involved in signal transduc-
tion in the course of FBD (Table 4). The gene jgi.p|Lenedo1|1040279
encodes a cyclase-associated protein, which is involved in signal
transduction of actin polymerization and related to vesicle traffick-
ing and cytoskeletal formation [60], and is also important in fungal
morphogenesis [61–63]. Thus, jgi.p|Lenedo1|1040279 deserves
further functional analysis. WD40 repeat protein provides a plat-
form for the interaction and assembly of several proteins into a sig-
nalosome, and has diverse functions in fungi, mainly involved in
growth, cell differentiation and development [64]. Three genes
(jgi.p|Lenedo1|1194336, jgi.p|Lenedo1|1206258 and jgi.p|Lene-
do1|1114625) encoding WD40 repeat-like proteins were identified
as QTL candidate genes here (Table 4).

Transcriptional regulation is essential for FBD in fungi [56], and
transcription factors govern changes in gene expression during
FBD. The gene jgi.p|Lenedo1|1032489 encoding HD1 home-
odomain mating-type protein of L. edodes, which serves as tran-
scription factor regulating various aspects of FBD in
Basidiomycota [65]. Three other genes also code for transcription
factors (jgi.p|Lenedo1|538809, jgi.p|Lenedo1|26471 and jgi.p|Lene-
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do1|30321), and three others (jgi.p|Lenedo1|1164760, jgi.p|Lene-
do1|1067568 and jgi.p|Lenedo1|305037) encode proteins whose
function are involved in regulation of transcription (Table 4).

Cell-to-cell adhesion in fungal multicellularity is important in
3-dimensional structure of fruiting body [66]. The gene jgi.p|Lene-
do1|1044962 encodes cell adhesion protein byn-1. The gene jgi.p|
Lenedo1|1160703 encodes a fasciclin-like protein that is capable
of promoting cell adhesion and participates in cellular differentia-
tion and development during fruiting body formation in L. edodes
[15]. Two genes (jgi.p|Lenedo1|1174308 and jgi.p|Lenedo1|
1093770) playing role in cell cycle regulation are also detected as
QTL candidate genes.

Protein degradation is required for FBD in filamentous ascomy-
cetes [56]. Proteins encoded by two genes (jgi.p|Lenedo1|1043151
and jgi.p|Lenedo1|1076755) are involved in the ubiquitin system
that takes part in protein degradation (Table 4). Carbohydrate-
active enzymes (CAZymes) play vital roles in fungal cell wall
remodeling during FBD [1]. Six CAZymes were found to be QTL can-
didate genes here (Table 4).

Five genes encoding cytochrome P450 were found within pq2.1
and qSD.7.1 (Table 4). Cytochrome P450 is related to FBD in L. edo-
des [67,68]. In particular, eln2 encodes a novel type of cytochrome
P450 enzyme in C. cinerea, which affects stipe elongation during
FBD [69]. The gene jgi.p|Lenedo1|1077466 encodes a BAR-
domain-containing protein, which regulates fungal morphogenesis
[70,71]. The gene jgi.p|Lenedo1|1168070 encodes a septin family
protein, which has been shown to be involved in stipe cell elonga-
tion in C. cinerea [72].

Many enriched GO terms were related to FBD. GO:0071470 (cel-
lular response to osmotic stress), GO:0016620 (oxidoreductase
activity, acting on the aldehyde or oxo group of donors, NAD or
NADP as acceptor), and GO:0006457 (protein folding) were proba-
bly involved in environmental response. GO:0000281 (mitotic
cytokinesis), GO:0007346 (regulation of mitotic cell cycle),
GO:0045144 (meiotic sister chromatid segregation), and
GO:0044774 (mitotic DNA integrity checkpoint) were concerned
with cell cycle regulation. GO:0045893 (positive regulation of tran-
scription, DNA-templated) was related to transcription regulation
(Table S8). Three of the five enriched KEGG pathways might be rel-
evant with protein metabolism, i.e., ko00290 (Valine, leucine and
isoleucine biosynthesis), ko00260 (Glycine, serine and threonine
metabolism), and ko00270 (Cysteine and methionine metabolism)
(Table S9).

Collectively, findings of candidate genes provided the more
detailed view on FBD in shiitake (Table 4, Fig. 4). The genes
involved in stress response and signal transduction sense the envi-
ronmental signals, and play an important role in fruiting body ini-
tiation. In the stage of transcription regulation, a number of
transcription factors play critical role in transcription regulation
of fruiting body formation. Finally, the genes involved in protein
degradation, fungal cell wall remodeling, cell adhesion and the
critical cell cycle regulation serve the functions in fruiting body
morphogenesis and development in shiitake.
5. Conclusions

In summary, we constructed an ultra-high-density genetic map
and re-assembled a chromosome-level genome of L. edodes via
high-throughput genotyping. Using systems genetic analysis, we
then disclosed the genetic loci and candidate genes for fruiting
body-related traits, and provided a global view of the genetic and
molecular basis for fruiting body development of shiitake. The
newly generated reference genome and genetic map would greatly
expand the toolbox for biological studies in L. edodes. Findings of
1651
this study could also advance our understanding of fruiting body
development in mushroom-forming fungi at large.
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