horticulturae

Article

Chromosome-Scale Genome Assembly Provides Insights into
Fresh Pine Wood Decay Strategies of the Wolfiporia hoelen

Chi Yang !, Donglai Xiao !, Xiaoling Jiang !, Yaru Li !, Xiaoyu Liu !, Hui Lin !, Chuansen Liu ? and Lu Ma "*

check for
updates

Citation: Yang, C.; Xiao, D.; Jiang, X.;
Li, Y,; Liu, X,; Lin, H.; Liu, C.; Ma, L.
Chromosome-Scale Genome Assembly
Provides Insights into Fresh Pine Wood
Decay Strategies of the Wolfiporia
hoelen. Horticulturae 2024, 10, 703.
https://doi.org/10.3390/
horticulturae10070703

Academic Editors: Chenyang Huang
and Mingwen Zhao

Received: 26 April 2024
Revised: 21 June 2024
Accepted: 27 June 2024
Published: 3 July 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 Institute of Edible Mushroom, National and Local Joint Engineering Research Center for Breeding & Cultivation of
Featured Edible Mushroom, Fujian Academy of Agricultural Sciences, Fuzhou 350014, China;
yangchi@faas.cn (C.Y.); xiaodonglai@faas.cn (D.X.); jiangxiaoling@faas.cn (X.].); 13625083980@163.com (Y.L.);
liuxiaoyu@faas.cn (X.L.); linhui-syjs@faas.cn (H.L.)

Agriculture and Rural Bureau of Datian County, Sanming 366100, China; syjlcs@163.com

*  Correspondence: malu@faas.cn

Abstract: The sclerotia of Wolfiporia hoelen (Fr.) Y.C. Dai & V. Papp is an important traditional
Chinese medicine with diverse pharmacological properties. This study utilized a combination of
PacBio Long-Read Sequencing, Illumina Short-Read Sequencing, and Hi-C Sequencing to generate
a high-quality chromosome-level genome assembly of a W. hoelen strain Minling A5. There were
112 contigs in the genome, with 62.95 Mb in total length and 4.21 Mb in length for the contig
N50. The average GC content was 51.89%. Based on Hi-C data, we corrected the CCS data and
scaffolded them into 14 pseudo-chromosomes. The genome contained 44.37% repetitive sequences
and 12,670 protein-coding genes, 86.53% (10,963) of which could be functionally annotated in at least
one of the KOG, GO, Pfam, Swissprot, TTEMBL, NR, and KEGG databases. In addition, 240 transfer
RNAs, 97 ribosomal RNAs, and 103 other non-coding RNAs were identified in the W. hoelen genome.
A total of 755 pseudogenes were also identified, with an average length of 2665.51 bp. Further,
there were 398, 100, 2837, 519, and 2068 genes annotated by CAZymes, TCDB, PHI, P450, and DFVF
databases, respectively. One notable attribute of W. hoelen is its capacity to thrive in a substrate of
fresh pine sawdust. Through an analysis of the growth on various pure wood sawdust culture media,
we found that the growth of W. hoelen and Sparassis latifolia on pine sawdust was similar to that
on broad-leaved wood sawdust, while the growth of Pleurotus ostreatus, P. eryngii, and Cyclocybe
aegerita was slower than that on broad-leaved wood sawdust. By the functional annotation analysis
of orthogroups in these five mushroom-forming fungi, it was determined that 645 orthogroups
were specifically common in W. hoelen and S. latifolia. The genes in these specific orthogroups were
significantly enriched in 12 pathways, including steroid biosynthesis, biosynthesis of antibiotics, and
tyrosine metabolism. The high-quality genome and comparative genome analysis results significantly
contribute to advancing our foundational knowledge of W. hoelen biology, while also offering valuable
insights for the development of innovative biotechnological approaches aimed at enhancing the
efficient and sustainable utilization of Pinus.
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1. Introduction

Pinus is an economically and ecologically important soft conifer species in China,
which has been seriously infected by pine wilt disease (PWD) since the beginning of the
20th century [1]. PWD was caused by a migratory plant-parasitic nematode, Bursaphelenchus
xylophilus, which resulted in increasingly serious economic losses and ecological damage,
especially in China and Japan [2,3]. As per the declaration made by the China National
Forestry and Grassland Administration, there are a total of 19 provincial epidemic areas of
PWD in mainland China in the year 2022 [4]. PWD rapidly spreads, leading to a significantly
high mortality rate of the affected plants and more than one billion dollars of mean annual
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economic losses in China [5]. The management of pine wilt disease prevention and control
in this region is of utmost concern due to the severity of the situation. Therefore, exploring
the treatment and resource utilization of epidemic trees has become particularly important.

The decomposition of wood has important implications for the biogeochemical cycling
of carbon (C) and nitrogen (N) in forest soils and litter. Mushroom-forming fungi play im-
portant roles in decomposing wood in the global carbon cycle. However, sawdust derived
from pine trees is infrequently utilized in cultivating mushrooms due to the inhibitory
effects of the resin content on the growth of most fungi directly on coniferous wood [6].
There are several wood-decaying fungi reported to colonize coniferous wood directly [6],
and our previous study revealed that Sparassis latifolia Y.C. Dai & Zheng Wang can grow
on fresh pine wood sawdust substrate [7,8]. The molecular mechanism of S. latifolia’s
degradation of fresh pine sawdust was investigated through the application of comparative
transcriptomics techniques and the genes enriched in nitronate monooxygenase activity,
dioxygenase activity, and oxidation-reduction process GO terms and peroxisome KEGG
pathway were found to play key roles [9]. However, the current industrialized cultivation
mode of S. latifolia requires transporting pine trees to the factory, which increases the risk
of pine wood nematode spread.

The taxonomic designation Wolfiporia hoelen (Fr.) Y.C. Dai & V. Papp, previously
classified as Poria cocos or Wolfiporia cocos, denotes the Chinese fungal species commonly
recognized as “Fuling” [10]. This fungus is known to grow on pine roots throughout the
year and is prevalent in East Asia. The main active components of W. hoelen are polysac-
charides with biological activities, such as anti-oxidation [11], cancer immunotherapy [12],
and modulating gastrointestinal function [13]. The triterpenoids in W. cocos also have
important phytochemistry and pharmacological activities [14-17]. However, the commer-
cial production of W. cocos is limited because of the severe destruction of W. cocos habitat
and shortages in pinewood resources [18]. There is a conflict between the demand for
large-scale development of W. hoelen and the protection of pine resources, which prevents
W. hoelen from achieving sustainable development [19].

In order to meet the market demand for W. hoelen and fully utilize the epidemic pine
wood, using epidemic wood and stumps to cultivate W. hoelen in situ is ideal. We have
been using the strain of Minling A5 in recent years in southeast China, especially in Fujian
province [20]. Minling A5 is an excellent variety of W. hoelen bred by the Institute of Edible
Mushroom, Fujian Academy of Agricultural Sciences. It was recognized as a new variety
by the Fujian Provincial Crop Variety Approval Committee in April 2013. But until now,
there has been no report on the genetic and genome information of this variety. Therefore,
it is very urgent to study the molecular mechanism of Minling A5 degrading pine wood.

W. hoelen is an aerobic saprophytic fungus that exhibits parasitic behavior in the
roots of pine trees, specifically Pinus densiflora and P. massoniana Lamb. Previous study
examined the transcriptome and secretome of W. cocos when cultivated on different carbon
sources, including lodgepole pine (Pinus contorta) [21]. When the brown rot fungus W. cocos
was cultivated on lodgepole pine as the exclusive carbon source compared to glucose, a
total of 27 genes encoding carbohydrate-active enzymes, eight genes associated with the
production of extracellular oxidants, 10 cytochrome P450 genes, and 35 transporter genes
were found to be significantly upregulated greater than 4-fold, with a statistical significance
of p < 0.01. However, the mechanism of pine wood decay by W. hoelen is still limited.

A high-level genome sequence will contribute to an understanding of the biological
characteristics of W. hoelen. Efforts were undertaken to sequence the Wolfiporia genome,
resulting in the publication of several reference genomes [22-25]. The initial strain utilized
for genome assembly within the Wolfiporia genus was the single spore isolate MD-104 SS10
from America [26]. Then, the genome of a Chinese strain CGMCC5.78 of W. cocos was
reported in 2020, which also conducted a comparative analysis of transcriptomes from
myecelial and sclerotial tissues to identify differentially expressed genes (DEGs) associ-
ated with sclerotial development [25]. The genome sequence of W. cocos KMCC03342, the
strain registered and maintained by the Korea Seed and Variety Service for commercial
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applications, has been published [22]. Another study introduced the initial high-quality
homokaryotic genome of W. hoelen, consisting of 14 chromosomes [24]. Huazhong Agri-
cultural University recently published the genome sequence of an additional strain of
W. cocos (https:/ /www.ncbi.nlm.nih.gov/datasets/genome/GCA_034769205.1/, accessed
on 5 June 2024). However, there is still no genomic information about W. hoelen strain
Minling A5.

This study aimed to assemble a high-quality chromosome-scale reference genome of
W. hoelen strain Minling A5 using Illumina, PacBio, and Hi-C. The high-quality reference
genome will facilitate the study of the molecular mechanisms underlying the pine wood
decay by W. hoelen.

2. Materials and Methods
2.1. Strains and Culture Conditions

The W. hoelen strain Minling A5 was preserved at the Institute of Edible Mushroom,
Fujian Academy of Agricultural Sciences (Fuzhou, China). The strain was inoculated
on potato dextrose agar (PDA) plate in the dark at 24 °C for 7 d and then the mycelium
was collected. Genomic DNA was isolated from the mycelium of W. hoelen strain by the
cetyl-trimethyl ammonium bromide (CTAB) method [27]. Agar gel electrophoresis was
used to check the integrity of the genomic DNA molecules.

2.2. Genome Features Estimation from K-mer Method

According to [llumina’s instructions, the genomic DNA fragments were sonicated to a
size of 350 bp and paired-end genomic libraries were made using the fragments (Illumina,
San Diego, CA, USA). Using an Agilent Bioanalyser 2100 and qPCR, the library was quality
checked, and sequenced on an [llumina NovaSeq 6000 sequencing platform with paired-
end 150 bp reads. K-mer (k = 19) analysis was conducted on high-quality clean reads for
genome size estimation [28].

2.3. Sequencing Libraries

The construction of sequencing libraries was performed according to previous re-
ports [29]. For long-read sequencing, the SMRTbell® Express Template Prep Kit (version
2.0) was used to create a 15-kb SMRTbell library [30]. After shearing into a large fragment by
g-TUBE (Covaris), the genomic DNA was purified and recovered by AMpure PB magnetic
beads. The size and quality of the library were assessed after DNA damage repair, end re-
pair, ligation with T-overhang, exonuclease digestion size selection, and library purification.
Then, the library was sequenced using the PacBio Sequel II platform (PacBio Biosciences,
Menlo Park, CA, USA) at the Beijing Biomarker Technologies Co., Ltd. (Beijing, China).

For Hi-C sequencing, libraries were prepared as previously reported [31]. To preserve
DNA 3D structure in cells, formaldehyde was applied to fix the samples, and DPN II
restriction enzyme was applied to digest the DNA, followed by repairing 5 overhangs
with biotinylated residues. Then the Hi-C libraries were quantified and sequenced using
the Illumina NovaSeq 6000 instrument (Illumina).

To predict genes, RNA-seq data were generated from the same sample according to
the protocol described previously [9]. The total RNA was extracted using TRIzol reagent
(Invitrogen, Gaithersburg, MD, USA). Agilent 2100 Bioanalyzeror SMA3000 was used to
measure RNA purity, concentration, and RNA integrity. A library was constructed on
the Illumina HiSeq 6000 platform (San Diego, CA, USA) and sequenced according to the
INlumina standard protocol with read length of PE150.

2.4. Genome Assembly

To obtain a chromosome-level whole genome assembly for W. hoelen, a combined
approach of Illumina, PacBio, and Hi-C technology was used.

The W. hoelen genome was analyzed using the K-mer_freq_stat script from Biomarker
Technologies in Beijing, China, to estimate its dimensions, genetic diversity, and repetitive
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sequences based on the distribution of K-mer frequencies in Illumina paired-end reads. In
order to analyze K-mer frequencies, SOAPec (v. 2.01) and GenomeScope (v. 2.0) software
were used.

The PacBio raw reads were filtered in advance of genome assembly, and hifiasm
(version 0.12) [32] software was then used to assemble high-accuracy CCS data. To confirm
the quality of the assembled genome, the BUSCO v5 assessment tool was used to assess
single-copy orthologous genes [33]. The specific BUSCO gene set was fungi_odb10, which
contains 290 conserved core genes of fungi.

The raw Hi-C sequence data underwent quality control procedures to ensure the
acquisition of clean data, which involved the removal of adapters, non-AGCT bases at
the 5’ end and low-quality reads. For chromosome-level assembly, clean reads were first
mapped to the W. hoelen genome using BWA’s default parameters [34]. After mapping
paired-end reads to the genome, dangling ends, self-annealing sequences, and dumped
pairs were removed [35]. Afterwards, HiC-Pro v2.10.0 was used to filter invalid read
pairs [36]. LACHESIS was utilized to organize scaffolds/contigs into super scaffolds [37],
with the following parameters: -enzyme "GATC -CLUSTER_MAX_LINK_DENSITY 2 -
CLUSTER_MIN_RE_SITES 5 -ORDER_MIN_N_RES_IN_TRUNK 5 -ORDER_MIN_N_RES_
IN_SHREDS 5 -CLUSTER_NONINFORMATIVE_RATIO.

2.5. Genome Annotation

The repeat sequence database was constructed by MITE-Hunter [38], LTR_FINDER
v1.05 [39], RepeatScout v1.0.5 [40], and PILER-DF v2.4 [41]. For the final repeat sequence,
PASTEClassifier [42] was used to classify the database, which was then merged with
Repbase’s database [43]. RepeatMasker (version 4.1.0) was used to identify and classify
repeat sequences in the genome using homology searches.

A combination method was used to annotate protein-coding genes, which included
homology search, de novo prediction, and transcript-based assembly. For de novo predic-
tion, Augustus v2.4 [44], Genscan [45], GenelD v1.4 [46], GlimmerHMM v3.0.4 [47], and
SNAP (version 2006-07-28) [48] were employed using its default parameters. Homology-
based prediction was carried out with GeMoMa v1.3.1 40 [49,50]. Hisat2 v2.0.4 [51]
and Stringtie v1.2.3 [51] were employed for RNA-seq based prediction. The Unigene
sequences were predicted through transcriptome assembly utilizing TransDecoder v2.0
(https:/ /github.com/TransDecoder /TransDecoder /wiki, accessed on 22 September 2022;
The Broad Institute, Cambridge, MA, USA) and PASA v2.0.2 [52]. These prediction results
were finally combined using EVM software (version 1.1.1) [53].

The proteins were subsequently annotated by Gene Ontology (GO, http://www.
geneontology.org, accessed on 1 August 2022) [54], Kyoto Encyclopedia of Genes and
Genomes (KEGG) (http://www.genome.jp/kegg/, accessed on 1 August 2022) [55], Inter-
Pro (https:/ /www.ebi.ac.uk/interpro/, accessed on 1 August 2022) [56], Swiss-Prot (http://
www.uniprot.org, accessed on 1 August 2022) [57], and TrEMBL (http:/ /www.uniprot.org/,
accessed on 1 August 2022) [57]. In order to detect reliable tRNA positions, tRNAscan-
SE (version 2.0.3) [58] was used. In addition, we retrieved the other ncRNAs from the
Rfam database (http://eggnogdb.embl.de/, accessed on 1 August 2022). Furthermore,
the pathogenicity were analyzed by blast against CAZy (https:/ /bcb.unl.edu/dbCAN2,
accessed on 1 August 2022), TCDB (http://www.tcdb.org/, accessed on 1 August 2022),
PHI (http:/ /www.phi-base.org/index.jsp, accessed on 1 August 2022), CYPED (https:
//cyped.biocatnet.de/, accessed on 1 August 2022), DFVEF (http:/ /sysbio.unl.edu/DFVE/,
accessed on 1 August 2022), and EffectorP (http:/ /effectorp.csiro.au, accessed on 1 August
2022) [59] databases.

2.6. Growth Test of Edible Mushroom-Forming Fungi on Pine Wood Sawdust

All the strains used for growth tests were preserved at the Institute of Edible Mush-
room, Fujian Academy of Agricultural Sciences (Fuzhou, China). After the strains of P.
ostreatus (Heiping No. 1), P. eryngii (Xin 23), C. aegerita (Gucha No. 1), S. latifolia (SP-C),
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and W. hoelen (Mingling A5) were recovered, it was inoculated into freshly prepared PDA
culture medium and covered with a piece of glass paper. The mycelia with the same
diameters were cultivated on two types of wood substrates (pine wood and hardwood)
under dark conditions at 24 °C for 1 week. Following the pulverization of the sawdust,
it should be sieved through a 1 mm mesh, moistened to achieve a moisture content of
approximately 60%, transferred into a test tube, and subjected to sterilization at 121 °C for
a duration of 2 h. After incubating for one week at 24 °C in the absence of light, the growth
of the fungi strains in test tubes was observed.

2.7. Comparative Genomics Analysis

The protein sequences of 4 related species (P. ostreatus, P. eryngii, C. aegerita, S. latifolia)
were downloaded from NCBI. The comparative genomics analysis was according to our
previous study [31]. In brief, the OrthoMCL (https:/ /orthomcl.org/) [60] software was
used to classify the protein sequences and analyze the gene families. The classification
process entailed conducting a statistical analysis of the distinct gene families present in
each strain, the gene families that were common among the strains, and the single-copy
gene families specific to each strain. The gene families were annotated in the Pfam database
(accessed on 31 October 2022) [61] and a Venn diagram was created using their statistical
results. KEGG enrichment analysis for the genes was implemented by KOBAS software
(version: 2.1.1, accessed on 6 February 2024) [62] with a corrected p-value cutoff of 0.05 to
judge statistically significant enrichment. Evolutionary relationships between species were
analyzed through the construction of evolutionary trees utilizing single-copy orthologous
gene families and the phyML 3.0 software [63].

3. Results
3.1. Sequencing and Assembly of the Genome

The sequenced strain Minling A5 has been widely culturing in south China, especially
in Fujian province. The sclerotia production of strain Minling A5 is shown in Figure 1A. By
sequencing, we obtained 4.15 Gb Illumina short reads, 84.40 Gb PacBio SMRT reads, and
8.47 Gb Hi-C data (Table 1).

A

s H log2(N links)

Chromosomes
B 8

TR

B Kmer distribution Let---- / g g e U R e i
~ i
3

»»»»»

@
@
<%,
%
@
<%,
Q-
o
6,
%
o
S,
,
G,
s,

ooooooooo

Frequency(%)
g

B

g
S

0 50 100 150
Depth

Figure 1. The genome characteristics of W. hoelen Minling A5. (A) The sclerotia production of strain
Minling A5. (B) K-mer distribution of W. hoelen genome sequencing reads. (C) Hi-C interaction
heatmap of all bins. The numbers on the left represent the chromosomes.
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Table 1. Summary statistics of the sequencing and assembly of the W. hoelen strain Minling A5 genome.

Library Type Sequencing Mode Clean Data (Gb) Application
INlumina Pair end 150 bp 4.15 Genome survey and correction
PacBio Sequel II HiFi 84.4 Genome assembly
Hi-C Pair end 150 bp 8.47 Assisted assembly at the chromosomal level
Transcriptome Pair end 150 bp 7.69 gene annotation

Genome assembly and scaffolding at chromosomal level

Contig number 112
Contig length (bp) 62,945,509
Contig N50 (bp) 4,211,296
Contig N90 (bp) 2,386,851

Scaffold number 96
Scaffold length (bp) 62,947,109
Scaffold N50 (bp) 4,456,852
Scaffold N90 (bp) 3,064,705

GC content (%) 51.89

Anchored chromosomes size (bp) 61,059,735

In the 19-K-mer analysis, 63.81 was calculated as the dominant peak depth and
65.04 Mb was estimated as the genome size and there was approximately 0.45 heterozygos-
ity and 47.66% repetitive sequence content (Supplementary Table S1). The genome size is
slightly bigger than that of the Wolfiporia genus collected in NCBI (https://www.ncbinlm.
nih.gov/datasets/genome/?taxon=81056, accessed on 5 June 2024) (43.77-64.44 Mb). W.
hoelen genome showed some degree of heterozygosity and duplication, as indicated by one
main peak in the 17-mer frequency distribution analysis (Figure 1B).

Based on CCS (Circular Consensus Sequencing) data, 112 contigs with 62.95 Mb total
length and 4.21 Mb contig N50 length were assembled (Table 1). The corrected genome had
an average GC content of 51.89%. Subsequently, as the result of the Hi-C clean data, we
corrected the CCS data and scaffolded them into 14 pseudo-chromosomes (Figure 1C). The
sequences mapped to the chromosomes were 61,059,735 bp long, accounting for 100% of
the total length of the sequence (Table S2). All the 30 corresponding sequences were found
to map to the chromosome, with a detailed distribution outlined in Table S3. Telomeres
were identified as being present in the majority of chromosomes, with a predominant
localization at the terminal regions of the chromosomes (Table S4).

3.2. Assessment of Genomic Integrity

By evaluating the accuracy of the initial assembly, there was 99.91% coverage of the
assembled genome with 98.59% of the Illumina reads (Supplementary Table S5). According
to BUSCO assay results, 94.83% of BUSCOs were complete (Table S6), indicating that the
assembly integrity was adequate.

3.3. Genome Annotation

The genome contained 27.93 Mb repetitive sequences, which accounted for 44.37%
of the genome (Table S7). Five major types of repeats were detected, including class 1
(31.74%), class II (4.29%), potential host gene (0.48%), SSR (0.02%), and unknown duplica-
tions (9.68%).

A total of 12,670 protein-coding genes were successfully yielded (Table S8), which had
an average length of 2062.38 bp. An average of 6.48 exons per gene measured 242.97 bp in
length, while an average of 5.48 introns measured 89.03 bp in length (Table 59). Among


https://www.ncbi.nlm.nih.gov/datasets/genome/?taxon=81056
https://www.ncbi.nlm.nih.gov/datasets/genome/?taxon=81056

Horticulturae 2024, 10, 703

7 of 16

these genes, 86.53% (10,963) could be functionally annotated by at least one of the KOG, GO,
Pfam, Swissprot, TTEMBL, NR, and KEGG databases (Table S10). There were 240 transfer
RNAs, 97 ribosomal RNAs, and 103 other non-coding RNAs identified in the W. hoelen
genome (Table S11). In addition, 755 pseudogenes were also identified with an average
length of 2665.51 bp (Table 512).

There were 398 CAZymes identified in W. hoelen (Table S14), which was similar to the
species W. cocos (205) and W. hoelen (214) in the same genus [24]. These CAZymes included
167 glycoside hydrolases (GHs), 76 glycosyl transferases (GTs), three polysaccharide lyases
(PLs), 74 carbohydrate esterases (CEs), 34 carbohydrate-binding modules (CBMs), and
44 auxiliary activities (AAs). Additionally, there were 100, 2837, 519, and 2068 genes
annotated by TCDB, PHI, P450, and DFVF databases, respectively (Table S13).

3.4. The Growth of Five Edible Mushroom-Forming Fungi on Pine Wood Sawdust

One of the characteristics of W. hoelen is that it can grow in association with pine
trees. To understand the mechanism underlying this characteristic, we first inoculated
five different edible mushroom-forming fungi (P. ostreatus, P. eryngii, C. aegerita, S. latifolia,
and W. hoelen) into pine sawdust and broad-leaved wood sawdust culture media. The
genome information of these strains is shown in Table S15. As shown in Figure 2, the
growth of S. latifolia and W. hoelen on pine sawdust was similar to that on broad-leaved
wood sawdust, while the growth of P. ostreatus, P. eryngii, and C. aegerita was slower than
that on broad-leaved wood sawdust. Meanwhile, the growth rate of W. hoelen was five to
six times that of S. latifolia, instead of two to three times as previously reported [24].

C. aegerita P. ostreatus P. eryngii

Figure 2. The growth of five different edible mushroom-forming fungi (P. ostreatus, P. eryngii, C.
aegerita, S. latifolia, and W. hoelen) on pine sawdust and broad-leaved wood sawdust culture media.
The mycelium of uniform diameter was cultivated on two distinct wood substrates (pine wood and
hardwood) under dark conditions at a temperature of 24 °C for 1 week.

3.5. Employing Comparative Genomics Analysis to Identify Genes Associated with Pine Utilization

S. latifolia and W. hoelen grew similarly on pine sawdust and broad-leaved wood
sawdust, while P. ostreatus, P. eryngii, and C. aegerita grew more slowly on pine sawdust
compared to broad-leaved wood sawdust. Thus, we hypothesised that the genes unique to
S. latifolia and W. hoelen play a significant role in the ability to thrive on fresh pine wood.
Analyzing the structural and functional properties of orthogroups, we found 4694 common
orthogroups in the genome of selected five species, while 2517 orthogroups were specific
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to W. hoelen (Figure 3A and Table 2). Importantly, there were 645 orthogroups specifically
common in W. hoelen and S. latifolia (Table S16), which were significantly enriched in
12 pathways (corrected p value < 0.05), including steroid biosynthesis, biosynthesis of
antibiotics, and tyrosine metabolism (Figure 3B and Table 517). A maximum likelihood
(ML) phylogenetic analysis was conducted for five mushroom-forming fungal species using
shared single-copy orthologous genes. The results revealed that W. hoelen was more closely
related to S. latifolia than to the other three species (Figure 3C).

A B
Sparassis latifolia
Steroid biosynthesis ®
Corrected P_Value
Tyrosine metabolism ®
Fatty acid degradation ® 0.04
Pleurotus ostreatus 0.03
Iryptophan metabolisn
Wolfiporia hoelen 002
Phenylalanine metabolism . i
Pentose and glucuronate interconversions —
Autophagy - yeast ® Counts
Biosynthesis of antibiotics{ @ ® 10
Glycolysis / Gluconeogenesis |~ @ ® 2
® »
MAPK signaling pathway - yeast
(4
Biosynthesis of secondary metabolites { @ . ::
Metabolic pathways{ ()
Cyclocybe aegerita e o "
Plewrotus eryngii
C
Wolfiporia cocos
yelocybe aegerita
Pleurotus eryngii
Pleurotus ostreatus
06 04 02 0
Figure 3. Comparison of the genomes of the five mushroom-forming fungi. (A) Gene family
annotation venn diagram. (B) KEGG enrichment of the genes in orthogroups specifically common
in W. hoelen and S. latifolin. The enrichment plot of significantly enriched pathways (corrected
p value < 0.05) was drawn by an online website [64] (https://www.bic.ac.cn/ImageGP/, accessed on
3 April 2024). (C) Phylogenetic tree of the five mushroom-forming fungi. The single-copy orthologous
genes from OrthoMCL were used to construct a phylogenetic tree.
Table 2. The gene family statistics of the five selected mushroom-forming fungi. The OrthoMCL
software was used to classify the protein sequences and analyze the gene families.
Species Total Gene Number  Cluster Gene Number  Total Gene Family Number Unique Gene Family Number
C. aegerita 13,341 10,574 6822 570
P. eryngii 15,954 12,632 9383 563
P. ostreatus 11,718 10,504 8769 192
S. Ilatifolia 15,016 12,972 7552 664
W. hoelen 12,670 11,763 9300 2517

4. Discussion

As the world’s largest conifer genus, Pinus is arguably the most important tree
species [65], as well as in China. Pine wilt disease (PWD) is a migratory endoparasitic
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nematode that infects the stem of conifer trees and affects mainly species of the genus Pinus,
which is caused by the pine wood nematode (PWN) Bursaphelenchus xylophilus. In Eastern
Asia and Western Europe countries, several pine species have shown high susceptibility to
PWD [66]. PWD has been causing huge losses to the Chinese ecological environment, natu-
ral landscape, and social economy [67]. To limit the spreading of PWD, several measures
were implemented, including detecting symptomatic trees, eliminating them, and burning
or fumigating the wood. This has led to a large number of infected trees and tree stumps
that need to be treated.

Basidiomycetous fungi are largely responsible for the biodegradation of woody
biomass [68]. However, there are only a few species of fungi can directly grow on fresh
pine sawdust, including W. hoelen [24], Schizophyllaceae [69], Rhodonia placenta [70], and
S. latifolia [9]. W. hoelen and S. latifolia were cultivated on a large scale in China with pine
sawdust substrates. Our previous study screened out some important genes in the fresh
pine wood decay by S. latifolia through RNA-seq combined weighted gene co-expression
analysis (WGCNA) [9]. However, the current industrialized cultivation mode of S. latifolia
requires transporting pine trees to the factory, leading to a high risk of pine wood nematode
spread. Additionally, the growth of W. hoelen on pine sawdust substrates was much faster
than that of S. latifolia (Figure 2). Therefore, cultivating W. hoelen is a more effective way to
utilize epidemic wood.

“Fuling” is an important crude drug in traditional Chinese medicine with activities
of anti-tumor, anti-oxidant, anti-bacterial, immunomodulation, anti-inflammatory, and
liver and kidney protection [71]. The market demand for “Fuling” keeps growing [72].
Additionally, cultivating W. hoelen on nematode-affected pine wood can kill all nematodes
and Monochamus in 60 days, which was a workable way of utilizing nematode-affected
pine wood on the mountain and harmless utilization [73]. So, cultivating W. hoelen is the
best way to utilize nematode-affected pine wood. In recent years, W. hoelen strain Minling
Ab5 has been widely culturing in south China, especially in Fujian province, and the primary
raw materials utilized are pine stumps remaining post-logging [20]. This illustrates the
significant contribution of this strain to the utilization of resources in pine trees affected by
epidemics and pine stumps.

Information about an organism'’s genomic sequence can contribute to understanding
some of its biological aspects. However, no genetic information of W. hoelen strain Minling
A5 has been reported until now. In this study, we assembled the first high-quality genome
of W. hoelen strain Minling A5. There are several genome sequencing reports about the
Wolfiporia genus [22-25], the genome characteristics of Wolfiporia genus are shown in Table 3.
The genome size of W. hoelen strain Minling A5 was 62.95 Mb, which is very close to the
genome of a strain of WCLT (62 Mb). But it is bigger than the strain of CGMCC 5.78
(50.6 Mb), KMCC03342 (55.5 Mb), and GDMCC 5.219 (60.2 Mb), while smaller than the
strain of S520 (64.44 Mb). The scaffolds number of Minling A5 (96) was close to the report
of strain SS20 (78), while much less than the other reports. Another significant indicator,
N50 of scaffolds, our result was much longer than the others. The number of protein-
coding genes in Minling A5 (12,670) was also more than that of other reports, except for
the KMCC03342 strain. Additionally, we obtained a chromosome-scale assembly of the W.
hoelen strain Minling A5 consisting of 14 chromosomes (Figure 1C and Table 3). There were
two reports on chromosome level assemble in Wolfiporia genus [23,24]. One is a 64.44 Mb
homokaryotic genome of W. hoelen with 14 chromosomes and assembled with a Contig N50
length of 3.76 Mb [24]. Another one is 62 Mb haploid genome of a cultivated W. cocos strain
(WCLT) in China and also showed 14 chromosomes under microscopy and Hi-C analysis.
The number of chromosomes was consistent with our result (Figure 1). These findings
indicate that the genome assembly we have achieved exhibits a high level of quality.
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Table 3. Genome characteristics of Wolfiporia genus. The blank columns were due to the lack of corresponding data provided in the references.
. Anchored to Number of Percentage of
. Sequencing Genome Number of N50 of . . Average Gene Transposable =~ GC Content
Strains p Ch Protein-Cod: R t o o Ref
! Strategy Size (Mb)  Scaffolds  Scaffolds (kb) “zl\n/}‘l’f)me O oo M8 Length (bp) Sequggfjs ()  Elements (%) (%) ererence
HiSeq 2000
cGMccszg  lMuminaanda 50.6 351 835 10,908 1829 - 335 517 [23]
fosmid-to-
fosmid strategy
HiSeq2500
[lumina and
WCLT SMRT 62 145 1599.1 61.127 11,906 1332.76 46.6 - 51.86 [21]
technology on
the PacBio
Novaseq6000
[lumina and
5S20 SMRT 64.44 78 3760 58.26 10,567 2004 48.56 46.26 50.15 [22]
technology on
the PacBio
Oxford
Nanopore and
KMCC03342 SMRT 55.5 14,296 52.2 [20]
technology on
the PacBio
https:/ /www.ncbi.
nlm.nih.gov/
: datasets/genome/
GDMCC5.219  PacBio Sequel II 60.2 183 1300 52 GCA 034769205.1/,
accessed on 5 June
2024
Novaseq6000
Mlumina and
Minling A5 SMRT 62.95 96 4456.8 61.06 12,670 2062.38 44.37 51.89 This study
technology on

the PacBio
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Wolfiporia is a fungus that typically colonizes the roots of pine trees [24]. The wood
decay mechanism of W. cocos was examined by transcriptome and secretome, which found
that the differential expressed genes were involved in iron homeostasis, iron reduction,
and extracellular peroxide generation [21]. In lodgepole pine, 207 genes demonstrated a
4-fold increase in transcript levels compared to those observed with glucose. However, the
presence of a large number of differentially expressed genes poses a challenge in identi-
fying the key genes of interest. Comparative genomics plays a crucial role in elucidating
evolutionary dynamics across species, facilitating the discovery of novel genes and serving
as a foundation for subsequent functional genomics investigations [74,75].

Sawdust from fresh pine trees is not commonly utilized to cultivate edible mush-
rooms [6]. However, W. hoelen and S. latifolia can directly grow on fresh pine wood sawdust
substrate [7-9,21,76]. Therefore, we hypothesized that the genes specific to S. latifolia and W.
hoelen are important for growing on fresh pine wood. The integration of phenotype analysis
and comparative genomics analysis can facilitate the identification of crucial genes associ-
ated with pine wood decay. Through the structural and functional annotation analysis of
orthogroups, we found 645 specific common in W. hoelen and S. latifolia (Table S16) and the
genes in these orthogroups were significantly enriched in 12 KEGG pathways, including
steroid biosynthesis, biosynthesis of antibiotics, and tyrosine metabolism (Figure 3B and
Table 517). In our results of comparative genomics analysis, the gene family of cytochrome
P450 was specifically common in W. hoelen and S. latifolia (Table S516), while there were also
differentially expressed cytochrome P450 genes in previous reports on the pine wood decay
mechanism of W. hoelen [21] and S. latifolia [9]. This suggests that cytochrome P450 is a
significant factor in the degradation mechanism of pine wood. Compared to our previous
report on the mechanisms of S. latifolia decay fresh pine wood sawdust substrate [9], there
were several common pathways, including biosynthesis of antibiotics, tyrosine metabolism,
MAPK signaling pathway—yeast, and tryptophan metabolism.

Compounds derived from the Pinus species have demonstrated antimicrobial proper-
ties [77,78]. A study found that rosin from pine trees makes it difficult for fungi to grow
on coniferous wood [6], which has been shown to have antifungal activities [79,80]. Resin
acids, characterized by the chemical formula C19H29COOH, comprise a significant portion,
up to 95 wt.% of rosin [81]. In the results of comparative genomics analysis, the genes
in orthogroups specific to W. hoelen and S. latifolia were enriched in the KEGG pathways
related to fatty acid metabolism, including steroid biosynthesis, fatty acid degradation, and
glycolysis/gluconeogenesis (Table 516). Our previous study also found that lipase genes
were differentiated and expressed in S. latifolia induced by fresh pine sawdust [9]. So, we
think that if a fungus demonstrates the ability to metabolize rosin or exhibit resistance to its
antifungal properties, there is a high probability that it will thrive on fresh pine sawdust.

In conclusion, a combination of Illumina, PacBio Sequel II, and Hi-C sequencing
technologies was used to sequence and assemble the genome of W. hoelen strain Minling
A5 and provided a 62.95 Mb genome sequence consisting of 112 contigs with an N50
length of 4.21 Mb. The capacity of W. hoelen to utilize fresh pine wood was investigated
through comparative genomics analysis, revealing that genes within specific orthogroups
enriched in 12 pathways, such as steroid biosynthesis, biosynthesis of antibiotics, fatty
acid degradation, and glycolysis/gluconeogenesis, and tyrosine metabolism, played a
significant role (Figure 4). The genome sequencing and comparative genomics analysis
of W. hoelen conducted in this study mark a notable advancement in elucidating the pine
wood degradation mechanism of this fungus. The findings of this research hold promise for
making substantial contributions to the advancement of sustainable bioenergy production
and environmental protection.
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62.95 Mb
14 pseudo-chromosomes
Illumina 12,670 protein-coding genes
PacBio 240 transfer RNAs

97 ribosomal RNAs

Hi-C 103 other non-coding RNAs
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Figure 4. Proposed model of pine wood decay mechanism of W. hoelen. This model was drawn
by Figdraw.
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