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RESEARCH ARTICLE

Draft Genome Sequence of the Reference Strain of the Korean Medicinal
Mushroom Wolfiporia cocos KMCC03342

Bogun Kima, Byoungnam Mina�, Jae-Gu Hanb, Hongjae Parka�, Seungwoo Baeka, Subin Jeonga and
In-Geol Choia

aDepartment of Biotechnology, College of Life Sciences and Biotechnology, Korea University, Seoul, Republic of Korea;
bMushroom Research Division, National Institute of Horticultural and Herbal Science, RDA, Eumseong, Chungbuk, Republic of Korea

ABSTRACT
Wolfiporia cocos is a wood-decay brown rot fungus belonging to the family Polyporaceae.
While the fungus grows, the sclerotium body of the strain, dubbed Bokryeong in Korean, is
formed around the roots of conifer trees. The dried sclerotium has been widely used as a key
component of many medicinal recipes in East Asia. Wolfiporia cocos strain KMCC03342 is the
reference strain registered and maintained by the Korea Seed and Variety Service for com-
mercial uses. Here, we present the first draft genome sequence of W. cocos KMCC03342 using
a hybrid assembly technique combining both short- and long-read sequences. The genome
has a total length of 55.5Mb comprised of 343 contigs with N50 of 332 kb and 95.8% BUSCO
completeness. The GC ratio was 52.2%. We predicted 14,296 protein-coding gene models
based on ab initio gene prediction and evidence-based annotation procedure using RNAseq
data. The annotated genome was predicted to have 19 terpene biosynthesis gene clusters,
which was the same number as the previously sequenced W. cocos strain MD-104 genome
but higher than Chinese W. cocos strains. The genome sequence and the predicted gene
clusters allow us to study biosynthetic pathways for the active ingredients of W. cocos.
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1. Introduction

Wolfiporia cocos is a medicinal basidiomycete fungus
decaying wood and has a subterranean growth habit
in association with pine trees [1]. The fungus is
known to develop a hard endurable underground
sclerotium body during its life cycle [2]. The scler-
otium of W. cocos has been widely used as a key
component of traditional medicine in East Asia
because of its pharmacological properties including
diuretic and sedative effects [2]. Various polysacchar-
ides and triterpenoids are thought to be the major
bioactive component of W. cocos but their biosyn-
thetic pathways are not fully understood yet [3].
Among many active components isolated from W.
cocos, pachymic acid is one of the well-known triter-
penoids that display antitumor and anti-inflammatory
activities [4]. Comprehensive genomic analysis of W.
cocos is required to understand the genetic basis of
various biosynthetic pathways, which can guide scien-
tists to breed commercial strains and use W. cocos as
a potent medicine to treat a variety of human dis-
eases. The genome sequence of the W. cocos strain
MD-104 isolated in Florida, United States, had been

first revealed by the U.S. Department of Energy Joint
Genome Institute (JGI) as a part of the 1000 Fungal
Genomes Project [5]. Several W. cocos strains
sampled in China have been reported but only two
of those Chinese W. cocos strain genome sequences
were publicly available [6,7]. W. cocos strain
KMCC03342 (Cultivar name: Bokryeong1ho) is the
reference dikaryotic strain of the W. cocos in South
Korea and is maintained by the Korea Seed and
Variety Service. Here, we report the high-quality gen-
ome sequence of the reference strain, W. cocos
KMCC03342, for the scientific community.

2. Methods and materials

2.1. DNA/RNA extraction and sequencing

Total DNA was extracted with a modified protocol
based on DNeasyVR Plant Mini Kit (Qiagen, Hilden,
Germany), described in the previous fungal genome
project [8]. RNA was extracted with the Qiagen
RNeasyVR Mini Kit (Qiagen) following the manufac-
turer’s protocol. The short read sequencing library
for DNA and RNA sequencing was prepared with
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IlluminaVR DNA Prep kit (Illumina, CA, USA) and
NEBNextVR UltraTM II RNA Library Prep Kit (New
England Biolabs, USA), respectively. Sequencing was
carried out on the Illumina MiSeq platform
(Illumina) using Illumina MiSeq reagent kit V3
(300 bp paired-end). The long-read sequencing
library was prepared using Oxford Nanopore
Ligation Sequencing Kit (Oxford Nanopore, Oxford,
UK). Sequencing was carried out on a MinION
sequencing device (Oxford Nanopore) equipped
with a MinION flow cell (R9.4.1) (Oxford
Nanopore). PacBio single-molecule real-time
(SMRT) sequencing was performed by Macrogen
(Seoul, South Korea) on four SMRT cells using the
PacBio RS II system.

2.2. Genome assembly and gene prediction

The initial assembly was assembled using the
FALCON assembler (v0.4.0) with default options [9].
Draft de novo assembly was assembled using Canu
assembler (v2.0) with default options [10]. Duplicated
contigs from the draft genome were removed using
the purge_dups (v1.2.5) program with default options
[11]. Adapter sequences of short reads were removed
using TrimGalore (v0.6.7) [12] with the ‘–paired’
option. Errors in the draft genome sequence were cor-
rected with Racon (v1.4.11) [13] and Pilon (v1.24)
[14] with default options. The mitochondrial genome
sequence was removed from the assembly by BLASTþ
(v.2.12.0þ) [15] alignment of W. cocos strain BL16
mitochondrial genome sequence (GenBank accession:
NC_050681.1) to the W. cocos strain KMCC03342
assembly. Genome completeness analyses were per-
formed using BUSCO (v5.2.2) [16] with the OrthoDB
fungi v10 (fungi_odb10) database.

Gene prediction was performed with FunGAP
(v1.1.0) [17] using Laccaria bicolor for the
AUGUSTUS species model and 20,875,982 reads
from RNA-seq results as evidence for the gene mod-
els. Transposable element-related genes were removed
with the detect_te_genes.py script from FunGAP.

2.3. Functional annotation

Functional annotation of predicted protein-coding
genes was carried out with InterProScan (v.5.51-85)
[18] for protein domain annotation. Secondary
metabolite biosynthesis gene cluster analysis was
performed by antiSMASH (v6.0.1) [19] with a ‘strict’
strictness option.

2.4. Genome tree building using single copy
ortholog concatenation

A total of 34 fungi genomes of the order
Polyporales were retrieved from the NCBI database

for comparative analysis. The species tree was built
using FastTree (v2.1) [20] from the single copy
ortholog genes identified by OrthoFinder (v2.5.4)
using diamond for sequence alignment [21]. Mafft
(v7.490) [22] and ClipKIT (v1.3.0) [23] were used to
align multiple sequences to extract the conserved
sequences with ‘-m gappy’ for ClipKIT parameters.

3. Results and discussion

A total of 5.5 billion bases from 430,844 reads with
an average read length of 12,702 bases were
retrieved from long-read sequencing by the PacBio
platform. The initial assembly assembled with
PacBio reads only was comprised of 442 contigs and
had a total length of 46.4Mb but BUSCO revealed
the genome completeness of 90.3%. To improve the
quality of the reference genome, we added more
sequencing data and employed a hybrid assembly
technique using both short- and long-reads obtained
from Illumina and Oxford Nanopore sequencing
platforms, respectively. First, we obtained a total of
1.1 billion bases from 156,279 reads by sequencing
with the Oxford Nanopore MinION platform. Reads
from PacBio and Oxford Nanopore sequencing were
combined for de novo assembly. Overlapping contigs
from the diploid W. cocos KMCC03342 genome
assembly was purged to a single contig. The assem-
bly was polished with a total of 2.2 billion bases
from 3,665,972 reads obtained from the Illumina
MiSeq platform. The final polished assembly
resulted in 343 contigs with the longest contig
length of 1,489,262 bp and an N50 value of
332,393 bp. We found that genome completeness
was also increased after polishing with short reads
from 90.3 to 95.8% by the BUSCO analysis. The
total length of the W. cocos KMCC03342 genome
was 55,457,880 bp and the GC ratio was 52.2%.
When compared to JGI W. cocos MD-104 genome
assembly, the assembly of W. cocos KMCC03342
was considerably improved, showing a larger contig
N50 value (332,393 bp) than that of the MD-104
(109,659 bp) with a smaller number (343) of contigs
than that of the MD-104 (2,228) (Table 1). The gen-
ome of W. cocos KMCC03342 was missing 24
BUSCOs (3.1%) while the JGI MD-104 assembly

Table 1. Summary of the genome assembly and gene pre-
diction of Wolfiporia cocos KMCC03342 in comparison to W.
cocos MD-104 (JGI).
Statistics W. cocos KMCC03342 W. cocos MD-104

Total assembly length (bp) 55,457,880 50,483,556
Number of contigs 343 2,228
Largest contig length (bp) 1,489,262 547,220
Contig N50 (bp) 332,393 109,659
Contig L50 38 129
GC content (%) 52.15 49.85
BUSCO completeness (%) 95.8 96.6
Protein coding genes 14,296 12,746
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was missing 22 BUSCOs (2.9%). The quality of gen-
ome assembly was acceptable to proceed with the
genome annotation using RNA-seq data. To make
reliable gene model predictions based on the tran-
scriptomic data, we additionally conducted RNAseq
of W. cocos KMCC03342, resulting in a total of 12.5
billion bases from 20,875,982 reads. Using RNAseq
as the gene model prediction evidence data, we pre-
dicted 14,296 protein-coding genes from the
FunGAP annotation pipeline. The genome data
(gene models) was used to build the maximum like-
lihood phylogenetic tree based on single copy ortho-
log genes, reassuring the taxonomic rank of W.
cocos KMCC03342 by placing KMCC03342 strain
next to W. cocos MD-104 among other Polyporales
genomes (Figure 1).

Functional annotation of W. cocos KMCC03342
revealed that 7,564 gene models contain at least one
Pfam domain and 30.7% of gene models were mul-
tiple domain proteins (�2 Pfam domains). The sec-
ondary metabolite biosynthesis gene cluster prediction
program, antiSMASH [19], identified 27 gene clusters
in the strain KMCC03342 and annotated 19 of the
predicted clusters as potential terpene biosynthesis
gene clusters. The number of predicted terpene bio-
synthetic gene clusters in the strain KMCC03342 (19)
was the same as W. cocos strain MD-104 (19) and

higher than public Chinese W. cocos strains,
2018LT001 and CGMCC5.78 (18 and 15, respectively)
[6,7]. In addition, 13 terpene synthase genes were
found in the W. cocos strain KMCC03342 assembly,
while only 11 terpene synthase genes were identified
in the W. cocos strain MD-104 genome. These obser-
vations indicate that the capability of W. cocos
KMCC03342 for the terpene biosynthesis might be
higher than other known W. cocos strains.

Draft genome sequence of W. cocos KMCC03342
will provide a genetic reference to breed better com-
mercial strains and allow us to study the genes
related to pachymic acid biosynthesis and other func-
tional compounds found in W. cocos. The genome of
W. cocos KMCC03342 was deposited in GenBank
under the accession number JAKOOS000000000,
BioProject number PRJNA801446, and BioSample
number SAMN25349909.
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