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A B S T R A C T

Hericium erinaceus is a well-known culinary and medicinal mushroom in China. The biological and genetic
studies on this mushroom is rare, thereby hindering the breeding of elite cultivars. Herein, we performed de novo
sequencing and assembly of H. erinaceus monokaryon CS-4 genome using the Illumina and PacBio platform. The
generated genome was 41.2 Mb in size with a N50 scaffold size of 3.2 Mb, and encoded 10,620 putative pre-
dicted genes. A wide spectrum of carbohydrate-active enzymes, with the total number of 341 CAZymes, involved
in lignocellulose degradation were identified in H. erinaceus. A total of 447 transcription factors were identified.
This present study also characterized genome-wide microsatellites and developed markers in H. erinaceus. A
comprehensive microsatellite markers database (HeSSRDb) containing the information of 904 markers was
generated. These genomic resources and newly-designed molecular markers would enrich the toolbox for bio-
logical and genetic studies in H. erinaceus.

1. Introduction

Mushrooms have been consumed for their nutritional values and
health-promoting properties for millennia [1]. Global mushroom pro-
duction has increased rapidly last decades and is expected to further
increase in future due to their importance in industry, agriculture,
medicine, health, and their environmental and socio-economic impacts
[2]. A well-known culinary and medicinal mushroom Hericium erinaceus
(Bull.) Pers., is also named as Lion's Mane, Monkey's mushroom, Ya-
mabushitake in Japanese, and Houtou in Chinese. As a saprotrophic
basidiomycete, H. erinaceus is capable of digesting cellulose and lignin,
and could be grown using various plant material [3].

As one of the most widely cultivated edible mushrooms, H. erinaceus
has a long history of usage in traditional Chinese medicine in Asia,
where its artificial cultivation in large quantities has been developed
[4]. H. erinaceus produces numerous bioactive compounds, including
polysaccharides, proteins, lectins, phenols, and terpenoids [5]. In par-
ticular, erinacines and hericenones from cultured mycelia and fruiting
bodies respectively, had been found to stimulate nerve growth factor
synthesis, and displayed promising application in preventing and
treating senile dementia such as Alzheimer's and Parkinson's disease
[3,6]. Furthermore, H. erinaceus has attracted tremendous interest for
its multiple pharmacological effects, including antiaging,

anticarcinogenic, antioxidant, immunomodulatory and neuroprotective
activities [5,7,8].

Owing to the outstanding health-promoting properties, multiple
studies have focused on the extraction, function identification and
clinical application of bioactive compounds in H. erinaceus [8,9]. In
sharp contrast, the molecular biological and genetic study on H. eri-
naceus is rare. The availability of high-quality genomic sequence greatly
aids the identification of functional genes and genetic improvement of
cultivars [10]. Recently, Chen et al. [11] reported a draft genome of H.
erinaceus Herl. The size of this genome was 39.35Mb, consisting of 519
scaffolds with an N50 of 538kb. The genes responsible for the bio-
synthesis of bioactive metabolites of H. erinaceus were then identified
[11,12]. However, the genome assembly of H. erinaceus Herl was cur-
rently unavailable. Other than these, the genetic and molecular tool is
not yet deployed in its breeding programs. The huge knowledge gaps on
biological and genetic studies hindered the sustainable development of
H. erinaceus industry.

Microsatellites, also known as simple sequence repeats (SSRs), are
tandemly repeated motifs, which are abundantly and broadly dis-
tributed across prokaryotic and eukaryotic genomes [13]. Length
polymorphism of SSRs derives from the addition or deletion of repeat
units during DNA replication, repair or recombination after slipped-
strand mispairing [14]. SSRs are found in both the protein-coding and
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non-coding regions of genes, and have been involved in gene regula-
tion, phenotypic variation, and evolution [15–17]. The genome-wide
characterization of the SSRs distribution is important to advance our
understanding of genome organization [18,19]. In addition, SSRs are
considered to be ideal for designing PCR-based markers in genetic
studies because they are highly polymorphic, inherited in a co-domi-
nant manner, and highly abundant dispersing throughout the genomes
[20]. Genome-wide characterization of the SSRs provides the founda-
tion for marker development. With the development of sequencing
technology, massive DNA-sequence databases of macro-fungi were ac-
cumulated [21], which provides an unprecedented opportunity for the
development of large-scale SSR markers. In fact, SSR markers had been
designed for several mushrooms after releasing the genome sequences,
such as Laccaria bicolor [17], Tuber melanosporum [19], Flammulina
velutipes [22], and Lentinula edodes [23]. However, genome-wide SSRs
distribution and the development of SSR markers has not yet docu-
mented in H. erinaceus.

Herein, with the combination of Illumina and PacBio sequencing
strategy, the genome of H. erinaceus monokaryon CS-4 was de novo
sequenced and assembled. We then performed gene function analysis
and annotated genes involved in lignocellulose degradation and sexual
recognition. The types of transcriptional factors (TFs) were also ana-
lyzed. In addition, genome-wide microsatellites were characterized, and
further used for developing microsatellite markers in H. erinaceus.
Collectively, the aim of this study is to develop foundational genomic
and genetic resources that could be used in further molecular genetics
analysis and breeding in H. erinaceus.

2. Methods and materials

2.1. Fungal strains

In this study, the H. erinaceus dikaryon strain HeCS was provided by
Prof. Bo Wang (Sichuan Academy of Agricultural Sciences, China) and
confirmed by the fruiting trial. Then, the monokaryon strain CS-4 was
derived from protoclones of HeCS following the method of Zhang et al.
[24]. In addition, the strain CS-4 was molecular identified by ITS
analysis. The haploidy of CS-4 was determined under a microscope
based on the absence of clamp connections. The H. erinaceus strains
HeCS (preservation number: CCTCC AF 2018028) and CS-4 (CCTCC AF
2018025) were deposited in the China Center for Type Culture Col-
lection. Vegetative mycelium of CS-4 was cultured in liquid MEA
medium (3% malt extract, 0.3% soya peptone) for 12 days at 25 °C in
darkness. Then, CS-4 mycelia were separated from the culture medium,
frozen in liquid nitrogen and ground to a fine powder for genome se-
quencing. Genomic DNA of CS-4 was extracted from freeze-dried my-
celia using improved sodium dodecyl sulfate method, and proteinase K
was added in the extraction buffer. Prior to sequencing, genomic DNA
was also cleaned up according to PacBio recommendations of a high-
salt low-ethanol wash to remove excess polysaccharides.

2.2. De novo sequencing and genome assembly

The genome of monokaryon CS-4 was de novo sequenced by high-
throughput Illumina HiseqX-Ten and PacBio RSII long-read sequencing
platform (PacBio P6-C4) at Shanghai OE Biotech. Co., Ltd. The DNA
library with 350 bp inserts was constructed and sequenced under
Illumina HiseqX-Ten. For PacBio RSII platform, a 20 kb library was
generated and sequenced. The genome size of H. erinaceus CS-4 was
estimated by the k-mer method [25] using sequencing data from the
Illumina DNA library. Quality-filtered reads were subjected to 17-mer
frequency distribution analysis using the Jellyfish v2.2.10 [25]. Then,
the genome size, heterozygosity and repeat content were estimated by
GenomeScope web tools [26]. The genome size of CS-4 was estimated
to be 39, 859, 365 bp, with repeat sequences covering 18.4% of the
whole genome. The heterozygosity rate of the CS-4 genome was

estimated to be 0.02% (Fig. S1).
The genome of CS-4 was de novo assembled in three steps. The de

novo assembly of contigs was performed with FALCON (version 0.7.0)
[27]. Briefly, the longest 40× reads were selected as “seed” reads for
error correction (“pre-assembly”). Pre-assembly in FALCON uses DA-
Ligner to do all-by-all alignments of the raw reads. The FALCON as-
sembly resulted in 100 primary contigs. The initial polishing was per-
formed with Arrow (included in the FALCON-Unzip) exclusively using
PacBio long reads, and then use SSPACE-Longreads to scaffold the
contigs. Finally, Pilon (v 1.23) [28] was utilized to further correct the
PacBio-corrected contigs with accurate Illumina short reads, and to
generate the genome assembly of H. erinaceus CS-4. The completeness
of CS-4 genome assembly was evaluated using the BUSCO 3.1.0
(Benchmarking Universal Single-Copy Orthologs) with comparison to
lineage dataset fungi_odb9 (Creation date: 2016-10-21, number of
species: 85, number of BUSCOs: 290) [29].

Since the genome assembly of H. erinaceus Herl was currently un-
available, we mapped the paired-end data of Herl to CS-4 genome as-
sembly. After control the paired-end data of Herl, the clean reads were
aligned to CS-4 genome using the Burrows-Wheeler Alignment tool
[30]. Then the SNP and InDel calling and filtering were performed
using GATK toolkit [31], with the following thresholds (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).

2.3. Genome annotation

Both homologous comparison and de novo prediction were used to
annotate the repeated sequences within H. erinaceus CS-4 genome.
RepeatMasker and the associated RepeatProteinMask (-noLowSimple,
−pvalue 0.0001, −engine wublast) were performed for homologous
comparison by searching against Repbase database [32]. Meanwhile,
RepeatModeler were used for de novo constructing the candidate da-
tabase of repetitive elements, by which the repeated sequences were
annotated using RepeatMasker (http://www.repeatmasker.org/
RepeatModeler/).

The protein-encoding genes in H. erinaceus CS-4 genome were pre-
dicted by the alignment of homologous proteins and the transcriptional
data, and ab initio predictions. Reads from thirteen RNA sequencing
samples (data from NCBI BioProject of PRJNA361340 and
PRJNA503307) were aligned to the CS-4 genome using HISAT2 v 2.10
[33] and re-assembled using StringTie v1.3.3 [34]. The homology ap-
proach was based on the protein sequences of two basidiomycete spe-
cies (H. alpestre and Dentipellis fragilis). The ab initio gene predictions
were performed with GeneMark-ES (version 4.33) (max_intron = 3000
and min_gene_ prediction = 120). To get high-quality annotation of
protein-coding genes, we carried out two rounds of MAKER v2.31.10
running [35]. In the first round of MAKER running, the gene predictor
software Augustus v3.3.2 and GeneMark were trained using BRAKER2
with RNA-Seq and Proteome data [36]. Then the MAKER pipeline was
used to integrate the results of ab initio annotations, homolog-based
prediction and transcriptome-based prediction, and generate a com-
prehensive set of protein-coding genes. After that, all predicted gene
models were functionally annotated based on similar alignment. The
software diamond v.0.8.36 [37] was used to align the protein sequences
to Nr, TrEMBL, Swissprot [38], eggnog [39], COG [40] and KOG [41]
protein databases with e-value<1e−5. In addition, based on the si-
milarity of protein domains, the genome Pfam and InterPro annotation
of the predicted proteins were carried out using HMMER v3.1b2 [42]
and InterProscan v5.36.75 [43]. On the basis of annotation results from
Swissprot, the protein IDs were mapped to gene ontology (GO) term.
Also, KOBAS [44] was used to obtain pathway annotations of KEGG
based on sequence alignment.
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2.4. Identification of mating type (MAT) genes

The MAT-A genes including homeodomain type 1 and home-
odomain type 2 mating-type genes (HD1 and HD2 genes) in CS-4
genome were identified using TBLASTN and Coprinopsis cinerea MAT-A
genes. The mitochondrial intermediate peptidase gene (mip) in CS-4
was identified by the same way. For MAT-B genes, the pheromone re-
ceptor genes in CS-4 were identified by the Swissprot annotation with
key word “Pheromone receptor”. The sequence length of pheromone
precursor is so short (usually 50–60 amino acid) that they could not be
predicted in the normal genome annotation procedure. Transdecoder
(https://transdecoder.github.io/) software with Pfam search was used
to annotate pheromone precursor by searching in ~20 kb flanking se-
quence of pheromone receptor genes.

2.5. Identification of CAZymes and transcription factors

Carbohydrate-active enzymes (CAZymes) were classified separately
by Hidden Markov Model (HMM) search (default cutoff threshold) and
BLASTP search (e-value ≤ 1e−6; the covered fraction ratio ≥ 0.2; the
maximum hit number = 500) of dbCAN HMMs 6.0 [45]. The final
CAZyme annotation was obtained from the common results of these two
methods. The transcription factors in CS-4 genome were identified ac-
cording to the InterPro IDs of fungal transcription factor described by
Shelest [46].

2.6. Genome-wide microsatellites discovery and markers development

The genome-wide microsatellites were identified using Genome-
wide Microsatellite Analyzing Tool Package (GMATA2.2) [47] (http://
sourceforge.net/projects/gmata/), with the following parameters: at
least 12 bp for mono- and di-nucleotides repeats; and at least five
tandem copies for 3 bp to 6 bp nucleotide motifs. For the development
of SSR markers, mono-nucleotides were not retained due to the diffi-
culty of distinguishing bona fide SSRs from sequencing or assembly
error. SSRs with di- to hexa-nucleotide motifs were selected for the
development of markers. Primers were designed in SSRs flanking re-
gions using the GMATA software package with the criteria: product size
ranging from 120 to 400 bp, GC content between 40% and 65%, op-
timum annealing temperature 58 °C, primer length of 18–25 bp. Then
using GMATA, an in silico e-PCR was carried out to investigate the
amplification efficiency and number of alleles of these newly-designed
SSR markers. The settings for e-PCR were word size (−w) 12, con-
tiguous word (−f) 1, allowed size range of 100–1000, 1 bp mismatch
allowed.

3. Results and discussion

3.1. Genome assembly and annotation

The genome of CS-4 was sequenced using a combination of the
PacBio and Illumina sequencing platform. A total of 7.4 Gb and 23.4 Gb
clean data were generated from PacBio and HiseqX-Ten sequencing
platforms, respectively (Table S1). Based on de novo genome assembly,
a total sequence length of 41.2 Mb of CS-4 was assembled into 52
scaffolds with an N50 of 2.1 Mb and L50 of seven. After that, we aligned
the CS-4 genome assemblies onto a high-resolution genetic map of H.
erinaceus that constructed in our lab (data not shown). A total of 22
scaffolds were merged into 15 scaffolds. Finally, the CS-4 genome was
assembled into 45 scaffolds with an N50 of 3.2 Mb (Table 1). The
protein-encoding genes in assembled genomic sequence of CS-4 were
predicted based on sequence homology and de novo gene predictions. A
total of 10,620 gene models were predicted with an average sequence
length of 1714 bp. The cumulative length of genes was 18.2 Mb, which
accounted for 44.2% of the whole genome sequences. The total length
of repeat sequences was about 7.85 Mb, accounting for 19.0% of the

genomic size. Of the repeat elements, tandem repeat sequences and
transposable elements account for 1.7% and 17.3%, respectively.
Functional annotation of the predicted genes by the public database of
NCBI nr, Swissprot, TrEMBL, GO, KEGG, KOG, eggNOG, Pfam, InterPro
were shown in Table S2. Of the 10,620 identified genes, the largest
number of genes were annotated by TrEMBL databases (91.8%), fol-
lowed by Nr databases (84.9%). Based on the similarity of protein do-
mains, 7064 (66.5%) and 6389 (60.2%) genes were annotated by In-
terPro and Pfam databases, respectively. In total, 5187 (48.8%) genes
were annotated by GO analysis, and the top four categories of GO with
the highest number were binding, catalytic activity, metabolic process
and cellular process (Fig. S2). There were 2761 genes annotated by
KEGG pathway, and of which most of genes were involved in metabo-
lism.

The genome size and number of genes in H. erinaceus were com-
parable to that of other culinary and medicinal mushrooms such as
Ganoderma lucidum [48], Agaricus bisporus [49], Auricularia heimuer
[50] and L. edodes [51]. Compared to the previously reported draft
genome of H. erinaceus (Table 1), the genome features did not show
much difference such as genome sizes (41.2 Mb vs 39.4Mb), and GC
contents (52.3% vs 53.1%). However, owing to the integration of
PacBio and Illumina sequencing approach, which gather the advantage
of sequencing read length and lower mismatch rate, CS-4 genome
presented here was more complete and less fragmented than the pre-
viously reported genome of H. erinaceus. The number of scaffolds was
far fewer (45 vs 519), while the N50 was much longer (3208 kb vs
538 kb). In addition, 725 additional genes were predicted compared to
the previous draft of H. erinaceus (10,620 vs 9895). We also mapped the
raw reads of Herl to CS-4 genome and identified the SNPs and InDels
between these two strains. The result showed that 87.3% of clean reads
of Herl were aligned to CS-4 genome, indicated the huge difference in
genetic background between these two strains. After SNP/InDel calling
and filtering, a total of 1,001,508 SNPs and 115,861 InDels were
identified between Herl and CS-4, and these data could be applied to
the development of SNP/inDel markers.

The completeness of CS-4 genome assembly was evaluated using the
BUSCO with fungi_odb9. Out of the 290 conserved genes, a total of 283
set appeared complete in the CS-4 genome assembly. The completeness
of CS-4 genome assembly was 97.6%, with only 2.4% missing (Table
S3). In short, we presented an improved genome sequencing of H. eri-
naceus with preferable integrity and continuity.

3.2. Identification of the mating genes

Mating is the crucial step in sexual development of mushroom-
forming fungi, and is governed by mating genes that are located at
distinct loci called mating type (MAT) loci [52]. H. erinaceus has a
heterothallic life cycle with a tetrapolar mating system, which is de-
termined by two unlinked MAT loci (MAT-A and MAT-B). The MAT-A
locus comprises genes encoding for homeodomain transcription factors
and regulate clamp-cell formation and conjugate nuclear division,

Table 1
De novo genomic assembly of H. erinaceus.

Characteristics CS-4 Herl a

Genome assembly size (Mb) 41.2 39.4
Sequencing depth ~750 ~200
Scaffolds 45 519
Contigs 52 1118
Longest contig (kb) 5960 NA
N50 (kb) 3208 538
GC (%) 52.3 53.1
Protein-coding genes 10,620 9895
Sequencing method PacBio, Illumina Illumina

a The genomic of Herl was reported by Chen et al. (2017).
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whereas the MAT-B locus is comprised of pheromone receptors and
pheromone precursors and regulate nuclear migration and clamp-cell
fusion [52]. The homeodomain-encoding genes and the flanking genes
in MAT-A locus are highly conserved in most mushroom-forming fungi
[53]. Typically, MAT-B locus contains pheromone precursors/receptor
system, but mushrooms of different species vary in the genomic orga-
nization of MAT-B [54].

In this study, the MAT-A gene homologues were identified by
homology search with HD1 and HD2 homeodomain transcription fac-
tors, and mitochondrial intermediate peptidase of C. cinerea. Relatively
high protein homologies (69% identity) were found for MIP, while low
homologies were found for homeodomain transcription factors. The
HD1 and mip genes were found to be located in close proximity on the
same Chr2 (Table S4), which is much like that of other Agaricomycetes.
The absence of gene with a detectable HD2 DNA binding motif next to
HD1 was observed. On the Chr2, one homeobox gene was detected at
~50 kb away from HD1 (Table S4). For MAT-B genes, four potential
pheromone receptor genes were identified and clustered on the Chr9.
Like in other Agaricomycetes, these genes are homologous to the STE3
gene (pheromone a factor receptor). For pheromone genes, we search
the ~20 kb flanking region of pheromone receptor genes, but no
pheromone precursor genes was found in the proximity of these re-
ceptors.

In most basidiomycetes, the typical MAT-A locus contains one or
more pairs of genes for two types of homeodomain transcription factors
(HD1 and HD2) [55]. In Heterobasidion irregulare, a bipolar species
belong to Russulales (same as H. erinaceus), the absence of proteins with
the HD2 DNA binding motif in MAT-A locus was also observed. The
MAT-A locus appeared to encode either a novel class of MAT protein or
a highly derived homeodomain transcription factor that replaced HD2
[56]. Overall, additional research will be needed to elucidate the
genomic structure of mating-type loci in H. erinaceus.

3.3. Identification of carbohydrate active enzymes (CAZymes)

In nature, H. erinaceus is often most grow on dead wood [57]. In this
study, a total of 341 candidate CAZymes genes were identified in the
genome of H. erinaceus (Fig. 1), which included 161 glycoside hydro-
lases (GHs), 59 glycosyl transferases (GTs), 7 polysaccharide lyase
(PLs), 26 carbohydrate esterases (CEs), 4 carbohydrate-binding mod-
ules (CBMs) and 84 auxiliary activities enzyme (AAs). The wide spec-
trum of GH families required to digest cellulose (e.g. GH5, GH6 and
GH7), and hemicellulose (e.g. GH3, GH10 and GH43) was found in H.
erinaceus genome (Table S5). In addition, as in other white-rot fungi
such as Phanerochaete chrysosporium and Pleurotus ostreatus, H. erinaceus

possessed gene families required to digest lignin. Six genes encoding
lignin-degrading peroxidases (PODs), and 15 lytic polysaccharide
monooxygenases genes were observed in H. erinaceus (Table S5).
Overall, H. erinaceus was well equipped for the gene families involved
in plant cell wall degradation, and is a white-rot fungus.

The CAZymes profile in H. erinaceus was also compared to those of
14 other fungi, of which four Russulales species (H. irregular, Peniophora
sp. CONTA, Stereum hirsutum and H. alpestre) (Fig. 1, Table S5). The
global number of GHs, PLs, CEs and CBMs of H. erinaceus was com-
parable with that of H. irregular and H. alpestre, less than that in typical
white-rot fungi such as L. edodes and P. ostreatus, but larger than brown-
rot fungi, such as Postia placenta and Serpula lacrymans. Compared to
other Russulales species (P. sp. CONTA and S. hirsutum), the gene fa-
milies of glycoside hydrolases and auxiliary activities enzyme have
been contracted in Hericium (H. erinaceus and H. alpestre). This two
Hericium species also have a reduced complement of enzymes bearing
cellulose-binding modules. These results may indicated that H. erinaceus
has a less prominent lignocellulosic degradation ability. H. erinaceus
was sometimes seen fruiting on living trees. In this study, two GH29
fucosidase genes, which may act on living material [56] were identified
in H. erinaceus.

3.4. Transcription factors (TFs)

TFs are essential regulators of gene expression and play the crucial
roles in organism development and evolution [58]. The role of TFs
during development in fungi such as homeodomain (HD) transcription
factors in regulating of mating and fruiting body formation had been
widely elucidated [59]. The TFs repertoire of a species reflects its
regulatory potential and the evolutionary history of the regulatory
mechanisms [46]. In the current study, we totally annotated 447 genes
of TFs in H. erinaceus, accounting for 4.2% of the total predicted pro-
tein-coding genes (Table S6). The global number of TFs in H. erinaceus
was comparable with that of some Basidiomycota species, e.g. 472 in S.
commune [60], 474 in L. edodes [51], and 440 in H. irregulare [56].
These 447 TFs were distributed in 40 families. Genes encoding zinc
finger C2H2-type TFs were the most abundant (76 members), followed
by winged helix repressor DNA-binding (66 members) and Zn cluster
(60 members), accounting for approximately 17.0%, 14.8% and 13.4%
of the total predicted TFs, respectively. Homeodomain-like TF family
(35 members) also was abundant in H. erinaceus. The TFs profile pro-
vided here could facilitate to explore the regulatory mechanisms of TFs
in fruiting body development in H. erinaceus.

3.5. Characterization of microsatellites and marker development

In H. erinaceus, molecular tool is not yet deployed in its breeding
programs, thereby hindering the breeding of elite cultivars. With the
advantage of robust, reliable, multi-allelic, co-dominant and transfer-
able characteristics, microsatellite markers had been developed into the
extremely powerful tools in population genetics, cultivar identification,
gene mapping, and marker-assisted selection, etc. [61–63]. Here, we
focused on the characterization of microsatellites in H. erinaceus
genome, and development of genetic markers.

We analyzed perfect SSRs with repeat motifs length between 1 and
6 bp across genome sequences of H. erinaceus CS-4. A total of 1400
perfect SSRs were identified in the 41.2 Mb genome by de novo search.
The relative abundance of SSRs was 34 SSRs per Mb (Table 2). The
overall length of SSRs was about 26.3 kb, accounting for 0.06% of the
total genome. Among the 45 scaffolds of H. erinaceus, SSRs were not
randomly distributed. The number of SSRs per scaffold was correlated
to the size of scaffold, as revealed by a linear regression (R2 = 0.97).
Tri-nucleotide SSRs were the most abundant repeat types, accounting
for 49.6% of the total SSRs, and followed by mono-nucleotide (19.4%)
and di-nucleotide (16.4%). The remaining SSR types from tetra-nu-
cleotide to hexa-nucleotide, together contributed 14.5% of the total

Fig. 1. The number of carbohydrate-active enzyme genes (CAZymes) genes in
H. erinaceus and the other 14 fungi.
GH: glycoside hydrolases; GT: glycosyl transferases; PL: polysaccharide lyases,
CE: carbohydrate esterases; CBM: carbohydrate-binding modules; AA: Auxiliary
activities.
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SSRs (Fig. 2). Of the 10,620 genes identified in the genome, 480 genes
(4.5%) contained 536 SSRs. Tri-nucleotide SSRs appeared more fre-
quently than other motifs, and 62.0% (431) of all tri-nucleotide SSRs
were located in gene-coding regions.

There were 180 types of SSR motifs in H. erinaceus genome
(Table 2). All expected mono-nucleotide and di-nucleotide SSRs were
detected, while 57 types of tri-nucleotide SSRs were detected, lacking of
ACT, AGT and TAG motif. The unit motifs were grouped into pairs if
sequences of two motifs were found to be complementary. A total of
132 types of motif pairs were found in CS-4 genome. Tri-nucleotide
motif pairs were the primary types among the top-ten abundant SSRs
motif pairs (Fig. S3). The mono-nucleotide A/T occurred at the highest
frequency, accounting for 16.2% of all SSRs. Motif pairs GC/GC was the
most abundant di-nucleotide motifs, and TCG/CGA was most common
tri-nucleotide motifs (Fig. S3).

SSRs were categorized into two groups according to their length.
Class I SSRs composed of those with ≥20 bp repeats in length, while
Class II SSRs contained repeats< 20 bp [63]. For marker development,
the longer SSRs have the greater chance of hyper-polymorphism [64].
Therefore, length is an important factor for marker development. Out of
1400 SSRs, 27.1% (379) of repeats were no<20 bp and categorized as
Class I SSRs, and Class II type SSRs accounted for 72.9% of all identified
SSRs. The average length of SSRs in H. erinaceus was 18.8 bp. SSRs with
the length of 15 bp were the most abundant, followed by 12 bp and
18 bp SSRs. The longest SSR was a penta-nucleotide GTTGG repeated
30 times. The number of SSR replication in H. erinaceus ranged from 5
to 39, with an average of 8.0 copies. SSRs over 15 replications were
scarce, and mainly were mono-nucleotide SSRs.

With the purpose of markers development, a relative stricter de-
tection criteria was used here than the previous studies in mushroom-
forming fungi [19,65,66]. Using the same parameters, we also com-
pared the characterization of SSRs in H. erinaceus with the first four
most cultivated mushrooms (A. bisporus, P. ostreatus, L. edodes and A.
heimuer) (Fig. 3). The number of SSRs varied from 1164 for P. ostreatus

to 3175 for A. heimuer. The number and relative abundance of SSRs was
not directly proportional to the genome size. With the smallest gen-
omes, A. bisporus showed a highest SSR density (64 SSRs per Mb) (Table
S7). Tri-nucleotide SSRs were the most common motifs in most mush-
rooms, apart from A. bisporus where mono-nucleotide SSRs out-
numbered all other SSRs categories (Fig. 3). And the relative abundance
of mono-nucleotide SSRs in P. ostreatus was quite low (about 3 SSRs per
Mb), compared with those of mono-nucleotide SSRs in other mush-
rooms. SSRs in P. ostreatus were relatively longer than other mush-
rooms, with the average length of 20.4 bp. In addition, percentage of
class I SSRs in P. ostreatus was relatively higher. Overall, H. erinaceus
does not have a particularly abundant microsatellites in comparison
with other mushrooms.

For development of markers, the sequences flanking SSR loci were
used to design PCR primers pairs using GMATA software. Only SSRs
with di- to hexa-nucleotide motifs were selected for markers develop-
ment in this study. In total, 904 loci (80.1% of the total analyzed)
yielded unique primer pairs in H. erinaceus. Then a comprehensive SSR
markers database of H. erinaceus (called HeSSRDb) was developed,
which consisted of the information of markers such as forward and
reverse primer sequences, melting temperature, and product size (Table
S8). The information of SSRs viz., the motif type, repetitions, location of
SSRs were also provided in this database. Furthermore, an in silico si-
mulated PCR was carried out to investigate the amplification efficiency
and number of alleles of the newly-designed SSR markers. All the 904
markers were amplifiable in CS-4 genome, and produced at least one
amplicon. A total of 838 (92.7%) markers were specific and produce
one amplification product.

This is the first report on genome-wide SSR identification and SSR
markers development in H. erinaceus. The inventory of the micro-
satellites proposed in the present study could facilitate research on the
role of SSRs in genome organization. These novel development SSR
markers could also provide the immediately useful tool for genetics and
breeding studies.

4. Conclusion

In summary, we performed de novo sequencing and assembly of H.
erinaceus monokaryon CS-4 genome, and provided a 41.2 Mb genome

Table 2
Number and relative abundance of SSRs identified in H. erinaceus.

Motif No. Relative abundance (per/Mb) Percentage (%) No. motifs type Average repeat number Longest pattern Most common pattern (occurence)

Monomer 272 7 19.4 4 15.5 (G)39 (A)n (450)
Dimer 230 6 16.4 12 6.5 (TA)14 (GC)n (328)
Trimer 695 17 49.6 57 6.0 (TCA)39 (TCG)n (42)
Tetramer 76 2 5.4 35 5.8 (GCTG)13 (CTTC)n (10)
Pentamer 67 2 4.8 34 7.7 (GTTGG)30 (TATAA)n (8)
Hexamer 60 1 4.3 38 6.5 (TAAAAT)11 (AAATAT) n (6)
all SSRs 1400 34 100.0 180 8.0 (GTTGG)30 (A)n (450)

Fig. 2. Distribution of microsatellites repeat motifs in H. erinaceus.

Fig. 3. Relative abundance of SSRs in the five mushroom genomes.
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sequence consisting of 45 scaffolds with a N50 of 3.2 Mb. We then
characterized the carbohydrate active enzymes, sexual recognition
system, transcriptional factors and microsatellites in H. erinaceus
genome. We also developed the HeSSRDb database to facilitate SSR
markers utility. Overall, the genomic and genetic resources provided in
the present study would greatly expand the toolbox for biological and
genetics studies in H. erinaceus.

Data availability

This Whole Genome Shotgun project has been deposited at DDBJ/
ENA/GenBank under the accession SZZO00000000. The version de-
scribed in this paper is version SZZO02000000. The assembly reported
in this paper is associated with NCBI BioProject: PRJNA541374 and
BioSample: SAMN11584292. Fig. S1 shows genomic characteristics of
H. erinaceus CS-4. Fig. S2 shows the distributions of GO classification.
Fig. S3 shows the first-ten abundant SSR motif types in H. erinaceus.
Table S1 shows summary of H. erinaceus genome DNA sequencing data.
Table S2 shows statistics of functional annotation of predicted genes in
public databases. Table S3 shows the result of BUSCO analysis of CS-4
genome. Table S4 shows the homolog genes identified in the mating-
type loci of H. erinaceus. Table S5 shows the distribution of CAZymes in
H. erinaceus and the other 14 fungi. Table S6 shows transcription factors
in H. erinaceus. Table S7 shows SSRs distribution in the five culinary
and medicinal mushrooms. Table S8 is the HeSSRDb database.
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