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Comparative mitochondrial genome analyses
of five medicinal mushroom Sanghuangporus
provide insights into conservation, variation,
and phylogenetic relationships
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Abstract

Background Sanghuangporus species are white-rot basidiomycetes of notable ecological and economic
importance, playing critical roles in wood decomposition and medicinal applications. However, comprehensive
genus-level mitochondrial genome analyses for Sanghuangporus remain limited, which constrains understanding of
mitochondrial genome evolution within this lineage.

Results The second- and third-generation sequencing alongside comparative genomic approaches, we analyzed
the mitochondrial genomes of five Sanghuangporus species (S. weigelae, S. lonicericola, S. alpinus, S. sanghuang,

and S. vaninii). Genome sizes ranged from 97,345 to 116,792 bp, with GC contents between 23.21% and 24.04%.
Comparative analyses revealed that mitochondrial genome expansion within the Hymenochaetaceae is primarily
driven by intron gain. While core protein-coding genes (PCGs) have remained largely conserved, rearrangements
were detected in intergenic regions, highlighting the dynamic structural evolution of these fungal mitochondrial
genomes. Phylogenetic analyses based on concatenated PCGs and cox1 robustly resolved Sanghuangporus as a
monophyletic clade. Among the conserved PCGs, atp9 and nad4l exhibited the lowest genetic divergence, all genes
displayed Ka/Ks ratios < 1, indicating that they were under pervasive purifying selection. Repeat contents, nucleotide
diversity, codon usage bias, tRNA secondary structures, and RNA-editing patterns were also characterized.

Conclusion This study provides the first genus-level comprehensive mitochondrial genomic framework for
Sanghuangporus, illustrating how fungal mitochondrial genomes evolve through intron-mediated expansion,
structural rearrangement, and strong functional constraint. Our findings broadly contribute to the understanding
of mitochondrial genome evolution in fungi and provide a valuable resource for evolutionary, ecological, and
biotechnological studies of medicinally important species.
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Introduction

Mushrooms within the genus Sanghuangporus are widely
distributed across temperate to tropical regions. Also
classified as Phellinus or Inonotus, they have a long his-
tory of medicinal use in East Asia [1-3]. A taxonomic
revision by Zhou et al. [2] established Sanghuangporus
as a distinct genus within the family Hymenochaetaceae,
thus resolving longstanding nomenclatural ambiguities
arising from excessive synonymy and the frequent misap-
plication of species names. Accumulating evidence dem-
onstrates that Sanghuangporus species produce a diverse
array of bioactive metabolites, including polysaccharides,
terpenoids, and polyphenols, which confer notable phar-
macological properties, including antioxidant, antitumor,
antimicrobial, and immunomodulatory effects [4 - 8].

Recent advances in multi-omics approaches have con-
tributed to the elucidation of biosynthetic pathways in
Sanghuangporus. For instance, integrated transcrip-
tomic, proteomic, and metabolomic analyses revealed
the molecular mechanisms underlying unsaturated fatty
acid-mediated terpenoid biosynthesis in S. lonicericola
[9]. Given the scarcity of wild basidiocarp resources,
association analyses across multi-stage, genome-wide
levels are imperative for the effective exploration of San-
ghuangporus species and the optimized utilization of its
naturally limited wild resources.

Mitochondria are central to cellular energy metabo-
lism and apoptotic regulation and are broadly conserved
across eukaryotes [10]. The mitochondrial genome,
regarded as the second genome of eukaryotes [11], exhib-
its significant variation among different organisms [12].
Conserved synthetic blocks, along with the numerous
rearrangements occurring within them, can be correlated
with major evolutionary events [13]. Recent advances in
sequencing technology have accelerated the assembly of
mitochondrial genomes, permitting more comprehensive
evolutionary and functional investigations.

Fungal mitochondrial genomes remain underrepre-
sented compared to those of plants and animals, par-
ticularly within basidiomycetes. Plant mitochondrial
genomes display extensive structural diversity, reflecting
dynamic evolutionary changes [14—17]. Meanwhile, ani-
mal mitochondrial genomes and genes have been widely
employed in phylogeographic, evolutionary, ancient
DNA, and population genetic studies [18-20]. Fungi
represent a distinct kingdom of organisms and are more
closely related to animals than to plants [21]. Despite the
large number of Basidiomycota species documented in
nature, fewer than 220 mitochondrial genomes from this
phylum have been published to date, according to the
National Center for Biotechnology Information (NCBI)
Organelle Genome Database. Although the mitochon-
drial genomes of some medicinal mushrooms, such as
those of the genera Ganoderma, Inonotus, and Phellinus,
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have been sequenced [22-24], mitochondrial genomic
data are available for only two Sanghuangporus spe-
cies - S. sanghuang [25] and S. vaninii [26]. This scarcity
impedes gaining insights into mitochondrial genome
evolution and genetic diversity in basidiomycete fungi.
While numerous studies have undertaken comprehen-
sive analyses of fungal mitochondrial genomes [27, 28],
revealing substantial variation in their genomic architec-
ture—including gene order, repeat content, gene num-
ber, and intron composition-even among closely related
fungal species [29]. Prior Sanghuangporus reports had
focused on brief descriptions rather than in-depth char-
acterization [25, 26]. The potential links between Sang-
huangporus mitochondrial genomic features and critical
biological processes, such as growth and development,
remain poorly understood, thereby limiting compre-
hensive exploration of mitochondrial genome biology in
medicinal mushrooms.

The present study reports the first comprehensive
analysis of the assembly, annotation, and comparison of
Sanghuangporus mitochondrial genomes. The objec-
tives of this research were as follows: (1) to characterize
Sanghuangporus mitochondrial genomes, including the
similarities, differences, cox1 intron dynamic variations,
and gene rearrangements among the Hymenochaetaceae,
using comparative mitochondrial genomics; (2) exam-
ine repeat sequences, selective pressure, and nucleo-
tide diversity within Sanghuangporus genus; and (3)
elucidate the phylogenetic position of Sanghuangporus
within basidiomycete fungi based on mitochondrial gene
datasets. As the first comprehensive comparative mito-
chondrial genomic study of Sanghuangporus, this work
advances the understanding of the evolutionary history
and genetic diversity of this genus and related taxa within
the Hymenochaetaceae.

Materials and methods

Sample collection, identification, and sequencing

Fruiting bodies of S. weigelae, S. lonicericola, and S.
alpinus were collected from Chongqing, Liaoning,
Qinghai, China. Raw sequencing data for S. weigelae
were obtained from our previous study [30] (BioPro-
ject accession number PRJNA1030531) via the PacBio
Sequel and MGISEQ2000 platforms. The mitochon-
drial genomes of S. lonicericola and S. alpinus were
sequenced at Beijing Biomarker Technologies Co., Ltd
(Beijing, China) on the Illumina NovaSeq 6000 plat-
form. Quality control was applied to raw reads to gen-
erate clean data according to a previously published
method [31]. The nuclear ribosomal RNA region
(18 S-ITS1-5.8 S-ITS2-28 S) for each Sanghuangporus
species was assembled from the paired-end sequenc-
ing data using GetOrganelle v.1.7.7.0 [32] (-R 10-k
21, 45, 65, 85, and 105-F fungus_nr). Subsequently,
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internal transcribed spacer (ITS) sequences were
extracted with ITSx (-preserve T -graphical F),
aligned with type specimen sequences (Table S1) via
MAFFT, and subjected to phylogenetic analyses using
the maximum likelihood (ML) and Bayesian inference
(BI) algorithms. Two ITS sequences from Porodaeda-
lea alpicola (ON358109, ON358110) served as the out-
group for phylogenetic tree reconstruction.

Assembly of mitochondrial genomes

Initially, clean paired-end reads were de novo assembled
using GetOrganelle v.1.7.7.0 [32] with k-mer values of 21,
33, 55, 77, 99, and 127 (-F fungus_mt), yielding mito-
chondrial contigs that served as seed sequences. PacBio
HiFi reads were then aligned to these seed sequences
via BLAST, and high-quality candidate sequences
were extracted for further assembly using Flye v.2.9.2
[33]. To ensure the reliability of the results, the Flye-
assembled sequences were used as targets for iterative
assembly. After four rounds of iterative correction and
manual inspection, a congruent S. weigelae mitochon-
drial genome length was obtained. NextDenovo [34]
was additionally used for reference assembly. The mito-
chondrial genomes of S. lonicericola and S. alpinus were
assembled using only the initial GetOrganelle v.1.7.7.0
step, followed by manual inspection.

Annotation of mitochondrial genomes

Briefly, protein-coding genes (PCGs), rRNA genes, and
tRNA genes in the five Sanghuangporus mitochondrial
genomes were preliminarily annotated using MFan-
not [35], MITOS2 [36], and GeSeq [37], with reference
to closely related species. tRNA gene prediction was
further refined using tRNAscan-SE [38]. RNA-editing
sites were predicted with Deepred-mt (probability
threshold > 0.9) [39], and all annotations were manu-
ally assessed for accuracy. The annotated S. weigelae,
S. lonicericola, and S. alpinus mitochondrial genomes
were deposited into GenBank under accession num-
bers PV558911 - PV558913.

Mitochondrial genome features and comparative analysis
BLAST +and BRIG [40] were employed for the com-
parative visualization of the five Sanghuangporus spe-
cies, with the S. weigelae genome serving as reference.
Collinearity was assessed using the progressive Mauve
algorithm in Mauve v.2.4.0 [41], while conserved and
rearranged regions were analyzed with mVISTA [42].
The coding sequence (CDS) length and GC content
for 14 PCGs were determined using FastATCG. Addi-
tionally, strand asymmetries were calculated using the
following formulae: AT skew=(A-T)/(A+T) and GC
skew=(G -C)/(G + C).
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Repeat sequence analysis

Three categories of repeat sequences, namely, simple
sequence repeats (SSRs), tandem repeats, and dis-
persed repeats, were detected with MISA [43], Tan-
dem Repeats Finder v.4.09 (default parameters) [44],
and REPuter (E-value cutoff: le-5) [45], respectively.
The results of the repeat sequence analyses were visu-
alized using Circos [46].

Intron dynamic analysis

Intron positions within the cox1 gene across 16 mito-
chondrial genomes were compared and visualized using
R v.4.3.1. Employing the cox1 sequence of Ganoderma
calidophilum [22] as a reference, intron insertion sites
were mapped to classify the cox1 genes into distinct posi-
tional classes (Pcls). These Pcls were named according to
their insertion locations in the reference sequence. Pear-
son correlation analysis was performed to assess the rela-
tionship between cox1 intron numbers and gene length
across 98 species.

Genetic distance, selective pressure, and nucleotide
diversity of the PCGs

Pairwise genetic distances for each PCG were deter-
mined in MEGA v.11 [47] under the Kimura-2-parameter
(K2P) model. The selective pressure on 14 core PCGs
across the five Sanghuangporus mitochondrial genomes
was evaluated using KaKs_Calculator v3.0 [48] to com-
pute non-synonymous (Ka) and synonymous (Ks) sub-
stitution rates. For nucleotide diversity analysis, PCG
sequences were aligned via MAFFT, trimmed using
Gblocks, and concatenated in PhyloSuite [49]. Nucleotide
diversity (Pi) was calculated in DnaSP6 [50] using a slid-
ing window approach, with a window size of 200 bp and a
step size of 20 bp.

Codon usage analysis

The PCG sequences extracted from the five Sanghuang-
porus mitochondrial genomes using PhyloSuite were
analyzed for codon usage bias with CodonW [51]. The
following five indices were calculated: codon adaptation
index, frequency of optimal codons, codon bias index,
effective number of codons (ENC), and GC content at the
third synonymous site (GC3s). ENC-plot analysis (ENC
vs. GC3s) was employed to assess the extent of synony-
mous codon usage bias. The relative synonymous codon
usage (RSCU) values were used to identify preferred
codons (RSCU>1) and avoided codons (RSCU<1). The
results were visualized in R v.4.3.1.

Phylogenetic analysis

The mitochondrial genomes for 98 species, includ-
ing 16 Sanghuangporus-related species (Table S2),
were retrieved from GenBank based on taxonomic
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representation within Hymenochaetaceae, phyloge-
netic affinity to Sanghuangporus, and high assembly/
annotation quality. Two phylogenetic approaches were
employed. First, a combined mitochondrial gene analy-
sis was performed by aligning a concatenated dataset of
14 core PCGs via MAFFT and PhyloSuite. Tremellales
served as the outgroups for the 98-species Basidiomycota
dataset, while Ganoderma served as the outgroups for
the analysis of the 16 Sanghuangporus-related species.
Fourteen conserved mitochondrial PCGs (atp6, atp8,
atp9, cob, coxl -3, nadl -6, and nad4l) were extracted
and individually aligned using MAFFT (Alignment
Mode: Codon, Code Table: 4) and MACSE (Code Table:
4), implemented in PhyloSuite. The resulting alignments
were visually inspected, and poorly aligned or ambigu-
ous regions were removed using Gblocks (Data Type:
Codons) under relaxed parameters. The curated align-
ments were then concatenated into a combined dataset.
ML analyses were conducted using IQ-TREE, with the
best-fit substitution models selected by ModelFinder
[52] under the Akaike Information Criterion for 5,000
bootstrap replicates and the Shimodaira-Hasegawa-like
approximate likelihood-ratio test. BI analyses were per-
formed using MrBayes with partitioning schemes and
models selected by PartitionFinder2 [53]. These analyses
involved two runs with four chains for 2x 10° genera-
tions, a sampling frequency of 100 and a burn-in fraction
of 25%. The iterations were assumed to have reached
steady state when estimated Bayesian posterior prob-
abilities (BPP) approached 1 and bootstrap supports (BS)
reached 100. Genes were treated as separate partitions in
the concatenated dataset. Two independent BI runs were
conducted with four chains each until convergence was
achieved. Subsequently, single-gene analysis was per-
formed by reconstructing separate trees for cox1. For
both approaches, ML and BI trees were generated. Final
trees were visualized in iTOL.

Results

Species identification and assembly quality

The ITS sequences of three Sanghuangporus specimens
clustered with 2 -3 specimens of the same species (Fig.
S1). The ML and BI algorithms generated nearly con-
gruent topologies (Fig. S1). Based on the analyses of ITS
sequences and Sanghuangporus morphological features
[2]-including perennial, effused-reflexed to pileate basid-
iocarps; a pileal surface that is brown or dark greyish to
black and varies from hispid, tomentose, or velutinate to
glabrous with a radially cracked crust; a yellow to brown
pore surface; a context that is homogeneous to duplex
with a black line; causes a white rot on angiosperm
wood) — the newly sequenced specimens were confirmed
to be S. weigela, S. lonicericola, and S. alpinus.
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The sequencing depth was high and relatively uniform
across the three mitochondrial genomes (average depth:
S. weigelae, ~7027x; S. lonicericola, ~1645x%; S. alpinus,
~2521x). No abrupt coverage drops were observed, and
the mismatch and indel rates were low, further confirm-
ing that consistency was high between the assembled
sequences and the raw sequencing reads (Fig. S2 and
Table S3). All quantitative assembly validation metrics
indicated that the assembly was reliable.

Features and comparative analysis of five Sanghuangporus

mitochondrial genomes

The lengths and GC contents of the mitochondrial
genomes of the five Sanghuangporus species were as
follows: S. weigelae (116,972 bp, 23.58%), S. lonicericola
(115,539 bp, 23.31%), S. sanghuang (112,060 bp, 23.21%),
S. alpinus (102,472 bp, 24.04%), and S. vaninii (97,345 bp,
23.47%). S. weigelae possessed the largest mitochondrial
genome, encoding 14 core PCGs, 26 tRNAs, two rRNAs,
and one ribosomal protein (rps3). These gene counts were
consistent with those in other Sanghuangporus species,
showing only minor variations in tRNA gene numbers
(Fig. 1A). Interspecific alignment revealed sequence iden-
tity exceeding 70%, indicative of a high level of homology
among these species (Fig. 1A). The GC content and GC
skew were randomly distributed throughout most of the
genomes. As in the synteny analysis, variations and peaks
were observed in the similarity comparison (Fig. 1A),
which may have implications for mitochondrial func-
tion and evolution. An exception occurred at the peaks
in unaligned breaks within non-coding regions, where
the biased GC skew corresponded to the S. weigelae ref-
erence mitochondrial genome (Fig. 1A). Mauve identified
seven homologous syntenic blocks (I- VII) shared among
the five Sanghuangporus species (Figs. 1B and S3). Block
I, the largest and most conserved region, was present in
all five species. This block predominantly harbors a sta-
ble number of core PCGs (cox1, nad4l, nad5, atp9, cox2,
cob, cox3, atp6, and nadl) and four tRNA genes (trnY,
truM, truP, trnN, trnS, and trul), demonstrating strong
structural and functional conservation. Blocks II, V, and
VII were also detected in all the species but showed mod-
erate variations in length and gene contents. Blocks II
and V mainly contain rruL and nad4, and adjacent tRNA
genes, whereas Block VII encompasses three clusters of
tRNA genes (clusterl: trnV, truL, truR, and trnW; clus-
ter2: trnA, trnF, truT, and trnQ; and cluster3: truM, truD,
trnG, truR, truM, truE, and truS). In contrast, Blocks III,
IV, and VI exhibited variability (Figs. 1B and S8). Specifi-
cally, Block III was absent in S. sanghuang, S. alpinus, and
S. vaninii. Block IV was missing in S. alpinus; and Block
VI was lacking in S. vaninii. Block V showed orientation
differences, including a partial inversion relative to neigh-
boring blocks. Several homologous blocks, particularly
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Fig. 1 A Alignment of the mitochondrial genomes among the five studied Sanghuangporus species. Gaps in the circle represent mismatched sequences
in the mitochondrial genome alignment. GC content (black) and GC skew (purple/green) are shown in the innermost two circles. Increased GC content
and positive GC skew are represented by peaks oriented toward the center of the circle. Species from inside to outside, color-coded as pink, gray, yellow,
blue, and purple, indicate S. weigelae, S. lonicericola, S. sanghuang, S. alpinus, and S. vaninii, respectively. B Collinearity of the mitochondrial genomes in
allied species. I-VI represents the homologous regions. C Variations in the length and base composition of individual protein-coding genes (PCGs) in the
mitochondrial genomes of five Sanghuangporus species, including coding sequence (CDS) length variation, GC content, AT skew, and GC skew of the

different PCGs

Blocks II - VI, displayed inverted orientations relative to
one another across species, and were often flanked by
tRNA gene-rich regions. mVISTA analysis highlighted
the extent of conservation across species, identifying 19
alignments containing 124 conserved regions in S. vani-
nii, 19 alignments comprising 102 regions in S. alpinus,
43 alignments harboring 128 regions in S. sanghuang, and
17 alignments with 108 regions in S. lonicericola (Fig. S4).

All the mitochondrial genomes contained 14 PCGs
(atp6, 8, 9, cox1 -3, cob, nadl -6, and nad4l), rps3, two
rRNA genes (rruS and rrul), and a variable number of
tRNA genes. The features of the PCGs (CDS length, GC
content, GC skew, and AT skew) were highly conserved.
The lengths of cox1, nad2, nad3, and nadé6 varied slightly,
whereas those of the other genes were invariant. The
longest PCGs were nad5 (2,007 bp), followed by nad2
(1,872-1,887 bp) and cox1 (1,587 - 1,590 bp), while atp8
(153 bp) was the shortest. The average GC content of
the PCGs ranged from 17.78% to 37.30%, with the high-
est GC content observed in atp9 and the lowest in atp8.
The GC skew was predominantly positive, except in atp6
(-0.065 to -0.039) and atp8 (-0.333 to —0.440), while
the AT skew was uniformly negative (- 0.270 to - 0.079),
varying by gene.

Repeat sequences
The SSRs identified in the five Sanghuangporus spe-
cies are summarized in Table S4. A total of 606 SSR sites

were detected across the studied mitochondrial genomes.
Most were mononucleotide repeats (61.9%), followed by
trinucleotide (10.7%) and tetranucleotide (9.6%) SSRs.
The most frequent mononucleotide SSR motif was a
thymine (T) repeat, which occurred 193 times and
accounted for 51.5% of all mononucleotide SSRs. Among
the dinucleotide and trinucleotide repeats, the most
common motifs were AT/TA and TTA, respectively.
Notably, no mononucleotide guanine (G) repeats were
identified in any of the five mitochondrial genomes. The
number of SSRs per species ranged from 111 to 143. S.
sanghuang exhibited the highest number of SSRs (143),
followed by S. weigelae (121), S. lonicericola (119), S. alpi-
nus (112), and S. vaninii (111). In addition to SSRs, dis-
persed repeats including forward, palindromic, reverse,
and complementary repeat sequences were also detected,
with lengths ranging from 30 to 1,341 bp, 30 to 127 bp, 30
to 1,221 bp, 30 to 105 bp, and 30 to 55 bp in S. weigelae,
S. lonicericola, S. sanghuang, S. alpinus, and S. vaninii,
respectively (Table S5). Forward repeats were the most
frequent, followed by palindromic repeats. For instance,
in S. weigelae, 24 forward, 18 palindromic, 4 reverse, and
6 complementary repeats were identified, representing
2.92% of its mitochondrial genome (Fig. S5 and Table S5).
Additionally, tandem repeats were observed in all spe-
cies, including 39 in S. weigelae, 24 in S. lonicericola, 45 in
S. sanghuang, 25 in S. alpinus, and 16 in S. vaninii (Table
S6). The longest tandem repeat (68 bp, three copies) was
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found in the S. weigelae mitochondrial genome. Across
all five species, most tandem repeats were present in one
to three copies. These findings indicated that SSRs and
repeat elements are abundant in Sanghuangporus mito-
chondrial genomes.

Intron dynamics, selective pressure, and genetic distance
of core PCGs

As the most intron-rich mitochondrial gene in fungi,
the cox1 is widely used as a model system for investigat-
ing intron dynamics, gain and loss events, and intron
positional classes. In the present study, a strong Pear-
son correlation was observed between cox1 length and
intron number across 98 mitochondrial genomes in
Basidiomycota (r=0.925, P=7.12x10"%; Fig. 2A). A
total of 127 introns were identified in the Hymenochae-
taceae mitochondrial genomes, with each species con-
taining between 3 and 15 (Fig. 2B). Within the genus
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Sanghuangporus, intron numbers were uniform across
species, together accounting for 37.8% of all identified
introns in Hymenochaetaceae. This high intron content
may contribute to the larger mitochondrial genome sizes
observed in Sanghuangporus. A Pearson correlation was
observed between cox1 intron number and whole mito-
chondrial genome size across 98 mitochondrial genomes
in Basidiomycota, (r=0.573, P=4.51x10"*). Ortholo-
gous introns at positions P209, P237, P273, P383, P731,
P1107, and P1305 were detected in most Hymenochaeta-
ceae species. In addition, Sanghuangporus mitochondrial
genomes exhibited conserved intron positions, and sev-
eral Pcls (P707, P931, P941) were unique or rare (Fig. 2B).

Analysis of genetic distance revealed that atp6 exhib-
ited the highest average pairwise distance (0.062) among
the 14 core PCGs in Sanghuangporus species, followed
by nad3 (0.058) and nad6 (0.047) (Fig. 2C). The lowest
genetic distance (0.013) was observed in atp9, followed
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Fig. 2 A Pearson correlation analysis between intron number and cox1 gene length in the mitochondrial genomes of 98 Basidiomycota species. B Posi-
tional information for the cox1 genes. The left panel shows the phylogenetic positions of cox1 gene from 16 species. The right panel shows positional class
(Pcl) information for cox1. C Genetic analysis of the 14 core protein-coding genes (PCGs) conserved in the mitochondrial genomes of five Sanghuangporus
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Jin et al. BMC Genomics (2026) 27:543

by nad4L (0.027), indicating a high level of conserva-
tion. Meanwhile, selective pressure analysis of the 14 core
PCGs (Fig. 2C) revealed that cob had the highest Ka/Ks
ratio (0.279) while nad4L displayed the lowest (0.021).
Regarding Ka values, cob exhibited the highest value
(0.0283), followed by atp6 (0.0282). The highest Ks value
was observed in nad3 (0.260), followed by azp6 (0.190),
whereas the lowest was recorded in atp9 (0.051). Over-
all, all 14 core PCGs had Ka/Ks ratios below 1, indicating
that they are under purifying selection.

Nucleotide diversity and gene rearrangements
Nucleotide diversity analysis of the 14 core PCGs
revealed varying levels of diversity, with Pi values ranging
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from 0.017 to 0.059 (Fig. 3A). Among these genes, atp6
exhibited the highest nucleotide diversity, followed by
nad3 (Pi=0.053), nad6 (Pi=0.044), nad4 (Pi=0.042),
nad2 (Pi=0.041), nads5 (Pi=0.038), and cox1 (Pi=0.037).
In contrast, atp9 (Pi=0.017), cob (Pi=0.023), and nad4l
(Pi=0.025) showed relatively low diversity, indicating
that these genes possess a higher degree of conservation.

Comparative analyses of mitochondrial gene order
across representative genera of Hymenochaetaceae
revealed both conserved and lineage-specific organiza-
tional features (Figs. 3B and S6). All five Sanghuangporus
mitochondrial genomes exhibited an identical and stable
arrangement of the PCGs, rRNA genes, and rps3. In con-
trast, marked differences in gene order were observed
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Fig. 3 A Nucleotide diversity in the mitochondrial genomes of five Sanghuangporus species. The x-axis denotes nucleotide position, while the y-axis
denotes nucleotide diversity (Pi). The continuous green line represents Pi values in different protein-coding genes (PCGs) regions. The number above
each gene represents its average Pi value. B The left panel shows a phylogenetic tree based on concatenated PCGs of the five studied Sanghuangporus
species. The right panel shows the gene order of each mitochondrial genome, starting with cox1. Genes are color-coded as follows: atp6, 8, and 9 are
shown in blue; cob is shown in yellow; cox1-3 are shown in green; nad1-6 and nad4l are shown in purple; and rRNA genes and rps3 are shown in white
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among different genera within the Hymenochaetaceae.
Phellinus (Phellinus viticola), Porodaedalea (Porodaeda-
lea chrysoloma, Porodaedalea niemelaei, and Porodae-
dalea mongolica), Phellinotus (Phellinotus piptadeniae),
and Inonotus (Inonotus obliquus and Inonotus hispidus)
each displayed gene clusters and organizations distinct
from those of Sanghuangporus. A comparative analysis
of tRNA genes (Fig. S6) suggested that no lineage-specific
rearrangements in these genes occurred within Sang-
huangporus. However, the few detected tRNA gene vari-
ants were predominantly located at rRNA gene regions
or at the junctions of nad4. These data indicated that
mitochondrial genome rearrangements exist at the genus
level rather than at the species level. When examining the
14 core PCGs, two distinct gene arrangement patterns
were identified upstream of nadl in Hymenochaetaceae.
These differences involved a positional reversal between
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two gene clusters, namely, Cluster 1 (nad6, nad2, and
nad3) and Cluster 2 (nad4 and atp8). In Sanghuangporus,
Cluster 2 was prepositioned adjacent to nad1.

Codon usage analysis

The codons UUA (leucine, Leu), AGA (arginine, Arg),
CCU (proline, Pro), GCU (alanine, Ala), GGU (glycine,
Gly), and UCU (serine, Ser) had the highest RSCU values
(Fig. 4A). The frequent use of A- and U-ending codons
contributed to the high AT content (average 73.52%)
observed in the mitochondrial genomes of the five San-
ghuangporus species. In S. weigelae, 27 codons exhibited
a positive usage bias, while 34 displayed a negative usage
bias. The RSCU patterns were highly consistent among
the analyzed species, with 27, 27, 27, and 26 codons dis-
playing a positive usage bias and 33, 34, 34, and 35 codons
exhibiting a negative bias in S. lonicericola, S. sanghuang,
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Fig. 4 A Relative synonymous codon usage (RSCU) of protein-coding genes (PCGs) in five Sanghuangporus species. The frequency of codon usage is
plotted on the y-axis, while the x-axis represents codon families. The box at the bottom indicates all codons encoding each amino acid. B Plot of the ef-
fective number of codons (ENC) illustrating codon usage patterns in the mitochondrial genomes of the five Sanghuangporus species. GC3s, GC content

at the third codon position
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S. alpinus, and S. vaninii, respectively (Fig. 4A). Fur-
thermore, codon preference analysis demonstrated that
codon bias varied among genes (Fig. 4B). Consistent with
the RSCU results, the ENC ranged from 27.81 to 47.71.
Moreover, guanine usage was lowest at the third codon
position (G3s), with an average frequency of 0.144. The
GC3s was 0.44, approximately equal to the overall GC
content of 0.46.

tRNA features and RNA-editing sites

A total of 26 tRNA genes were predicted to be present in
the mitochondrial genomes of S. weigelae, S. lonicericola,
and S. alpinus, while the mitochondrial genomes of S.
sanghuang and S. vaninii contained 27 tRNA genes. The
typical set of tRNA genes characteristic of fungal mito-
chondrial genomes was conserved across Sanghuangpo-
rus species, including three tRNA genes for methionine
(Met), two each for Leu, Ser, and Arg, and one for each
of the remaining 16 amino acids. All tRNA genes were
dispersed throughout the mitochondrial genomes, and
ranged in length from 70 (¢ruM) to 88 (¢rnS) bp. The
predicted secondary structures for the 26 tRNAs are
shown in (Figs. S7 and S8). Five tRNAs contained extra
arm stems. Numerous unmatched base pairs and G-U
wobble pairs were present, predominantly localized to
the amino acid acceptor arms. Unique tRNA genes were
found in S. lonicericola (one), S. sanghuang (two), and S.
alpinus (one) (Figs. S7 and S8). Common tRNA genes
frequently exhibited structural variations among the five
Sanghuangporus species (Fig. S8), differing in length and
nucleotide sequence.

All RNA-editing sites reported in this study were pre-
dicted computationally and have not been experimentally
validated with transcriptomic evidence. The 45 predicted
C to U RNA-editing sites in the 14 core PCGs in S. wei-
gelae and the distribution of the predicted RNA-editing
sites in each gene are listed in Table S7. Among these
genes, coxl, nad5, and nad2 had the most RNA-editing
sites (10, 9, and 7, respectively), while atp8, atp9, cox3,
and nad4L had none. These findings predicted that 52
amino acids experienced non-synonymous changes,
leading to changes in the types of encoded amino acids.
The most frequent transition was Ser - Leu, followed by
Pro-Leu and Ser-phenylalanine (Phe). A few amino
acids—isoleucine, Phe, Leu, Ser, and valine-also under-
went synonymous substitutions. The RNA-editing sites
involved a total of 20 codon modifications. Among them,
46.67% resulted in amino acid changes with no change
in hydrophobicity, 4.44% changed from hydrophobic
to hydrophilic, and 37.78% changed from hydrophilic
to hydrophobic (Table S8). Comparable RNA-editing
profiles were predicted in the other four species of San-
ghuangporus, with 48, 39, 42, and 46 RNA-editing sites
identified in S. lomicericola, S. sanghuang, S. alpinus,
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and S. vaninii, respectively (Table S7). The amino acid
changes are presented in Table S8. The proportion of
hydrophobic-hydrophobic change was greatest in S.
weigelae, while hydrophilic-hydrophobic changes pre-
dominated in S. sanghuang, S. alpinus, and S. vaninii. S.
lonicericola had identical proportions of hydrophobic-
hydrophobic and hydrophilic-hydrophobic changes.

Phylogenetic analysis

The phylogenetic position of Sanghuangporus species
and their evolutionary relationships with other basidio-
mycete fungi were investigated using two datasets: cox1
from 16 species and PCGs from 98 species. For each
dataset, phylogenetic trees were constructed using BI
and ML methods, yielding similar topologies. All major
clades in the resulting trees were well-supported, with
BPP>0.99 and BS=>97. Taxonomic analysis based on
the five Sanghuangporus mitochondrial genomes was
undertaken to understand the evolution of Sanghuang-
porus species within the Hymenochaetaceae. Generally,
high congruence was observed between the ML- and
Bl-based trees. The Hymenochaetaceae formed a mono-
phyletic clade consisting of 12 species, partitioned into
three distinct subclades: Porodaedalea+Phellinus,
Phellinotus+Inonotus, and Sanghuangporus. S. lonic-
ericola, S. weigelae, and S. alpinus exhibited a close rela-
tionship, forming a sister group to the subclade formed
by S. vaninii and S. sanghuang (Fig. 5). Analysis of the
mitochondrial phylogenetic tree for the 98 Basidiomy-
cota species showed that the five Sanghuangporus species
aligned with their established taxonomic classification,
consistent with the results obtained for the cox1 gene
tree (Fig. 2B).

Discussion

This study presents a comprehensive analysis of the
mitochondrial genomes of five Sanghuangporus spe-
cies; notably, the mitochondrial genomes of S. weigelae,
S. lonicericola, and S. alpinus were newly sequenced in
this work. The results revealed that these mitochondrial
genomes are defined by notable structural features, con-
served elements, and lineage-specific variations, thereby
deepening essential insight into the evolutionary history
and functional genomics of these economically and sci-
entifically important macrofungi.

The present analysis revealed both conserved and
variable features among Sanghuangporus mitochon-
drial genomes, including general mitochondrial genome
characteristics, repeat sequences, intron dynamics,
selective pressure, genetic distances, nucleotide diver-
sity, gene rearrangements, codon usage biases, tRNA
structures, and RNA editing. The high degree of col-
linearity and sequence similarity observed among the
five mitochondrial genomes suggests that these species
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share an evolutionary origin. Mitochondrial genome
sizes ranged from 97,345 to 116,792 bp, indicating
slight variation among species (Tables S2). All five spe-
cies possessed a full set of conserved PCGs essential for
mitochondrial function and energy metabolism. Despite
small variations, these genes exhibited a high degree of
length conservation across species, which is biologically
informative. In fungal mitochondrial genomes, PCG
length variation is often driven by intron insertions,
gene boundary instability, or a consequence of anno-
tation ambiguity. Consequently, the observed pattern

consistently indicates that strong functional and struc-
tural constraints are acting on core oxidative phosphory-
lation genes, supporting their suitability for downstream
evolutionary and phylogenetic analyses. S. alpinus exhib-
ited the highest GC content and had a negative AT/GC
skew (except for atp8). A gene-level analysis of the GC
and AT skews was undertaken to explore strand-specific
nucleotide compositional biases associated with mito-
chondrial replication. The skew patterns were uniform
across the conserved PCGs, indicating that replication-
associated mutational pressures were stable within
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Sanghuangporus. The GC content was consistently low
across all species, supporting the hypothesis that shared
mutational bias, selection, or recombination-associated
DNA repair mechanisms drive these compositional
patterns [54]. The narrow GC-content range observed
among the five analyzed species indicates that this muta-
tional regime has remained evolutionarily stable since
the divergence of extant Sanghuangporus lineages. Addi-
tionally, uniformly AT-rich mitochondrial genomes are a
common feature in basidiomycete fungi and are gener-
ally attributed to asymmetric mutation pressure favoring
A/T over G/C nucleotides, rather than to lineage-specific
adaptive processes [55]. From an evolutionary perspec-
tive, persistent AT bias may indirectly shape mitochon-
drial genome architecture by influencing codon usage
patterns, amino acid composition, and the structural
properties of non-coding regions [56]. AT-rich sequences
are known to facilitate the formation of secondary struc-
tures and promote replication slippage or recombination,
potentially contributing to the frequent rearrangements
observed in intergenic and tRNA-rich regions of fungal
mitochondrial genomes [55, 56].

Repetitive sequences are widely recognized as impor-
tant contributors to structural variation and genomic
plasticity in fungal mitochondrial genomes [57]. In the
present study, Sanghuangporus mitochondrial genomes
exhibited a high abundance of SSRs as well as dispersed
and tandem repeats. Such repeat-rich regions serve as
hotspots for homologous and illegitimate recombina-
tion, potentially facilitating genome rearrangements,
sequence duplications, and deletion events [58]. Within
the Sanghuangporus genus, the observed predominance
of forward repeats and the presence of long dispersed
repeats—exceeding 1 kb in some species—suggest that
recombination-driven mechanisms may have contrib-
uted to the shaping of mitochondrial genome architec-
ture. However, despite the relatively high repeat content,
the overall gene content and gene order among the five
Sanghuangporus species were highly conserved, reflect-
ing strong functional constraints that limit excessive
structural instability. The absence of mononucleotide G
repeats and the dominance of A/T-rich SSR motifs may
further reflect selective pressures associated with rep-
lication fidelity and oxidative damage in mitochondrial
genomes, given that G-rich repeats have an elevated pro-
pensity for replication slippage and mutational instabil-
ity [59]. Together, these observations suggest that repeat
elements in Sanghuangporus mitochondrial genomes
contribute to localized sequence variability and struc-
tural flexibility, while purifying selection maintains global
genome organization. This balance between repeat-medi-
ated plasticity and functional constraint may be essential
for mitochondrial genome evolution in Sanghuangporus
species.
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Within the studied order Hymenochaetales, Inonotus
hispidus presented the largest mitochondrial genome
(171,046 bp), characterized by a high intron count. The
coxl gene is the primary reservoir for introns in the
Basidiomycota, and its intron dynamics greatly affect the
size of mitochondrial genomes [60]. The present study,
encompassing 98 species, revealed a strong positive cor-
relation between cox1 intron number and cox1 length.
Similarly, a positive correlation was observed between
the number of introns in whole mitochondrial genomes
and the overall mitochondrial genome size in basidiomy-
cetes. These findings suggest that intron accumulation
is a primary driver of the expansion of Sanghuangpo-
rus mitochondrial genomes. Analysis of the 16 ana-
lyzed mitochondrial genomes revealed that cox1 introns
could be classified into different Pcls, with some Pcls
sharing across all species, and others occurring rarely
and in a species-specific manner. Introns from different
species that were assigned to the same Pcl were consid-
ered homologous and typically exhibited high sequence
similarity [61]. Introns P707 and P807 were unique to
Sanghuangporus, while others (e.g., P209, P237, and
P383) showed homology with distantly related species.
These Pcl distributions suggest that a dynamic turn-
over process, potentially involving intron gain and loss,
is occurring within these lineages. However, the precise
underlying evolutionary mechanisms cannot be resolved
without intro-level phylogenetic analyses. These patterns
are consistent with previously reported intron dynamics
in fungal mitochondrial genomes, where such fluctua-
tions substantially contribute to genome size variation.

The highest K2P genetic distances were detected in
atp6 and nad3, indicating that these genes have under-
gone notable evolutionary divergence, while the lowest
was observed in atp9, reflecting a high level of conserva-
tion. This pattern is consistent with the nucleotide diver-
sity results, thereby clarifying the extent of the genetic
conservation and evolutionary pressure of each PCG in
Sanghuangporus mitochondrial genomes. The evolution-
ary rates, which generally depend on purifying selection,
mutation, and directed selection, varied among the core
PCGs. The Ka/Ks ratio was used to estimate the evolu-
tionary selection pressure on the 14 core PCGs within
the mitochondrial genomes. As shown in (Fig. 2C), all
the PCGs exhibited Ka/Ks ratios <1, indicating that they
were under pervasive purifying selection, and highlight-
ing the strong evolutionary conservatism of mitochon-
drial genes across Sanghuangporus species. Such strong
purifying selection is a normal feature of mitochondrial
genomes and reflects functional constraints associated
with oxidative phosphorylation [62]. Nucleotide diversity
analysis revealed that atp9 was highly conserved, as are
specific regions within other genes. These findings sug-
gested that these genes play important roles in survival
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and evolution. Moreover, different regions showed vary-
ing levels of nucleotide diversity, providing valuable
information for designing specific-specific primers or
conducting evolutionary analyses.

Mitochondrial gene rearrangements have been widely
documented and are often associated with recombina-
tion, intron mobility, and lineage-specific evolution-
ary histories [60]. Comparative mitogenomic analyses
revealed that gene rearrangements in Hymenochaetaceae
have predominantly occurred at the intergeneric level,
whereas mitochondrial gene order has remained highly
conserved within genera. Within Sanghuangporus, all
examined species shared a nearly identical gene arrange-
ment, even after tRNA genes were included in the
analysis. This structural stability suggests that strong evo-
lutionary constraints act on the mitochondrial genomes
of this genus, potentially reflecting a relatively recent
radiation or limited recombination activity after genus
divergence. The conserved gene rearrangement also cor-
responds well with the monophyly of Sanghuangporus
as inferred from mitochondrial PCG phylogenies, sup-
porting that gene order conservation is strongly linked
with phylogenetic coherence. In contrast, comparisons
among different genera revealed multiple rearranged
gene blocks, particularly in regions surrounding nade6,
nad4, and atp8. Such rearrangements may result from
intramolecular recombination facilitated by repetitive
elements, introns, or tRNA gene-associated recombina-
tion hotspots, as proposed for other fungal lineages. The
frequent localization of tRNA genes at block boundar-
ies provided further evidence of their role in mediating
recombination events, as shown in the synteny analysis.
Overall, these findings suggest that mitochondrial gene
rearrangements in Hymenochaetaceae are more infor-
mative at deeper taxonomic levels and that the highly
conserved gene order within Sanghuangporus reflects
evolutionary stability rather than structural plasticity.
Genomic synteny analysis also identified rearrangements
within non-coding regions in the five Sanghuangporus
mitochondrial genomes (Fig. 1B). This variability high-
lights the dynamic nature of mitochondrial genome
architecture, even among congeneric species, as also
observed in previous research [22]. While gene order can
provide phylogenetic insights, convergent evolution must
be considered when interpreting such rearrangements
[60]. Further studies are needed to determine their func-
tional consequences, particularly considering the role of
mitochondria in energy metabolism.

RSCU analysis showed a consistent preference for A/T
at the third codon position across all studied species, a
pattern that is also common in higher plants [15-17].
Codon bias affects translation efficiency and protein
folding, and is thus a key determinant of gene expres-
sion and protein structure [63-65]. Sanghuangporus
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species exhibit marked consistency in codon usage bias,
reflecting strong functional constraints on mitochondrial
PCGs and reinforcing the reliability and comparability
of gene annotation across taxa. In the ENC-plot analy-
sis, every gene fell below the expected curve, indicating
that natural selection, rather than mutational pressure, is
the primary force driving codon bias in Sanghuangporus
mitochondrial genomes, as evidenced by lower ENC val-
ues and a pronounced preference for specific codon [66].

Most predicted tRNAs exhibited typical cloverleaf
secondary structures, reflecting strong functional con-
straints on mitochondrial tRNA genes, a pattern widely
observed across eukaryotic mitochondrial genes [67, 68].
The predicted RNA-editing sites with minor interspecific
variation may potentially influence amino acid proper-
ties. These functional proteins after editing ensured the
final products achieve closer sequence conservation with
homologs in other systems [69, 70]. For instance, in S.
weigelae, RNA editing altered 37.78% of the amino acids
in the mitochondrial genome from hydrophilic to hydro-
phobic, potentially impacting protein conformation and
function [71]. Notably, all RNA-editing sites reported
herein were predicted computationally. These sites rep-
resent only preliminary hypotheses and provide a refer-
ence framework for future transcriptome-based studies
designed to validate RNA-editing patterns and explore
their functional roles in fungal mitochondrial genomes.

A fundamental objective in biology is the reconstruc-
tion of the tree of life [72]. Mitochondrial genomes have
been extensively used to infer the tempo and mode of
evolutionary changes, as well as the processes underly-
ing speciation and adaptive radiation [12]. Most Basid-
iomycota species available in the NCBI database were
included in the phylogenetic trees in the present study,
providing a comprehensive view of the phylogenetics
within this phylum. The trees constructed from concat-
enated PCGs using BI and ML methods were congruent
and well-supported. The inferred species relationships
were in agreement with current taxonomy, aligning with
their historical classification and recent reassignment
[2]. In the two trees, S. lonicericola, S. weigelae, and S.
alpinus exhibited a close relationship (Fig. 5). This phy-
logenetic clustering was also consistent with the results
for the cox1 gene tree (Fig. 2B). While the present results
highlight the importance of mitochondrial genome data,
more extensive investigations are necessary to determine
which phylogenetic method is most accurate for this
taxon.

Although the present study provided comprehensive
insights into mitochondrial genomes across five San-
ghuangporus species, there were several limitations.
Because mitochondria play a central role in cellular
energy production and metabolic regulation [10], evo-
lutionary changes in mitochondrial genomes may have
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important functional and ecological implications for
ectomycorrhizal fungi. Sanghuangporus species form
symbiotic associations with woody host plants, a life-
style that requires efficient energy metabolism to sustain
hyphal growth, nutrient exchange, and long-term host
colonization. The conservation of core PCGs involved in
oxidative phosphorylation across Sanghuangporus mito-
chondrial genomes suggests that strong selective con-
straints act on energy-generating pathways, reflecting
the fundamental metabolic demands of ectomycorrhizal
symbiosis. Meanwhile, moderate sequence divergence
and variation in non-coding regions, including repeti-
tive elements, may serve as a source of mitochondrial
genomic flexibility that facilitates adaptation to different
host species or environmental conditions. Such variation
could influence mitochondrial transcriptional regula-
tion or replication efficiency, thereby indirectly affecting
respiratory performance under fluctuating ecological
contexts. Similar patterns have been reported in other
ectomycorrhizal and wood-decaying fungi, where mito-
chondrial genome evolution appears to balance func-
tional conservation with adaptive plasticity. Collectively,
these features suggest that mitochondrial genome evo-
lution in Sanghuangporus may reflect an adaptive com-
promise between maintaining essential bioenergetic
functions and allowing limited structural and sequence
variability to support ecological diversification and host-
associated adaptation in ectomycorrhizal fungi. However,
a broader sampling of Sanghuangporus species and indi-
viduals is needed to fully capture interspecific variation.
Studies incorporating mitochondrial and nuclear mark-
ers could provide a more holistic view of Sanghuangpo-
rus evolution. Further functional validation of identified
repeat elements and rearrangements is also essential.
Future work should explore these aspects to enhance the
understanding of mitochondrial genomic evolution and
support conservation and breeding efforts.

Conclusion

In the present study, the mitochondrial genomes of three
Sanghuangporus species—S. weigelae, S. lonicericola,
and S. alpinus—were sequenced and assembled for the
first time. A comprehensive exploration of these mito-
chondrial genomes, including detailed annotations and
comparisons, was undertaken. All Sanghuangporus mito-
chondrial genomes displayed a highly conserved gene
complement. Additionally, all the core mitochondrial
genes were found to be under purifying selection, high-
lighting the evolutionary conservatism of mitochondrial
energy metabolism. Comparative and synteny analyses
uncovered structural stability within mitochondrial gene
rearrangements. Phylogenetic investigations based on
the Sanghuangporus mitochondrial genomes indicated
that 98 Basidiomycota species and variants were divided

Page 13 of 15

into seven main clades. In the Hymenochaetaceae clade,
S. lonicericola, S. weigelae, and S. alpinus exhibited a
close relationship and clustered into a common subclade.
This study illustrates the complexity of mitochondrial
genomes among five Sanghuangporus species, provid-
ing information useful for the development of potential
molecular markers for phylogenetic analyses as well as
for further elucidating the evolutionary history, func-
tional implications, and underlying mechanisms of these
medicinal mushrooms.
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