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Abstract: Ganoderma species are widely distributed in the world with high diversity. Some species
are considered to be pathogenic fungi while others are used as traditional medicine in Asia. In this
study, we sequenced and assembled four Ganoderma complete mitogenomes, including G. subam-
boinense s118, G. lucidum s37, G. lingzhi s62, and G. lingzhi s74. The sizes of the four mitogenomes
ranged from 50,603 to 73,416 bp. All Ganoderma specimens had a full set of core protein-coding genes
(PCGs), and the rps3 gene of Ganoderma species was detected to be under positive or relaxed selec-
tion. We found that the non-conserved PCGs, which encode RNA polymerases, DNA polymerases,
homing endonucleases, and unknown functional proteins, are dynamic within and between
Ganoderma species. Introns were thought to be the main contributing factor in Ganoderma mitoge-
nome size variation (p < 0.01). Frequent intron loss/gain events were detected within and between
Ganoderma species. The mitogenome of G. lucidum s26 gained intron P637 in the cox3 gene compared
with the other two G. lucidum mitogenomes. In addition, some rare introns in Ganoderma were de-
tected in distinct Basidiomycetes, indicating potential gene transfer events. Comparative mitoge-
nomic analysis revealed that gene arrangements also varied within and between Ganoderma mito-
genomes. Using maximum likelihood and Bayesian inference methods with a combined mitochon-
drial gene dataset, phylogenetic analyses generated identical, well-supported tree topologies for 71
Agaricomycetes species. This study reveals intraspecific and interspecific variations of the Ganoderma
mitogenomes, which promotes the understanding of the origin, evolution, and genetic diversity of
Ganoderma species.

Keywords: mitochondrial genome; Ganoderma; gene rearrangement; intron; phylogenetic analysis;
evolution

1. Introduction

The genus Ganoderma belongs to the Polyporaceae family, Polyporales order, which is a
group of fungi with high species diversity [1]. It is estimated that there are more than 180
species of the genus Ganoderma in the world [2-5]. Some species are identified as patho-
genic fungi of woody plants, such as G. boninense [6], G. steyaertanum [7], G. mastoporum
[8], and G. philippii [9], while some Ganoderma species are well-known components of
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traditional Asian medicine [10-12]. G. lucidum, G. leucocontextum, G. sinense, G. lingzhi, and
other Ganoderma species have a variety of bioactive ingredients, which show great eco-
nomic and medical value [13-18]. These bioactive ingredients of Ganoderma have attracted
increasingly more attention in Western medicine and health industries, and its annual
economic value reached several billion dollars in 2017 [2]. Due to the high similarity of
basidiocarp features, the genus Ganoderma is the most difficult group to be accurately mor-
phologically identified to species among all Polyporales [5,19,20]. The cultivation scale of
Ganoderma species in Asia has continued to expand in recent years, and the phenomenon
of confusion and misidentification of Ganoderma species is very prevalent, which limits
the development and effective utilization of Ganoderma species [2,5, 21]. The mitochon-
drial genome functions as a powerful tool in research of the phylogeny and evolution of
fungal species [22,23]. However, so far, only nine complete mitochondrial genomes of
Ganoderma species have been published [24-27], and the intraspecific and interspecific
variation characteristics and genetic evolution of Ganoderma species have not been ana-
lyzed.

The mitochondrial genome is regarded as the ‘second genome’ of eukaryotes, which
has an important function in eukaryote growth, development, and adaptation to the en-
vironment [28]. Animal mitochondrial genomes have been well studied because of their
relatively conservative structure and gene content [29,30]. In comparison with animal mi-
tochondrial genomes, fungal mitochondrial genomes vary greatly [31-33]. It is difficult to
obtain complete mitochondrial genomes of fungi due to the genetic and structural varia-
tions [34,35]. Less than 130 complete mitochondrial genomes of Basidiomycetes have been
published in the NCBI database (https://www.ncbi.nlm.nih.gov/genome/browse#!/orga-
nelles/ (accessed on 1 January 2022)), which is partly because mitochondrial data are ig-
nored during genome assembly. With the rapid development of next-generation and
third-generation high-throughput sequencing technologies, increasingly more complete
fungal mitochondrial genomes will be obtained. The mitochondrial genomes of most fun-
gal species were found to contain 14 core protein-coding genes, 20-36 tRNA genes, and 2
rRNA genes [36—40]. The gene arrangement, intron dynamic, repetitive sequences, expan-
sion or contraction intergenic regions, and non-conserved mitochondrial genes provide a
large amount of information that can be used to explore the origin and evolution of fungi
[41-44]. We previously found that Ganoderma mitochondrial introns experienced loss or
gain, and detected large-scale mitogenome rearrangements between different Ganoderma
species [25]. Until now, the intraspecific variations of mitochondrial genomes in
Ganoderma have not been fully revealed [45].

Herein, we performed sequencing and assembly of the mitochondrial genomes of
four Ganoderma specimens, namely, G. subamboinense s118, G. lucidum s37, G. lingzhi s62,
and G. lingzhi s74. We compared the four novel mitogenomes and published Ganoderma
mitogenomes for the purpose of revealing the differences or similarities of Ganoderma mi-
togenomes in the size of the genome, content, arrangement of genes, and repeat se-
quences. Further, we determined the dynamic changes of introns in Ganoderma mitoge-
nomes. We evaluated the phylogenetic relationships between Ganoderma species accord-
ing to a combined mitochondrial gene set. The four novel Ganoderma mitogenomes pro-
mote our understanding of the intraspecific and interspecific variations, mitochondrial
evolution, and genetic diversity of this important medical fungal genus.

2. Materials and Methods
2.1. Sequencing, Assembly, and Annotation of Mitogenomes

Four Ganoderma specimens were collected from Sichuan Province in southwest
China, which were then stored in Culture Collection Center of Sichuan Academy of Agri-
cultural Sciences (Contact information: Wenli Huang, wenlih11@126.com), including G.
subamboinense s118, G. lucidum s37, G. lingzhi s62, and G. lingzhi s74. The growth environ-
ment information and collection information of these specimens can be found in
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Supplementary Table S1. We extracted the genomic DNA of the four Ganoderma speci-
mens using a fungal DNA extraction kit (Omega Bio-Tek, Norcross, GA, USA). Sequenc-
ing libraries were constructed with the genomic DNA using a NEBNext® Ultra™ II DNA
Library Prep Kit (NEB, Beijing, China) according to the instructions. We conducted whole
genomic sequencing (WGS) using the Illumina HiSeq 2500 Platform (Illumina, San Diego,
CA, USA). In order to process the raw data, a series of quality control steps were carried
out. Among these steps, ngsShoRT was used for filtering low-quality sequences [46] and
AdapterRemoval v2 was used to remove adapter reads [47]. We de novo assembled the
four Ganoderma mitogenomes using NOVOPlasty v3.7.2 [48] with a k-mer size of 25. The
four mitogenomes obtained were annotated using the MFannot tool [49] and MITOS [50]
according to our previously described methods [51]. We drew the circular maps of the
four Ganoderma mitogenomes using OGDRAW [52].

2.2. Sequence Analysis

The base compositions of the four Ganoderma mitogenomes were analyzed using
DNASTAR Lasergene v7.1 (http://www.dnastar.com/ (accessed on 1 January 2022)). We
determined the four mitogenomes’ strand asymmetry using the formulas as follows: AT
skew = [A — T]/[A + T] and GC skew = [G - C]/[G + C] [53]. We determined the genetic
distances between the pairs among the 15 core protein-coding genes (PCGs)—atp6, atp8,
atp9, cob, cox1, cox2, cox3, nadl, nad2, nad3, nad4, nad4L, nad5, nad6, and rps3 —using MEGA
v6.06 [54] following the Kimura-2-parameter (K2P) model. We used DnaSP v6 to compute
the nonsynonymous substitution rate (Ka) and the synonymous substitution rate (Ks) for
the 15 core PCGs [55]. The Sequence Manipulation Suite [56] following the genetic code 4
conducted the codon usage analysis. BLASTn searching of the four mitogenomes against
themselves at an E value of <10-1° was carried out in order to establish whether there were
intra-genomic duplications or interspersed repeats (>30 bp) in the four Ganoderma mito-
genomes. In addition, tandem repeats (>10 bp) in the four mitogenomes were identified
with Tandem Repeats Finder [57].

2.3. Intron Analysis

Fungal mitochondrial introns vary greatly, and usually do not contain any introns in
most eukaryotic mitogenomes while basidiomycetes, including Polyporales, usually con-
tain varying numbers of introns [58,59]. We further separated the 15 core PCG introns in
Ganoderma and other Polyporales mitogenomes (the accession numbers are shown in Table
S7) into position classes (Pcls) with the mitogenome of Ganoderma calidophilum [25] as a
reference in accordance with reported methods [60]. First, the core PCGs excluding introns
were aligned with reference mitochondrial sequences of G. calidophilum using Clustal W
[61]. Each Pcl comprised introns inserted at the same position in the PCG coding regions
[60]. Introns that are of the same Pcl typically have high sequence similarities and are
deemed orthologous [62]. Most Pcls that differ possess low sequence similarities and non-
orthologous mobile genetic elements [45]. Pcls of 15 core PCGs in Polyporales were given
names based on the reference host gene’s coding region insert position.

2.4. Phylogenetic Analysis

A phylogenetic tree of 71 Agaricomycetes species was constructed based on the com-
bined mitochondrial gene set in order to explore the phylogenetic relationships of
Ganoderma species and the phylogenetic status of these Ganoderma species among the
Agaricomycetes class (the accession numbers are shown in Table S7). The mitogenome of
Hannaella oryzae from the order Tremellales was designated as an outgroup [63]. The com-
bined mitochondrial gene set contains 14 core protein-coding gene sequences, excluding
the rps3 gene and intron regions. For alignment of single mitochondrial genes, we used
MAFFT v7.037 [64]. We subsequently used SequenceMatrix v1.7.8 to concatenate the re-
sulting alignments into a gene set [65]. We employed PartitionFinder 2.1.1 to identify the
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gene set’s best-fit evolution and partitioning scheme models [66]. MrBayes v3.2.6 was
used [67] along with the Bayesian inference (BI) method based on the combined gene set
to evaluate the phylogenetic relationships between Agaricomycetes species. BI analysis in-
volved two independent runs with three heated chains and one cold chain, each per-
formed simultaneously for 2 x 10¢ generations. Once every 1000 generations, each run was
sampled. Stationarity was assumed to have been achieved when the estimated sample
size (ESS) reached more than 100, and the potential scale reduction factor (PSRF) became
close to 1.0 (the closer the PSRF value was to 1, the better the convergence effect). We
eliminated the first 25% of samples as burn-in. Then, we made use of the remaining trees
to evaluate the Bayesian posterior probabilities (BPPs) in a 50% majority-rule consensus
tree [68]. In addition, the maximum likelihood (ML) technique was employed for assess-
ment of the phylogenetic relationships of 71 Agaricomycetes species using RAXML v8.0.0
[69] with the combined gene set. We performed an evaluation of the bootstrap values (BS)
using an ultrafast bootstrap approach with 1000 replicates.

3. Results
3.1. Characterization of the Four Ganoderma Mitogenomes

The four complete Ganoderma mitogenomes were all made up of circular DNA mol-
ecules that ranged in size from 50,603 to 73,416 bp (Figure 1), and the molecular structure
was further verified by polymerase chain reaction amplification and pyrophosphate se-
quencing. The mitogenome of G. subamboinense s118 was the largest while the G. lingzhi
s74 was the smallest among the four Ganoderma mitogenomes. The GC content of the four
mitogenomes was within 26.33-26.56%, with a 26.41% average GC content (Table S1). The
mitogenomes of G. subamboinense s118 and G. lucidum s37 exhibited positive AT skews
while the two strains of G. lingzhi had negative AT skews. The GC skews of the four
Ganoderma mitogenomes were all positive. In total, 23 to 28 non-intronic open-reading
frames (ORFs) were detected in the 4 Ganoderma mitogenomes, which included 15 core
PCGs and 8-12 free-standing ORFs. These free-standing ORFs mainly encoded DNA pol-
ymerases, RNA polymerases, and proteins with unknown functions in the four Ganoderma
mitogenomes (Table S2). A total of 48 introns were detected in the 4 Ganoderma mitoge-
nomes, with each containing 8-21 introns. Each intron contained one or two intronic
ORFs, encoding LAGLIDADG homing endonucleases or GIY-YIG homing endonucleases.
A total of 49 intronic ORFs were detected in the 4 Ganoderma mitogenomes. Among the 48
introns detected in the 4 Ganoderma specimens, 29 belonged to Group IB, 7 belonged to
Group IA, 6 belonged to Group ID, 4 belonged to Group IC2, 1 belonged to Group II, and
1 was an unknown type. Two rRNA genes were found in all four Ganoderma mitogenomes,
namely, the small subunit ribosomal RNA (rns) and the large subunit ribosomal RNA
(rnl). In addition, the 4 Ganoderma mitogenomes all contained 26 tRNA genes.
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Figure 1. Circular maps of the four Ganoderma mitogenomes. Genes are represented by different
colored blocks. Colored blocks outside each ring indicate that the genes are on the direct strand
while colored blocks within the ring indicate that the genes are located on the reverse strand.

3.2. Codon Usage Analysis

Up to now, nine complete mitochondrial genomes of Ganoderma species have been
published in the database (the accession numbers are shown in Table 57). We further com-
pared these 13 Ganoderma mitogenomes to reveal the conservation and variation between
Ganoderma mitogenomes. Of the 15 core PCGs in the 13 Ganoderma mitogenomes we de-
tected, 14 used ATG as start codons except for cob, which used GTG as start codons in all
the 13 Ganoderma species (Table S3). The majority of the core PCGs in thee Ganoderma spe-
cies used TAA as stop codons while the atp6 gene of G. calidophilum, G. applanatum, and G.
subamboinense s118, and the cox2 gene of G. calidophilum used TAG as stop codons. The
nadl and nad2 genes of most Ganoderma species used TAG as stop codons.
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Codon usage analysis revealed that the most frequently used codons were AAA in
the G. subamboinense s118 and G. lingzhi s74 mitogenomes, TTT in G. lucidum s37, and TTA
in the G. lingzhi s62 mitogenome (Figure 2 and Table 54). In general, AAA (for lysine; Lys),
TTA (for leucine; Leu), TTT (for phenylalanine; Phe), AAT (for asparagine; Asn), and ATT
(for isoleucine; Ile) were the five most frequently used codons in the four newly sequenced
Ganoderma mitogenomes. The high AT content in the four Ganoderma mitogenomes (aver-
age: 73.59%) was due to frequently used codons ending in A and T.
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Figure 2. Codon usage analysis of the four newly sequenced Ganoderma mitogenomes: (a) G. subam-
boinense s118; (b) G. lucidum s37; (c) G. lingzhi s62; and (d) G. lingzhi s74.

3.3. Repetitive Sequences Analysis

We identified 47, 9, 7, and 7 repeat sequences in the mitogenomes of G. subamboinense
s118, G. lucidum s37, G. lingzhi s62, and G. lingzhi s74, respectively, by comparison of the
whole mitogenomes against themselves via BLASTn analysis (Table S5). In the four
Ganoderma mitogenomes, repeat sequence lengths ranged from 35 to 868 bp while the
range of pair-wise nucleotide similarities was 66.07-100%. The o0rf410, orf211 and orf168
protein-coding regions had the largest repeats, and in the intergenic region between orf211
and orf168 in the G. subamboinense mitogenome. The repetitive sequences comprised 2.33—
12.12% of the whole mitogenomes of the four Ganoderma specimens. The G. subamboinense
5118 mitogenome exhibited the highest proportion of repeat sequences while the lowest
proportion of repeat sequences was found in the G. lingzhi s74 mitogenome.

A total of ten, four, two, and four tandem repeats were found in the mitogenomes of
G. subamboinense s118, G. lingzhi s74, G. lucidum s37, and G. lingzhi s62, respectively (Table
56). The mitogenome of G. subamboinense s118 contained the longest tandem repeat se-
quence at 45 bp. Among the four newly sequenced mitogenomes, most of the tandem
repeats were duplicated once or twice, with the highest replication number (12) in the
mitogenome of G. subamboinense s118. Tandem repeat sequences made up 0.14-0.49% of
the four Ganoderma mitogenomes.
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3.4. Variation, Genetic Distance, and Evolutionary Rates of Core Genes

Of the 15 core PCGs revealed herein, the nad3 gene and then the nad6 gene showed
the greatest mean K2P genetic distance between the 13 Ganoderma species (Figure 3). On
average, the atp8 gene exhibited the smallest K2P genetic distance between the 13
Ganoderma species, showing the atp8 gene was highly conserved. The nad3 gene exhibited
the greatest mean nonsynonymous substitution rate (Ka) while the atp8 and atp9 genes
had the lowest Ka values. The nad3 gene revealed the highest synonymous substitution
rate (Ks) among the 15 core PCGs while that of the rps3 gene was the lowest. The Ka/Ks
values of 14 out of 15 core PCGs were less than 1, demonstrating that these genes under-
went purifying selection. However, the Ka/Ks values of the rps3 gene had values greater
than one between some species, such as between G. calidophilum and G. lucidum s26, be-
tween G. subamboinense s118 and G. leucocontextum, and between G. meredithae and G.
sinense, indicating that in some Ganoderma species, the rps3 gene was under either positive
or relaxed selection.
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Figure 3. Genetic analysis of 15 protein-coding genes conserved in the 13 Ganoderma mitogenomes.
K2P, the Kimura-2-parameter distance; Ka, the mean number of nonsynonymous substitutions per
nonsynonymous site; Ks, the mean number of synonymous substitutions per synonymous site.

3.5. Intron Dynamic Analysis

A significant correlation was found between the number of introns and the mitoge-
nome sizes of 13 Ganoderma species (p < 0.01). The Pearson and Spearman correlation co-
efficients were 0.923 and 0.906, respectively, indicating that introns are the main factor
causing the size variations of Ganoderma mitogenomes (Figure 4). A total of 235 introns
were detected in the 13 Ganoderma mitogenomes we tested, with each containing 8-31 in-
trons. The dynamic changes in the introns of Ganoderma species indicated that the loss or
gain of introns occurred during the evolution of Ganoderma species. In total, 215 out of the
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235 introns (91.49%) were distributed in core PCGs of the 13 Ganoderma species, indicating
that the core PCGs were the largest host genes of introns in Ganoderma. The remaining 20
introns were distributed in rRNA genes. The introns of core PCGs were harbored in thee
cox1, cox2, cox3, cob, nadl, nad2, nad3, nad4, and nad5 genes, and the cox1 gene contained
the largest number of introns, with 114. Six core PCGs, including the atp6, atp8, atp9, nad4L,
nad6, and rps3 genes, did not contain any intron in the thirteen Ganoderma mitogenomes.
The uneven distribution of introns in different core PCGs indicated that fungal introns
had host gene preference. Since most of Ganoderma introns are distributed in the core
PCGs, we studied the dynamic changes in the introns of Ganoderma core PCGs.

Correlation coefficient G. calidophilum
Pearson =0.923** p=0.000
Spearman =0.906** P =0.000

G. sinense

® 29.4% of intronic
ORFs were lost
G. lingzhi s62
5 10 15 20 25 30 35

Intron number

Figure 4. Correlation analysis between the number of intron and mitogenome sizes of 13 Ganoderma
species. The species and NCBI accession numbers for the mitogenomes used in the correlation anal-
ysis are provided in Supplementary Table S7.

Using the insertion sites of introns in the protein-coding region of host genes as a
basis, introns were categorized into different position classes (Pcls) depending on their
corresponding reference genes. The 114 introns of the coxI gene could be divided into 24
Pcls in the 13 Ganoderma mitogenomes (Figure 5). P1305 was the Pcl that was most broadly
distributed; it was distributed in 12 of the 13 Ganoderma species. P209 was also widely
distributed in Ganoderma cox1 genes, which was distributed in 10 of the 13 Ganoderma spe-
cies. Some rare intron was only distributed in 1 of the 13 Ganoderma cox1 genes, including
P218, P309, P900, P971, and P1107. We also detected nine, three, two, three, one, one, two,
and five Pcls in the cob, cox2, cox3, nadl, nad2, nad3, nad4, and nad5 genes. P426 from the
nad5 gene was the most common intron in Ganoderma species, which was present in all of
the 13 Ganoderma mitogenomes. P234 from the cox2 gene was also widely distributed in
Ganoderma species, which was distributed in 10 of the 13 Ganoderma mitogenomes. How-
ever, P201, P597, and P600 from the cob gene; P453 and P543 from the cox2 gene; P775 from
the cox3 gene; P153 and P657 from the nadl gene; P320 from the nad3 gene; and P675 from
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the nad4 gene were only detected in 1 of the 13 Ganoderma species, which were considered
to be rare Pcls in Ganoderma. We found that these rare Pcls were also distributed in distant
species, such as Paxillus rubicundulus [51], Agaricus bisporus [62], Rhizopogon salebrosus [31],
Russula compacta [37], and Moniliophthora perniciosa [70], suggesting that potential intron
transfers may take place in Ganoderma mitogenomes, or that intron insertions were con-
vergent in distantly related species.

We observed loss or gain of introns within G. lucidum and G. lingzhi species. The G.
lucidum s37 lost P926 in the cox1 gene, and P324 in the nad5 gene compared with the other
two G. lucidum mitogenomes. The mitogenome of G. lucidum s26 gained P637 in the cox3
gene compared with the other two G. lucidum mitogenomes. Within the G. lingzhi species,
the G. lingzhi s62 lost P209 in the cox1 gene, P539 in the nad4 gene, and P324 in the nad5
gene compared with the other two G. lingzhi mitogenomes.

G. upplanatum P209 | P383 | P490 | P612 PROT | PR21 | PR6T | P894 | P926
G. leucocontextum | P209 | P218 | P490 | P612 | P807 [ P867

G. isugue P209 P36 | P3R3 | P12

G. sinense P209 P309 | P383 | P490 | Pa12 W PRG6T _ 94
G. subamboinense | P209 P383 | P490 | P612 PR21 | PR94.
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Figure 5. Position class (Pcl) information of coxI (a) and other core PCGs (b) of the 13 Ganoderma
species. Pcls (orthologous introns) were named according to the insert sites (nt) in aligned reference
genes (MH252535). The phylogenetic positions of the 13 Ganoderma species were established using
the Bayesian inference (BI) method and maximum likelihood (ML) method based on a combined
mitochondrial gene set.

3.6. Comparative Mitogenomic Analysis

Comparative genomic analysis showed that the mitogenome of G. calidophilum was
the largest among the 13 Ganoderma mitogenomes while G. lingzhi and G. lucidum had the
smallest mitogenome among the 13 Ganoderma species, with an average size of 56,383 and
57,304, respectively (Table S1). The mitogenome size also varied within the G. lingzhi and
G. lucidum species. The GC content was also found to vary between and within Ganoderma
species, indicating base composition dynamics in the evolution of Ganoderma species. Base
biases were frequently detected in the mitogenomes of Ganoderma. The AT and GC skews
of G. leucocontextum and AT skew of G. lucidum (KC763799) were negative (T over A; C
over G) in their mitogenomes. However, there was an excess of Gs (but not Cs) and As
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(but not Ts) in the replication leading strands of most Ganoderma mitogenomes. Different
Ganoderma species contained varied numbers of non-conserved ORFs, encoding DNA pol-
ymerase, RNA polymerase, homing endonucleases, and unknown functional proteins
(Table 1). The six G. lucidum and G. lingzhi strains all contained the orf109, which encoded
RNA polymerase. The 0rf283 encoding DNA polymerase could only be detected in G. [u-
cidum. Some non-conserved PCGs only existed in the mitogenome of G. lingzhi, including
orf115, orf250, orf744, and orf879 encoding DNA polymerases; orf202 and orf211 encoding
RNA polymerases; orfl118 and orf309 encoding homing endonucleases; and orf152 and
orf413 encoding unknown functional proteins. In G. lucidum, strain s37 lost orf151, orf192,
and orf294, which encoded unknown functional proteins, while strain s26 lost orf283,
which encoded DNA polymerase. In G. lingzhi, the orf118 encoding GIY-YIG endonuclease
was lost in strain s8 while the strain s26 gained the orf115 and orf250 encoding DNA pol-
ymerases, and orf202 and orf211 encoding RNA polymerases compared with other G.
lingzhi species. These results indicate that loss or gain events of non-conserved PCGs have
occurred in the evolution of Ganoderma. The position classes and number of introns also
varied within and between Ganoderma species. In addition, 29.41% of the intronic ORFs in
the G. sinense mitogenome have been lost, indicating that intron ORFs of G. sinense are
undergoing contraction. The number of tRNA in Ganoderma mitogenomes varied between
Ganoderma species but was conserved within Ganoderma species. All Ganoderma species
contained two mitochondrial rRNA genes.

Table 1. Non-conserved protein-coding genes in the mitogenomes of Ganoderma lucidum and G.
lingzhi.

PCGs G. lucidum G. lingzhi Function

GL s26 s37 $62 s74  s8
orf109 * o * * * RNA polymerase
orfll5 / /A * / / DNA polymerase
orfl18 / /A * * / GIY-YIG endonuclease
orf151 * * *(orfl67) ¥ * hypothetical protein
orf152 / /A / * / hypothetical protein
orf190 / / * / * / DNA polymerase
orf192 * ] / / * hypothetical protein
orf202 / /A * / / RNA polymerase
orf211 / / * / / RNA polymerase
orf219 / [ / * / LAGLIDADG endonuclease
orf250 / / / * / / DNA polymerase
orf283 * [ / / / DNA polymerase
orf294 * ) / / * hypothetical protein
orf309 / /A * / / LAGLIDADG endonuclease
orf396 * o / * * DNA polymerase
orf413 / / / * / hypothetical protein
orfd29  *(orf439) * * / * * hypothetical protein
orf568 * oK / * * RNA polymerase
orf744 / / / / * / DNA polymerase
orf879 / /] / * / DNA polymerase

The “* indicates that the non-conserved PCG or corresponding homologous gene exists in the
Ganoderma species, and the ‘/’ indicates that there is no non-conserved PCG or homologous gene in
this species. The G. lucidum (KC763799) and G. lingzhi s62 have orf439 and orf167 homologous to
orf429 and orf151, respectively, according to their similarities in the amino acid sequence.
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3.7. Gene Arrangement and Phylogenetic Analyses

The organization of 15 core PCGs and 2 rRNA genes in the 13 Ganoderma mitoge-
nomes was compared. We found that the gene order of 13 Ganoderma species varied
greatly between species, even within species (Figure 6). The mitogenomes of G. applana-
tum, G. tsugae, G. sinense, G. meredithae, G. lucidum (KC763799), and G. lucidum s26 had
identical gene arrangements, which were arranged in the following order: cox1, nad4, atp6,
rnl, cox3, nad4L, rps3, nad2, nadb, rns, nad6, atp9, nadl, cob, cox2, atp8, and nad3, while the
mitogenomes of G. subamboinense s118, G. lucidum s37, G. lingzhi s62, and G. lingzhi s74 had
another gene order: cox1, nad4, atp6, rnl, cox3, nad4L, nad5, rus, cox2, rps3, nadé6, atp8, nad2,
nad3, atp9, nadl, and cob, which were different from other Ganoderma species. Gene rear-
rangements within G. lucidum and G. lingzhi were observed, including gene transfer, in-
sertion, and inversion events. The findings showed that large-scale gene rearrangements
took place during the evolution of Ganoderma species.

G. applanatum 0 apd |l |eox3 nad? L |nadl Jeob  feox2

G. lewcocontextum |eoxl 6 ' nad2 |nadl |cox2 0 |coh

G. tsugte I i alp6 |l |cox3d nad? b nadl feob  feox2

G. sinense ph el |eoxd nad?2 9 fnadl Jeoh  |eox? |a

G. subamboinense |eoxl 6 |l fcoxd cox? add a8 |nad? |nadi lapd

G. calidophil cox 6 fenl  Jooxd ap8  |nad? 9 |nadl |cob  |feox2

G. meredithae uipf rf_f_ cox3 nud2 mad6 faipd |nad] Jeoh  |eox? |

G. lucidum 18 aph el feoxd nad2 dii fap9 |nadl feob  |eox?

G. lucidum 516 coxl atph |l fcox3 nad2 Naip¥ |nadl |eoh  |cox? ]

G. lucidum s37 g aipf |l feox3 cox? adi Jaips |nad? lnadd fap9 |nadl |cob
G. lingzhi 561 6 |l |eoxd cox i nad? |nad3 |ap9 |nadi |cob
G. lingzhi s74  feox i 6 el fcoxd cox? adf |aip8 |nad? nad3 lap |nad! fcob
G. lingzhi s8 I wads laps |l |eoxd cox2 |ap6 |nad2 apy |nadl |cob

Figure 6. Gene order comparation between 13 Ganoderma species. All genes are shown in order of
occurrence in the mitochondrial genome, starting from cox1. Fifteen core protein-coding genes and
two rRNA genes were included in the gene arrangement analysis. The phylogenetic positions of 13
Ganoderma species were established using the Bayesian inference (BI) method and maximum likeli-
hood (ML) method based on concatenated mitochondrial genes. Species and NCBI accession num-
ber used for gene arrangement analysis in the present study are listed in Supplementary Table S7.

We performed phylogenetic analysis using maximum likelihood (ML) and Bayesian
inference (BI) according to the combined mitochondrial gene set (14 core PCGs). These
methods generated identical, well-supported tree topologies (Figure 7). All major clades
within the phylogenetic tree were well supported (BPP > 0.99; BS > 98). According to the
phylogenetic tree, the 71 Agaricomycetes species comprised 6 major clades of the orders
Agaricales, Boletales, Russulales, Polyporales, Hymenochaetales, and Cantharellales (Table S7).
The 24 Polyporales species could be divided into 7 groups, corresponding to the families
Phanerochaetaceae, Meruliaceae, Fomitopsidaceae, Laetiporaceae, Sparassidaceae, and Polypo-
raceae while Taiwanofungus could not be placed in any recognized family. Ganoderma and
Tremetes are closely related and form a group Polyporaceae. The phylogenetic analyses
showed that G. lingzhi was a sister species to G. lucidum.



J. Fungi 2022, 8, 781

12 of 20

Hannaella oryzae (outgroup)

Agaricus bisporus
Coprinopsis cinerea
% Laccaria amethystea
*

Laccaria bicolor
. _—Lyoplyllum decastes
*

-Lyoplyllian shimeji
Tricholoma matsutake

Armillaria borealis

Armillaria solidipes

{ NDesarmillaria tabescens
Armillaria sinapina

0‘)

%)

ﬂ(

Flammulina velutipey
Lentinula edodes
¥

s/ Moniliophthora perniciosa
foniliophthora roreri
Schizophyllum commune
£ Pleurotus citrinopileatus
#/Pleurotus eryngii
o Pleurotus ostreatus
t Pleurotus platypus
Hygrophorus russida
» %¢ Paxillus involutus
.

. Paxillus rubicundulus
% - Rhizopogon salebrosus

Rhizopogon vinicolor
Hericium coralloides.
wy Lactarius deliciosus
Lactarius hatsudake
# *A Lactarius hygrophoroides
Lactarius piperatus
Lactarius volemus
% ®, Russula abietina
= P -Russadler lepida
% *V*Russula compacta
-Russula foetens
Russuda viresens
Heterobasidion irregulare
¥ Phanerochaete carnosa
*

Phlebia radiata
Fomitopsis palustris
%

Laetiporus sulphureus
Wolfiporia cocos
Sparassis crispa

Taiwanofungus camphoratus
' Ganoderma appl m
' *  Gunoderma leucocontextum
®NGanoderma tsugae
Ganoderma sinense

',

¢

Ganoderma subamboinense s118
%

Ganoderma calidophilum
Gunoderma meredithae

Ganoderma lucidum

& Ganoderma lucidum s26
N Ganoderma lucidum s37

5 Ganoderma lingzhi s62

Ganoderma lingzhi 574

Ganoderma lingzhi s8
Trametes cingulata
2 *

Trametes coccinea
Trametes hirsuta
", i Trametes versicolor
& Coniferiporia sulphurascens
%, % Fomitiporia mediterranea

Sanghuangporus sanghuang
Phellinus lamaoensis
Cant

Schizepora paradoxa
. thareilus a[.wbxﬁam’s
5, Cantharellus cibarius
Cantharellus lutescens

0.2

Figure 7. Phylogeny of 71 Agaricomycetes species based on 14 protein-coding genes using the Bayes-
ian inference (BI) and maximum likelihood (ML) methods. The phylogenetic trees were generated
by MrBayes v3.2.6 and then exported by FigTree v1.4.3. Support values are Bayesian posterior
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probabilities (before slash) and bootstrap (BS) values (after slash). The asterisk indicates that the
BPP value is 1 and the BS value is 100 of the clades. The species and NCBI accession numbers for
the mitogenomes used in the phylogenetic analysis are provided in Supplementary Table S7.

4. Discussion
4.1. Mitogenome Size Variation in Ganoderma

In the present study, the mitogenome size of Ganoderma species was found to vary
greatly, ranging from 50,603 to 124,588 bp. The largest mitogenome G. calidophilum [25] in
the genus Ganoderma is 2.46 times larger than the smallest one G. lingzhi s62. Previous
studies have found that the fungal mitogenome sizes is one of the most variable groups
in eukaryotes, which is mainly due to the dynamic changes in introns, the accumulation
of repeat sequences, the content of non-conserved PCGs, and so on [71-74]. The number
of introns in this study had a significant effect on the size variation of Ganoderma mitoge-
nomes (p < 0.01). This suggests that introns may be the main contributing factor affecting
the size variation of Ganoderma species. The mitogenomes of G. lucidum and G. lingzhi were
the smallest among Ganoderma species, which indicated that the two species may have
experienced intron loss events during evolution. We observed size variations of the mito-
genomes within G. lucidum (7289 bp variations) and G. lingzhi (10,712 bp variations) spe-
cies. Within the G. lucidum species, G. lucidum (KC763799) contained the largest mitoge-
nome. However, the mitogenome of G. lucidum (KC763799) did not have the largest num-
ber of introns or non-conserved PCGs. Through comparative mitogenomic analysis, we
found that the expansion or contraction of the intergenic region may explain the size var-
iations within G. lucidum mitogenomes. In G. lingzhi species, the expansion of non-con-
served PCGs can explain the size increase of the G. lingzhi s74 mitogenome. In general, the
size variations of the Ganoderma mitogenomes are caused by several factors, including the
dynamic changes in the introns, the expansion or contraction of the intergenic region, and
the accumulation of non-conserved PCGs.

4.2. Mitogenome Content Evolution in Ganoderma

Since the ancestors of eukaryotes acquired mitogenomes from Alphaproteobacteria
through endosymbiosis, most mitochondrial genes have been integrated into the nuclear
genome during evolution [75,76]. However, most fungal mitogenomes retain a set of core
PCGs and a number of non-conserved PCGs to ensure the stability of the oxidative phos-
phorylation process. Partial deletion of core PCGs was also observed in some fungal mi-
togenomes, indicating the complex evolution of fungal mitogenomes [45]. In this study,
we found that all the mitogenomes of Ganoderma contained a whole set of core PCGs. The
length, base composition, codon usage frequency, and start and stop codons of these core
PCGs varied greatly within and between Ganoderma species, indicating that the core PCGs
of Ganoderma mutated frequently. Interestingly, we found that the rps3 gene demonstrated
positive selection or relaxed selection between some Ganoderma species. This phenomenon
has also been observed in other fungal species [77,78], and what causes the selection pres-
sure on the rps3 gene needs to be further verified. Different numbers of non-conserved
PCGs were observed in the mitogenomes of Ganoderma, which encoded RNA polymerase,
DNA polymerase, homing endonuclease, and unknown functional proteins. Two closely
related Ganoderma species, G. lucidum and G. lingzhi, both contained orf109 encoding RNA
polymerase, which indicated that orf109 may play an important role in the mitochondrial
function of the two Ganoderma species. Interspecific differences in the non-conserved
PCGs were detected between the two closely related Ganoderma species. All the three mi-
togenomes of G. lucidum contained 07396, 0rf429, and orf568, which encoded DNA poly-
merase, unknown functional protein, and RNA polymerase, respectively. However, G.
lingzhi s26 lost the three non-conserved PCGs. All G. lingzhi contained an orf151 gene,
which encoded unknown functional protein, while G. lucidum s37 lost this gene. The dy-
namic changes in the RNA polymerase, DNA polymerase, homing endonuclease, and un-
known functional genes were frequently observed within G. lucidum and G. lingzhi
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species, indicating that the loss and gain of non-conserved PCGs occurred in the evolution
of Ganoderma mitogenomes, even within species.

4.3. Dynamics of Introns in Ganoderma

The dynamic change in the introns is thought to be the primary factor causing the
size variation of the Ganoderma mitogenomes. Compared with mitogenomes from other
genera, most of the intronic ORFs in Ganoderma species were retained, and only G. sinense
lost 29.41% of the intronic ORFs [25]. It was found that introns were unevenly distributed
in the Ganoderma core PCGs and rRNA genes, and the cox1 gene was the largest host gene
of introns in Ganoderma. Introns can be categorized into different Pcls depending on their
insertion sites, and the same Pcls were considered to be homologous [79]. There was no
significant correlation between the number of Pcls and the length of host genes, indicating
that intron insertion sites had sequence selection preference. P209 and P1305 of the cox1
gene, P234 of the cox2 gene, and P426 of the nad5 gene were considered to be the most
common Pcls in Ganoderma, which were distributed in more than 10 of the 13 Ganoderma
species. However, some rare Pcls were only detected in 1 of the 13 Ganoderma species,
including P201, P597, and P600 from the cob gene; P453 and P543 from the cox2 gene; P775
from the cox3 gene; P153 and P657 from the nad1 gene; P320 from the nad3 gene; and P675
from the nad4 gene. These rare Pcls were found in distant species, which indicated possi-
ble horizontal gene transfer events. In previous studies, introns were found to be horizon-
tally transferred between different organelles [80]. We also detected intron loss and gain
events in G. lucidum and G. lingzhi. The results show that the introns of Ganoderma are
highly variable within and between species, and the physiological and functional effects
of these intron dynamics need to be further revealed.

4.4. Gene Rearrangements and Phylogenetic Analysis

This research work found that the Ganoderma mitochondrial gene arrangement var-
ied greatly within and between species. Some species with distant phylogenetic relation-
ships had identical gene arrangements while some closely related species had varied gene
arrangements, suggesting that the mitochondrial gene arrangement in Ganoderma species
is both random and dynamic. Previous studies found that gene rearrangements occur fre-
quently in fungal mitogenomes [81]. However, the fungal gene rearrangement mechanism
remains unknown. Animal mitochondrial gene rearrangement has been investigated in
depth, and researchers have designed multiple models to explore the mechanism of ani-
mal mitochondrial gene rearrangement [82,83]. The accumulation of repetitive sequences
in fungal mitogenomes was believed to cause gene rearrangements in fungal mitoge-
nomes [84]. However, the result cannot explain the intraspecific gene rearrangements of
Ganoderma mitogenomes. More intraspecific mitochondrial gene rearrangements and
their mechanisms need to be elucidated to understand the evolutionary patterns of fungal
mitogenomes.

The Ganoderma species is widely distributed on Earth, with high species diversity
[1,85]. Some Ganoderma species are pathogenic fungi of trees while some are traditional
Asian medicinal materials [2,86]. The discovery of bioactive natural products from
Ganoderma has attracted the enthusiasm of medical researchers all over the world and pro-
moted the continuous expansion of the Ganoderma cultivation scale [87,88]. However, the
limited and overlapped morphological features led to confusion in the accurate classifica-
tion of Ganoderma species [5,19]. The phenomenon of synonyms and homonyms is very
prevalent in cultivation and product development of Ganoderma species, which limits the
large-scale development and utilization of this important medicinal fungus [20,21]. The
mitogenome is an effective tool to understand the phylogenetic relationship of species
[89-91]. However, the lack of a mitochondrial reference genome of Agaricomycetes, espe-
cially Ganoderma species, limits the application of the mitogenome in the classification and
phylogenetic relationship analysis of Ganoderma. In this study, we newly obtained four
complete mitogenomes of Ganoderma species. Based on the ML and BI phylogenetic
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inference methods, we obtained phylogenetic trees for 71 Agaricomycetes species with high
support rates in major clades. The phylogenetic relationships among the Ganoderma spe-
cies and the phylogenetic status of Ganoderma in Agaricomycetes were also revealed. The
phylogenetic tree of the 24 Polyporales species based on the mitogenome is highly con-
sistent with that based on polygenic molecular markers [92-94]. This study provides use-
ful reference data for the classification and identification of Ganoderma species and pro-
motes our understanding of intraspecific and interspecific variations of Ganoderma spe-
cies.

5. Conclusions

In the present study, the mitogenomes of four Ganoderma specimens, including G.
subamboinense s118, G. lucidum s37, G. lingzhi s62, and G. lingzhi s74, were sequenced and
assembled. We performed comparative mitogenomic analysis of intraspecific and inter-
specific Ganoderma species to reveal the conservation and variation of Ganoderma mitoge-
nomes. The sizes of Ganoderma mitogenomes varied within and between Ganoderma spe-
cies, and the intron was the main factor contributing to the size variations of Ganoderma
mitogenomes. Frequent intron loss/gain events were detected within and between
Ganoderma species. The mitogenome of G. lucidum s26 gain intron P637 in cox3 gene com-
pared with the other two G. lucidum mitogenomes. The core PCG rps3 of the Ganoderma
species experienced positive or relaxed selection while non-conserved PCGs are dynamic
within and between Ganoderma species. Large-scale gene arrangements were detected
even within Ganoderma species. The results showed that there was high mitogenome di-
versity within and between Ganoderma species, regarding intron types, non-conserved
genes, and gene arrangement. This study revealed intraspecific and interspecific varia-
tions of Ganoderma mitogenomes for the first time, which promotes the understanding of
the evolution and genetic diversity of Ganoderma species.
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