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Abstract
Background

Wood-decaying fungus Exidia glandulosa, as the type species of the genus Exidia, is widely distributed in
China. However, the scarcity of genomic limits the development of subsequent resources mining and
utilization.

Results

Here, we firstly assembled the high-quality reference genome of E. glandulosa using third-generation and
next-generation sequencing technologies, systematically analyzed the population structure and adaptive
evolution characteristics of E. glandulosa across diverse climatic regions in China based on 78 samples.
This assembled genome revealed an abnormally high level of genome heterozygosity, suggesting
elevated ancestral genetic diversity or historical inter-lineage hybridization events. Population genetic
analyses indicated that genetic differentiation among E. glandulosa populations, likely driven by regional
climatic variations. Selection signal analysis suggested that temperate populations mainly responded to
climate variations through enhancing signal transduction and stress responses, subtropical populations
focused on energy metabolism, and plateau populations through multidirectional regulation of pathways
including energy sensing, autophagy regulation, and DNA damage repair.

Conclusions

This study elucidates the significant roles of climatic and geographic factors in driving population
differentiation and local adaptation in E. glandulosa. The rich genetic diversity and flexible molecular
regulation mechanisms identified here underpin its wide ecological distribution. Additionally, this work
provides a valuable genomic resource for future Exidia-related omics research and contributes to birding
the gap in studies on climate adaptability of wood-decaying fungi within the framework population
genetics.

Introduction

Fungi constitute a vital component of the global biosphere, and among them, wood-decaying fungi act
as the primary decomposers of woody substrates in forest ecosystems, exhibiting remarkable species
diversity and playing crucial roles in nutrient cycling and ecosystem stability [1, 2, 3, 4, 5, 6]. The
intraspecific genetic variation and population structure of wood-decaying fungi are highly responsive to
environmental variation, such as climatic conditions, resource quality, and habitat naturalness [7, 8, 9,
10]. Across different climatic zones, precipitation and mean annual temperature are recognized as major
factors driving species genetic differentiation [11, 12]. Furthermore, increasing human activities have
emerged as one of the primary forces shaping genetic variation in natural populations. Reductions in
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host availability and enhanced long-distance spore dispersal driven by human activities may results in
population fragmentation, decreased local genetic diversity, and increased population differentiation
[13]. Such reductions in genetic diversity may further weaken the potential of species to migrate to new
habitats and their ability to adapt to climate change [10].

Fungi rely primarily on spore spread, dispersal, and colonization as fundamental spatial processes
underpinning population dynamics [14, 15]. They employ a wide range of dispersal mechanisms,
including the transport of both hyphae and spores via air and ocean currents, as well as the use of
biological vectors such as plants and animals for short- or long-distance transoceanic dispersal [16].
Dispersal rates largely determine the magnitude and spatial scale of gene flow, thereby shaping
population genetic structure and exerting profound influences on interspecific interactions and
community assembly [17, 18, 19]. Although adaptive evolution across different habitats is generally
shaped by the interplay of gene flow, genetic drift, and natural selection, evidence suggested that natural
selection may assume a preeminent role in wood-decaying fungi [10].

Climate is one of the key factors driving the dispersal, diversity, and evolution of forest pathogenic fungi,
mycorrhizal fungi, and wood-decaying fungi [20, 21, 22], under whose influence fungi may evolve
different evolutionary strategies under varying environmental conditions [23]. In recent years, the use of
whole-genome resequencing (WGR) to analyze the adaptive evolution of species to climate change has
become an emerging research direction [24]. Related studies have revealed climate-driven selection
signatures and local adaptation mechanisms through genome-wide scanning [25, 26]. Currently, fungi
population genetics studies mainly focused on the germplasm evaluation and agronomic traits analyses
in edible and medicinal species. For example, Cao et al. [27] evaluated the genetic diversity of 18
germplasm resources of Hymenopellis radicata (Relhan) R.H. Petersen collected from China. Ling et al.
[28] integrated WGR data from 482 wild and commercial strains of Agaricus bisporus (J.E. Lange)
Imbach worldwide, reconstructing its complex evolutionary and domestication history under historical
climatic dynamics, and identifying candidate genes associated with white cap fruiting body traits.
However, population genetics and adaptive evolution of wood-decaying fungi across different climatic
regions remain notably scarce.

Exidia Fr. is a genus of white-rot fungi belonging to Auriculariaceae, Auriculariales, Agaricomycetes,
Basidiomycota. A total of 183 names had been registered for this genus, of which, 96 species are
globally recognized, with approximately 10 species reported from China [29, 30, 31, 32]. E. glandulosa
(Bull.) Fr., the type species of the genus Exidia, has been known for more than 200 years
(http://www.indexfungorum.org/. Accessed 20 September 2026). To date, research on E. glandulosa has
largely centered on its industrial applications. For example, Liers et al. [33] investigated dye-decolorizing
peroxidase (DyP) EgIDyP from E. glandulosa and demonstrated that EgIDyP could efficiently oxidize non-
phenolic aromatic substrates, recalcitrant dyes and the phenolic substrate 2,6-dimethoxyphenol. Sedova
et al. [34] and Martinkova et al. [35] used the cyanide hydratase (CynH) NitEg, derived from E. glandulosa
to treat industrial wastewater containing free cyanide (fCN). NitEg is regarded as a promising fCN
detoxification biocatalyst due to its ease of preparation, high specific activity, strong stability and long
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shelf life. Despite these advances, omics-level studies of E. glandulosa remain relatively limited, only a
second-generation genome has been reported for this species, which has been used as a reference for
comparative analyses of lignocellulose degradation [36, 37] and as an outgroup in phylogenetic analyses
of related taxa [38, 39, 40].

Exidia glandulosa is widely distributed in China [29, 41, 42, 43, 44, 45], and represents an ideal model for
studying population genetic differentiation and climate-driven adaptive evolution. China exhibits
considerable climatic heterogeneity, conventionally demarcated by the Qinling-Huaihe line into a
predominantly temperate north and a subtropical south. In addition, Southeast Xizang is characterized
by complex and variable climatic conditions, producing diverse forest ecosystems with a forest coverage
rate of approximately 46%. As a globally recognized biodiversity hotspot, this area has recently attracted
increasing attention in studies of wood-decaying fungi [46, 47].

In this study, we assembled a high-quality genome for E. glandulosa and performed WGR of 78 samples
to investigate patterns of population differentiation and evolutionary dynamics under contrasting
climatic conditions across China. This study not only provides important genomic data for the
subsequent multi-omics investigations of E. glandulosa-related species, but also fills the gap in the study
of climate-driven adaptive evolution in wood-decaying fungi from a population genetics perspective.

Materials and methods

Strain culture and genome sequencing

The E. glandulosa strain Dai 21717 used in this study was isolated from basidiomata collected at
Saihanba National Forest Park in Weichang Manchu and Mongolian Autonomous County, Chengde City,
Hebei Province, China. The specimen was deposited in the herbarium of Beijing Forestry University
(BJFC). An axenic single colony was selected, inoculated onto potato dextrose agar (PDA) culture
medium plates, and cultured at 25°C in the dark for 1-2 weeks. The genomic DNA from mycelium was
extracted using a modified cetyltrimethylammonium bromide (CTAB) method [48]. DNA purity and
integrity were assessed by agarose gel electrophoresis. Genome sequencing was performed using the
PacBio Sequel Il and Illumina NovaSeq PE150 platforms. Library construction and sequencing were
performed by Novogene Co., Ltd. (Beijing, China).

A total of 78 basidiomata samples were used for resequencing analysis in this study, of which 72 were
collected from 14 provinces or autonomous regions of China, and six were originated from the United
States of America (USA) and Europe (Table S1). All specimens are deposited in BJFC. Genomic DNA was
extracted using a modified CTAB method [48]. Paired-end sequencing (150 bp) was performed on each
sample using the BGI sequencing platform (DNBSEQ-T7) according to the manufacturer’s instructions.
Library construction and sequencing were performed by Biomarker Co., Ltd. (Beijing, China).

Genome resource quality control and assembly
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The raw next-generation sequencing data were evaluated using FastQC v0.12.1 [49] and then filtered by
Fastp v0.23.4 [50]. The filtering procedures included removal of adapter sequences, reads with a quality
value below 20, reads shorter than 50 bp, and reads containing excessive N bases. K-mer analysis was
performed on the filtered clean data (k = 17). K-mer frequencies were counted using Jellyfish v2.3.0 [51],
and genome survey was carried out using GenomeScope v2.0 [52].

Third-generation sequencing data were assembled using Canu v2.2 [53] and SMRT Link v5.0.1 [54]. The
genome of E. glandulosa (HHB12029) was selected as the reference, with an estimated genome size of
75 Mb. After assembly, contigs were aligned to the third-generation data using minimap2 v2.24-r1122
[55], and redundant sequences were removed using purge_dups v1.2.5 [56]. Multiple rounds of assembly
merging were subsequently performed using Quickmerge v0.3 [57, 58]. To improve assembly accuracy,
four rounds of polishing and error correction were performed on the Quickmerge v0.3 assembly using
NextPolish v1.4 [59] with both third-generation and filtered next-generation reads. Contigs shorter than
300 kb were manually removed using SeqKit v2.2.0 [58, 60] to obtain the final genome. The genome
quality and completeness were evaluated using QUAST v5.0.2 [61] and BUSCO v5.2.0 [62] with the
fungi_odb10 database.

Genome prediction and annotation

Genome repeat sequences were identified using both homology-based and de novo approaches. For
homology-based detection, RepeatMasker v4.1.4 and RepeatProteinMask v4.1.4 [63] were employed
against the RepBase (https://www.girinst.org/repbase/) and Dfam (https://www.dfam.org/home/)
databases. Long terminal repeats (LTRs) were detected using LTRharvest (http://genometools.org/),
LTR_FINDER v1.0.7 [64], and LTR_retriever v2.9.0 [65], masked during homology-based annotation. For de
novo prediction, RepeatModeler v2.0.3 [66] was used, followed by tandem repeat prediction with TRF
v4.0.9 [67]. All annotation outputs were merged into the final repeat annotation set.

Non-coding RNA (ncRNA) annotation was performed with Infernal v1.1.4 [68] based on the Rfam
database (https://rfam.org/). rRNA and tRNA were predicted using RNAmmer v1.2 [69] and tRNAscan-SE
v2.0.9 [70], respectively. The rRNA and tRNA sequences identified by Infernal were then screened and
combined with the RNAmmer v1.2 and tRNAscan-SE v2.0.9 outputs to produce the final ncRNA
annotation results.

To reduce the impact of repetitive elements on gene structure annotation, repetitive sequences in the
genome were masked using bedtools v2.30.0 [71]. Gene prediction integrated ab initio prediction with
Augustus v3.3.3 [72] and homology-based annotation with GeMoMa v1.9 [73]. The prediction results
were integrated using EVM v1.1.1 [74]. Completeness of the final gene was assessed using BUSCO
v5.2.0 [62] with the fungi_odb10 database.

Variation detection and annotation
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The genome of E. glandulosa (Dai 21717) was used as the reference genome. Filtered reads were
aligned to the reference genome using BWA v0.7.17-r1188 [75], and the resulting alignments were
converted into BAM files. Picard v3.0.0 (http://broadinstitute.github.io/picard/) was then employed to
sort BAM files and remove PCR duplicates. BAM files indexing was performed with Samtools v1.18 [76].
Alignment statistical was generated using QualiMap v2.3 [77], including total reads, mapping rate,
coverage rate, duplication rate, and insert size.

Variant calling for single nucleotide polymorphisms (SNPs) and insertion-deletion polymorphisms
(indels) was performed using HaplotypeCaller module in GATK v4.4.0 [78]. The low-quality SNPs and
indels were filtered using VariantFiltration module [28]. Indels located around SNPs were further filtered
using the script tool vcfutils.pl (https://github.com/Ih3/samtools/blob/master/bcftools/vcfutils.pl). Soft
filtering was performed using VCFtools v0.1.16 [28, 79]. The filtered files were then separated with
VCFtools v0.1.16 to obtain high-quality SNP and indel datasets. Annotation of SNPs and indels was
conducted using ANNOVAR [80] to determine variation types, affected genes, and genomic regions.

Population structure and evolution analysis

The high-quality SNP data in VCF format were converted to Phylip format using the run_pipeline.pl
command in TASSEL v5.2.90 [81]. A Maximum Likelihood (ML) phylogenetic tree was construct using
RAXML-NG v1.1.0 [82], Auricularia cornea Ehrenb. (Dai 24584; SRA accession: SRR38361196) and A.
subglabra Looney, Birkebak & Matheny (TFB10046; SRA accession: SRR3927431) [83] were used as
outgroups, and the bootstrap value was set to 1,000. Finally, the resulting phylogenetic tree was
visualized and edited using FigTree v1.4.4 (http://tree.bio.ed.ac.uk/software/figtree) and iTOL
(https://itol.embl.de/).

Principal component analysis (PCA) was performed using PLINK v1.90 [84] based on high-quality SNP
data. The number of principal components (PC) was set to five and eight according to the population
structure. Linkage disequilibrium (LD) pruning was performed in PLINK v1.90 by calculating the squared
correlation coefficient (r?) between SNP pairs within a sliding window of 50 SNPs, with a step size of 10
SNPs; SNPs with r2 > 0.2 were removed. Population structure of the filtered SNPs was inferred using
ADMIXTURE v1.3.0 [85], with the number of clusters (K) tested up to ten. The optimal K value was
determined by minimizing the cross-validation (CV) error. LD decay was analyzed using PopLDdecay
v3.40 [86], and gene flow among populations was inferred with TreeMix v1.13 [87]. Visualization of the
above results was carried out using R packages.

Selective sweep analysis

VCFtools v0.1.16 was used to calculate the genetic diversity (Pi), the Tajima's D value, and the fixation
index (Fst) of each population with a 20 kb window size and a 5 kb step size. The Fst and Pi values were
combined to screen the selected regions, and the first 5% of the results were selected as the selected
regions [88]. For the Tajima's D value, regions showing significant deviation from zero were emphasized:
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significantly positive values may indicate bottlenecks or balancing selection, whereas significantly
negative values may reflect population expansion or directional selection [89].

The Python version of XP-CLR (https://github.com/hardingnj/xpclr) was used to calculate the frequency
difference of multiple sites, and the first 1% region was selected as the selected region of the genome
[90]. Protein-coding genes (PCGs) residing within these selected regions were extracted using bcftools
v1.18 [91] and subsequently subjected to functional annotation using the eggNOG database [92]. The
above analysis results were visualized using R packages.

Results

Genome survey and components of Exidia glandulosa

The E. glandulosa Dai 21717 was sequenced using the PacBio and Illumina platforms, generating a total
of 5.8 Gb of raw data. The mean quality value of each base position in the reads of E. glandulosa ranged
from 35.03 to 36.31, the GC content was 57%, and the proportion of repeat sequences in forward and
reverse reads was 16.6% and 16.1%, respectively, according to the FastQC v0.12.1. K-mer analysis
revealed that the maximum coverage depth of E. glandulosa was 25.5x, the estimated genome total
length was 71.56 Mb, and the heterozygosity rate was 5.48% (Fig. S1). The assembly results from
different software were compared, and the best assemblies were selected for merging to obtain the final
assembly. The final assembly had a total length of 71.63 Mb, with a GC content of 56.58%, which was
close to the genome survey estimate (Fig. 1). Compared with the previously published E. glandulosa
(HHB12029) assembly, the number of contigs in the present assembly decreased from 1,727 to 75, N50
increased from 0.12 kb to 1.31 Mb, and L50 declined from 181 to 17. BUSCO evaluation gave a genome
completeness score of 91.0% (Table 1).

Gene annotation was performed by combining homology-based annotation and ab initio prediction. The
total length of repetitive sequences in the E. glandulosa genome was 14.97 Mb, accounting for 20.9% of
the genome size. Among these, LTRs constituted the highest proportion, at 10.87%. A total of 261
ncRNAs was annotated, including 27 snRNAs, 26 rRNAs, and 208 tRNAs. 19,142 PCGs were predicted
based on ab initio and homology-based methods. BUSCO evaluation gave a genome annotation
completeness score of 94.20% (Table 1).
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Table 1

Statistics of the genome assembly and component of
Exidia glandulosa.

Species Exidia glandulosa
Sample no. Dai 21717 HHB12029
Genome size (Mb) 69.46 75.64
Contigs 72 1,727
N50 (Kb) 1,312,362 117,273
LS50 17 181
Repeat Stats (%) 20.90% 10.00%
NcRNA 261 300
BUSCOs in assembly (%) 91.00% 92.10%
GC (%) 56.58 56.66
BUSCOs in annotation (%) 94.20% 92.40%
Protein-coding genes 19,142 22,243

Resequencing analyses and detection of variant sites

The morphology of E. glandulosa basidiomata is variable, exhibiting different forms even under the same
climatic conditions (Fig. 2). To explore the adaptive evolutionary strategies of E. glandulosa across
diverse habitats, 78 samples collected from different climatic regions were sequenced on the BGI
sequencing platform, generating more than 2 Gb of data per sample. The quality control report showed
that Q20 ranged 95.47% from 98.64%, Q30 from 92.97% to 97.63%, and the GC content from 55.04% to
59.09% (Table S1). Genomic survey analysis based on resequencing data revealed that the
heterozygosity level ranged from 2.30% to 6.57% (Table S1), indicating that a high degree of genomic
complexity in this species.

In this study, the genome of E. glandulosa Dai 21717 assembled was used as the reference genome for
read alignment. The resequencing data were mapped to the reference genome, and alignment statistics
generated by QualiMap v2.3 showed that mapping rates ranged from 38.94% to 78.54%, average
sequencing depth from 20.16x to 54.51x%, and the average genome coverage ranged from 70.46% to
88.26% (Table S1). These results suggest a considerable divergence between the sampled individuals
and the reference genome.

A total of 31,675,338 variant sites were detected from 78 samples using GATK v4.4.0. After stringent

filtering, 36,661 high-quality variant sites were retained, including 21,051 high-quality SNPs and 15,610

high-quality indels, which were extracted by VCFtools v0.1.16. These variants were annotated using
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ANNOVAR. The results indicated that both SNPs and indels were most densely distributed on Contig 14.
SNPs were predominantly located in exonic regions, with the majority representing synonymous
mutations (Fig. S2A). Among these sample, Wu 263 exhibited the fewest number SNPs (4,907), whereas
Dai 23207 had the most number SNPs (10,227). The predominant mutation types were C:G > T:A and T:A
> C:G transitions (Fig. S2B), with transition counts ranged from 3,901 to 7,974, and transversions ranged
from 1,006 to 2,253. Indels were primarily distributed in upstream and intronic regions (Fig. S3). The
number of indels ranged from 3,615 (sample Dai 23671) to 7,364 (sample Dai 23207). In both exonic
regions and the whole genome, insertion and deletion lengths were predominantly 1-3 bp. Notably, 3 bp
indels were the most frequent in exonic regions, whereas 1 bp indels were the most common genome-
wide (Fig. S4).

Population structure and phylogeny of Exidia glandulosa

Auricularia cornea Dai 24584 and A. subglabra TFB 10046 were selected as outgroups, and a total of
25,556 high-quality SNPs were obtained for phylogenetic analysis. A ML tree was constructed using
RAXML-NG v1.1.0 (Fig. 3). Integrating phylogenetic results with habitat information, the 78 samples were
divided into five populations: (1) Temperate I: consisting of eight samples from Xinjiang, Europe, and
USA, which formed an independent clade. (2) Temperate II: located at the base of the phylogenetic tree,
comprising 30 samples from the northern and northeastern temperate regions China. (3) Transitional:
composed of 11 samples from the temperate—subtropical transition zones, which formed a partially
distinct clade while some samples were interspersed among other groups. (4) Subtropical: comprising
15 samples from subtropical region of southern China, which clustered into two phylogenetic clades. (5)
Plateau: consisting of 14 samples from the southwestern plateau region of China (Xizang and Yunnan
plateau), which formed a separate clade in the phylogenetic tree.

PCA was performed based on 21,051 high-quality SNPs after filtering (Fig. 4A). The first two principal
components explained 37.65% and 13.21% of the total genetic variation, respectively. When interpreted
in conjunction with the population structure inferred from phylogenetic analysis, the positions of
individual samples in the PCA plot were clearly resolved. PC2 distinguished the Temperate | population
from the other three populations (Temperate Il, Transitional, and Subtropical), which clustered more
closely and exhibited a linear distribution pattern. In addition, when integrated with the regional
distribution data, the 78 samples subdivided into eight finer-scale subpopulations (Fig. 4B): the
Temperate | population was divided into Eurasian and USA subpopulations; the Subtropical population
was split into South China and South Yunnan subpopulations; and the Plateau population was divided
into Xizang and Yunnan Plateau subpopulations.

Population structure was inferred using ADMIXTURE v1.3.0, with population assignment interpreted in
conjunction with the phylogenetic topology and PCA results (Fig. 4C). At K = 2, the Plateau group was
clearly separated from the other populations. At K = 3, the Temperate | population began to diverge. At K
= 4, distinct genetic components of the Subtropical population appeared, and the Transitional population
displayed intermediate characteristics between temperate and subtropical; at this K value, the population
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partitioning was consistent with the five major groups identified by phylogenetic analysis. At K =5, the
USA subpopulation began to diverge. For K = 6-8, increasing K value revealed progressively greater
admixture among populations; however, the genetic compositions of Eurasian and Xizang
subpopulations remained relatively stable, suggesting that these populations have undergone
independent differentiation within their respective habitats.

Patterns of population differentiation in Exidia glandulosa

LD analysis showed significant differences in LD decay rates among populations (Fig. 5A). The
Temperate | and Plateau populations exhibited the slowest LD decay, suggesting that these populations
may have experienced recent bottleneck effects or strong genetic drift. This pattern is consistent with
the admixture results that their genetic components remained stable at K = 6—8. In contrast, the
Temperate Il population show the fastest LD decay, followed by the Subtropical population, indicating
larger effective population sizes or higher recombination rates in these groups. It is worth noting that the
Transitional population shows relatively slow decay rate, which may be reflect its mixed internal
components of the Transitional population, as some individuals are genetically closer to temperate
populations, whereas others are more similar to subtropical populations, resulting in a lower average LD
decay rate.

The Fst and Pi values among populations of E. glandulosa were calculated (Fig. 5B). The Plateau
population harbored a relatively high level of genetic diversity (Pi: 8.90 x 10-%), significantly exceeding
that of other populations, and possessed more abundant SNPs than other populations, indicating
substantial genetic divergence among E. glandulosa individuals under long-term selection pressure in the
plateau environment. In addition, the Plateau and Temperate | populations showed higher Fst values
than other populations, suggesting pronounced genetic differentiation. This pattern likely reflects their
relatively independent evolutionary histories and prolonged limitation of gene flow with other
populations.

TreeMix analysis revealed three gene flow events among all populations of E. glandulosa (Fig. 5C). The
Transitional population contributed gene flow to both the Temperate Il and Plateau populations, with a
higher migration signal associated with the latter. Additionally, a substantial gene flow was detected
from the Plateau population to the Subtropical population. However, population structure analysis show
that the Xizang subpopulation within the Plateau population consistently maintained an independent
genetic component, with no evidence of admixture with other populations.

To further investigate the internal heterogeneity within the Plateau population, the Temperate | and
Temperate Il populations were excluded, and the TreeMix analysis was repeated based on the five
subpopulations identified from the structure analysis (Fig. 5D). The results showed that the gene flow
between the Yunnan Plateau subpopulation and both the South Yunnan and Transitional subpopulations,
as well as between the Transitional and South China subpopulations. These findings suggest that the
previously inferred gene flow from the Transitional to the Plateau population predominantly occurred
between the Transitional and Yunnan Plateau subpopulations, whereas the Xizang subpopulation, similar
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to the Temperate | population, maintained an independent evolutionary trend with little or no gene
exchange. This interpretation is highly consistent with the phylogenetic tree, in which Xizang and
Temperate | form distinct clades, and with the PCA results, where both populations are clearly separated
from the remaining populations.

Functional differentiation and dynamic patterns of selection signals in the temperate and subtropical
populations of Exidia glandulosa

To explore differences in adaptive evolution of E. glandulosa between temperate and subtropical
habitats, joint Fst and Pi screening was performed, and 33 and 43 candidate regions were detected in
the Temperate Il and Subtropical populations, respectively (Fig. 6A). In the Temperate |l population, these
regions were more dispersed across the genome, whereas in the Subtropical population, 30 regions were
enriched on Contig 2 and Contig 16. From these regions, 82 and 215 PCGs were extracted from the
Temperate Il and Subtropical populations, respectively. As a complementary approach to capture recent
or ongoing selection signals. XP-CLR analysis, using the Transitional population as a reference, detected
25 selected regions in both Temperate Il and Subtropical populations (Fig. 6B and 6C), and extracted 158
and 137 PCGs from them, respectively. The Kyoto Encyclopedia of Genes and Genomes (KEGG) and
Gene Ontology (GO) databases were subsequently used to annotate the functions of the extracted PCGs.

KEGG annotation from the joint Fst and Pi screening showed clear ecotype-specific differentiation in
selective targets at the molecular pathway level between the two populations (Fig. 7A and 7C). At the
level of signal transduction, the two populations are concentrated in the mitogen-activated protein
kinase (MAPK) and other signaling pathways, but the executive genes were different. The Temperate ||
population was characterized by enrichment of p21-activated kinase 1 (PAK1), whereas the Subtropical
population was characterized by Ras-related C3 botulinum toxin substrate 1/Ras-related C3 botulinum
toxin substrate 3 (RAC1/RAC3; Table S2 and S4). The two populations exhibited pronounced differences
at the core metabolic level. In the Temperate Il population, selection signals primarily pointed to
endocytosis and its coupling with signal transduction, whereas those in the Subtropical population were
more concentrated on thermogenesis and the oxidative phosphorylation pathway of cellular energy
metabolism—pathways not detected in the Temperate Il population (Table S2 and S4).

The overall trend of KEGG annotation results from the XP-CLR analysis was similar to that observed in
the joint Fst and Pi screening, though with certain dynamic shifts (Fig. 7E and 7G). The Temperate Il
population remained dominated by signal transduction and stress response pathways, but the dominant
genes in the MAPK and other signaling pathways changed from PAK1 to RAC1/RAC3. In addition,
metabolic pathways such as glycolysis/gluconeogenesis are also implicated. The Subtropical population
continued to exhibit a pronounced bias toward energy metabolism and ion transport. Oxidative
phosphorylation was the most prominent commonly annotated pathway, linked to the cyclic adenosine
monophosphate (cAMP) and Cyclic Guanosine monophosphate-dependent protein kinase G (cGMP-
PKG) signaling pathways via sodium/potassium-transporting ATPase subunit alpha (ATP1A). At the
metabolic level, starch and sucrose metabolism and terpenoid backbone biosynthesis were highlighted,
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and organelle-related pathways such as endocytosis. Notably, although the Temperate Il population
showed a lack of oxidative phosphorylation in the joint Fst and Pi screening, the XP-CLR analysis
detected an oxidative phosphorylation pathway mapped by F-type H*-transporting ATPase subunit d
(ATPeFOD) and V-type H*-transporting ATPase 21kDa proteolipid subunit (ATPeVOB; Table S6 and S8).

GO annotation from the joint Fst and Pi screening also revealed substantial differences between the
Temperate Il and Subtropical populations (Fig. 7B and 7D). In the Temperate Il population, selection
signals were highly enriched in terms related to signal regulation and stress response, such as response
to stress, response to chemical, and multiple positive regulation. In contrast, in the Subtropical
population, selection signals spanned a broad range of basic metabolic and structural maintenance
terms, including intracellular anatomical structure, organelle, and cellular metabolic process (Table S3
and S5). The GO annotation results from the XP-CLR analysis differed from those obtained in the joint
Fst and Pi screening (Fig. 7F and 7H): the Temperate Il and Subtropical populations displayed high
consistency, with both focusing on intracellular anatomical structure, organelle, cytoplasm, and various
fundamental metabolic processes (Table S7 and S9).

Adaptive selection characteristics of Exidia glandulosa in plateau habitat

The plateau region represents a unique and extreme habitat, and the E. glandulosa populations inhabiting
this environment exhibit distinct genetic characteristics. To investigate these patterns, we performed
joint Fst and Pi analyses comparing the Plateau population with the Temperate Il and Subtropical
populations (Fig. 8A and 8B). Three unique candidate selection regions in Plateau population were
identified, form which 26 PCGs were extracted. Tajima's D analysis was further conducted to infer recent
demographic and selective events within the Plateau population (Fig. 8C). Notably, no significant
negative regions were detected in the Plateau population, but 175 regions with significantly positive
Tajima's D were identified, yielding 120 PCGs. This pattern suggests that the Plateau population may
have experienced recent bottleneck effects or balancing selection events.

Functional annotations of PCGs from both joint Fst, Pi analysis, and the Tajima's D analyses revealed
partially overlapping yet distinct patterns (Fig. 8D and 8F). In the KEGG results from the joint Fst and Pi
analysis mainly highlighted pathways related to AMP-activated protein kinase (AMPK) signaling pathway
and autophagy—yeast. Key genes, such as calcium/calmodulin-dependent protein kinase 2
(CAMKK2)/SNF1-activating kinase 1 (SAK1), function as upstream activator of sucrose non-fermenting
1-related protein kinase 1 (SNF1)/AMPK kinase and were associated with the longevity regulating
pathway. Additional annotations, including ABC transporters and ubiquitin-mediated proteolysis,
suggested the involvement of transmembrane transport and protein degradation (Table S10).

In contrast, the Tajima's D analysis identified a larger and more functionally diverse gene set,
encompassing multiple signaling pathways, such as the MAPK signaling pathway, as well as protein
degradation and DNA repair related pathways, such as Ubiquitin mediated proteolysis (Table S12).
Overall, the results of the joint Fst and Pi analysis primarily highlighted AMPK/SNF1-mediated energy
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sensing and autophagy, whereas the Tajima's D analysis revealed a wider array of functional categories,
including signal transduction, DNA damage repair, protein degradation, and cell wall synthesis.

In the GO functional annotation results, partial overlap was observed between the two approaches,
although their functional emphases differed (Fig. 8E and 8G). The annotations derived from the joint Fst
and Pi analysis primarily encompassed intracellular structures, basal metabolic processes, signal
transduction, and cellular responses to stimuli, with membrane-associated terms also represented
(Table S11). The Tajima's D analysis yieded a larger number of genes, and in addition to the shared
categories, further included items related to cell cycle regulation, stress responses, the inner membrane
system, and negative regulation of metabolic and biological processes (Table S13).

Discussion

Exidia glandulosa has a complex genetic background

A high-quality reference genome is an essential prerequisite for population genetic analysis. Since Nagy
et al. [36] firstly reported the second-generation genome of E. glandulosa, the study of Exidia intragenus
genomics has almost stagnated. Currently, only the second-generation assembled genome sequence of
E. glandulosa is available in major public databases (https://www.ncbi.nlm.nih.gov/;
https://genome.jgi.doe.gov/portal/), a limitation that greatly hinders the advancement of population
genetic research in this genus. The genome of E. glandulosa (Dai 21717) obtained in this study has been
significantly improved compared with previously published genomes, and this high-quality genome
provides an important basis for future research on population genetics and other omics-level studies
within the genus Exidia.

In the life cycle of Basidiomycota fungi, most species exhibit a dikaryotic stage with clamp connections
as the primary vegetative growth stage [93, 94]. The dikaryon represents a typical heterokaryotic form, in
which a single mycelial cell contains two compatible haploid nuclei [95]. Owing to this heterokaryotic
state, Basidiomycota fungi display complex genetic characteristics during the dikaryon stage. Genome-
wide heterozygosity is essentially derived from allelic differences between the two parental haploid
nuclei and directly reflects the degree of genetic differentiation between them. In previous studies, A.
bisporus, Porodaedalea mongolica Y.D. Wu & Y. Yuan, and Daedaleopsis sinensis (Lloyd) Y.C. Dai generally
maintain a low level of genomic heterozygosity at the dikaryotic stage, ranging from 0.5% to 2.5%, which
is significantly lower than that of E. glandulosa [28, 58, 96]. This exceptionally high heterozygosity
indicates substantial genetic divergence between the two parental haploid nuclei of E. glandulosa,
potentially reflecting elevated ancestral genetic diversity or recent hybridization events among divergent
genetic lineages. Moreover, higher heterozygosity may enhance environmental adaptability to E.
glandulosa, facilitating its broad distribution and survival across diverse habitats [97, 98, 99].

Climate is the main factor affecting the population differentiation of Exidia glandulosa
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Phylogenetic analysis plays an important role in ecological and evolutionary biology, which can be used
to reveal the key processes, such as lineage origin, diffusion path and ancestral trait differentiation [100].
In this study, the Temperate Il population was located at the base of the phylogenetic tree, suggesting
that it may represent the earliest lineage to have diverged from the common ancestor. The dry and windy
climate characteristic of temperate regions is considered conducive to long-distance spore dispersal
[101], which may indirectly accelerate the rate of LD decay in the Temperate Il population. In addition, the
Temperate Il population had similar Pi levels and lower Fst values with the Transitional and Subtropical
populations. PCA results further revealed a linear distribution pattern, and clear evidence of gene flow
was detected among these populations. Collectively, these findings indicate that the three populations
likely belong to the same genetic lineage during evolution, but exhibit divergent evolutionary trajectories
shaped by distinct climatic regimes.

Both the Temperate | and Plateau populations had followed relatively independent evolutionary
trajectories. The samples from Xinjiang, China, within the Temperate | population did not exhibit the
genetic components observed in other Chinese populations and clustered with European samples in the
population structure analysis, implying that the ancestors of this population may have originated in
Europe.

Southwest China (especially Yunnan Province) has become the region with the most abundant fungal
diversity in China due to its complex climatic, geological and geographical background [102, 103].
Correspondingly, the Yunnan Plateau subpopulation (belonging to Plateau population) in northwestern
Yunnan and the South Yunnan subpopulation (belonging to Subtropical population) in southern Yunnan
showed significant differences in genetic composition. In the phylogenetic tree, the Plateau and
Subtropical populations clustered within the same clade, suggesting that the ancestors of the Xizang
subpopulation may have originated in subtropical regions and subsequently dispersed to their current
distribution range via northwestern Yunnan.

In addition to climatic factors, human activities also act as an important factor of population
differentiation. The distribution areas of the Temperate Il, Transitional, and Subtropical populations have
high population density and frequent anthropogenic activity. As population density and forest utilization
intensity increase, the proportion of local old-growth forest declines, which may lead to reduced genetic
diversity in these regions [10, 104]. Host factors also constitute a key variable influencing fungal
distribution patterns [105]. However, this effect may be more pronounced in host-specific taxa, such as
Sanghuangporus Sheng H. Wu, L.W. Zhou & Y.C. Dai species [106]. As a widely distributed species, E.
glandulosa exhibits a wide host range. In this study, host information for the sequenced samples was
systematically compiled (Table 2), and no obvious host specificity or significant host-driven genetic
differentiation was found in E. glandulosa.

Different adaptive evolution trends of Exidia glandulosa in temperate and subtropical climates

Under different climatic conditions, the differentiation of species is driven by natural selection, and the
degree of differentiation depends on the intensity and type of selective pressure [24]. In the joint Fst and
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Pi selected regions, PAK1 in the Temperate Il population is involved in the regulation of the cytoskeleton
and mitosis [107, 108, 109, 110], whereas RAC1/RAC3 in the Subtropical population plays an important
role in regulating actin cytoskeleton organization and controlling cell polarity across diverse organisms
[111,112, 113]. The MAPK cascade pathway involved in PAK1 and RAC1/RAC3 can mediate the
response of cells to external stimuli, thereby regulating the adaptation to various biotic and abiotic
stresses encountered in the natural environment [114]. In the GO functional annotation, the Temperate I
population was also enriched for multiple stress response and positive regulation terms, whereas the
Subtropical population was enriched for more terms related to basal metabolism and cell structure
maintenance.

Furthermore, the genes under selection in the Temperate Il population were predominantly involved in
endocytosis, a process that enables cells to quickly adapt to fluctuating environments by selectively
removing plasma membrane transporters [115, 116]. In contrast, oxidative phosphorylation, which was
under biased selection in the Subtropical population, is the main energy-producing pathway in
eukaryotes [117, 118]. It is worth noting that thermogenesis, as a high-energy-consuming pathway, also
exhibited clear selection signals. However, due to the lack of relevant research on thermogenesis in
fungi, its specific role remains uncertain, but there are many subordinate pathways related to
thermogenesis in the Subtropical population. These characteristics may reflect that E. glandulosa has a
longer growing season in the subtropical environment, faster growth rate, and requires a greater heat

supply.

In the recent selection signals identified by XP-CLR analysis, the dynamic changes were characterized by
a shift in dominant genes. The dominant signal transduction gene in the Temperate Il population shifted
from PAK1 to RAC1/RAC3, and a necessary physical interaction exists between RAC and PAK. PAK can
directly bind to phosphoglycerate mutase and inhibit its activity, thereby redirecting RAC from glycolysis
toward the pentose phosphate pathway and consequently enhancing cellular antioxidant capacity [119,
120].

Unique selection signatures of Exidia glandulosa in plateau environment

High-altitude environment has the typical characteristics of high ultraviolet radiation intensity, low
temperature, and low oxygen content [121, 122]. In order to survive in such a complex environment,
plateau species have evolved effective adaptive strategies at the genomic level to cope with various
environmental stresses [123]. E. glandulosa also exhibited distinctive genetic characteristics in the
plateau environment, achieving multi-faceted adaptation to various environmental stresses through
balancing selection that maintains genetic polymorphism.

In the E. glandulosa Plateau population, SAK1/CAMKK2 is mapped to the longevity regulating pathway as
an upstream activator of SNF1/AMPK kinase. Activation of AMPK can stimulate various catabolic
processes, including autophagy [124]. SNF1 not only participates in autophagy induction but also affects
the lifespan of species [125, 126]. The research on the longevity regulating pathway in Basidiomycota
fungi is relatively limited, but it has been confirmed in yeast that this pathway can modulate cellular
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lifespan [127]. Under environmental stress in particular, fungus may adopt an S-strategy and achieve the
best growth status by reducing mycelial growth rate and enhancing persistence to withstand adverse
conditions [128]. Under stressful conditions such as drought, autophagy helps fungal adaptation to
extreme environments and maintenance of cellular homeostasis by mediating the degradation and
recycling of intracellular waste to generate energy and meet basal metabolic demands [129].

The recent selection signals revealed by Tajima's D analysis covered a broader functional spectrum.
Among them, the MAPK cascade pathway is widely recognized as a core pathway through which fungi
respond to external stimuli and regulate diverse environmental stress responses. DNA damage repair
pathways such as Nucleotide excision repair (NER) and Base excision repair (BER) represent the major
molecular mechanisms by which fungi counteract DNA damage induced by ultraviolet radiation and
oxidative stress [130]. Furthermore, the annotation of ABC transporters and ubiquitin mediated
proteolysis by both analytical approaches suggests that selective protein degradation via the ubiquitin-
proteasome system participates in the adaptive evolution of the Plateau population. The pivotal role of
the ubiquitin-proteasome system in fungal responses to various stresses has been well established
[131].

Conclusions

In this study, a high-quality reference genome of E. glandulosa was assembled for the first time, and the
population structure and adaptive evolution trends of this species across different climatic regions of
China were systematically analyzed based on WGR data. The results showed that E. glandulosa exhibited
abnormally high genomic heterozygosity, suggesting that its ancestral had rich genetic diversity or
historical inter-lineage hybridization events. Population genetic analysis revealed that the Temperate I,
Transitional, and Subtropical populations belong to the same genetic lineage but displayed divergent
evolutionary trends under different climatic regimes, whereas the Temperate | and Plateau populations
maintained relatively independent evolutionary paths.

Selection signal analysis further showed that, in temperate environments, E. glandulosa has primarily
reinforced signal transduction, endomembrane transport, and stress response functions to cope with
climatic variability. In subtropical environments, it emphasizes energy metabolism pathways to maintain
high metabolic efficiency. In the Plateau population, long-term selection signals converged on energy
sensing and autophagy regulatory pathways, while recent selection extended to DNA damage repair,
stress response, and multiple signaling pathways, reflecting the all-round shaping of E. glandulosa from
basic survival guarantee to diversified regulatory networks in the extreme environment of the plateau.

In summary, population differentiation and local adaptation in E. glandulosa are strongly driven by
climatic and geographical factors. Its abundant genetic diversity and flexible molecular regulatory
strategies provide an important genetic foundation for the broad distribution of this species across
heterogeneous habitats.
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Contig10

Figure 1

Genome assembly characteristics of Exidia glandulosa with a window size of 50 kb. From outside to
inside: (1) contigs (length > 1.5 Mb); (2) protein-coding genes density; (3) GC content; (4) average
distribution density of transposable elements; (5) gene density of four categories (tandem repeats, rRNA,
snRNA, and tRNA), each represented by one of the four inner circles.
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Figure 2

Basidiomata morphology of Exidia glandulosa under different climatic conditions in China. (A-E)
temperate climate; (F-J) subtropical climate; (K-P) plateau climate.
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Phylogenetic analysis based on SNPs, with different color labels representing the population groups
assignments of the samples.
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Figure 7

(A-D) Annotation of genes extracted by joint Fst and Pi selection. (E-H)Annotation of genes extracted
by XP-CLR selection. KEGG annotations: Temperate Il (A and E) and Subtropical (C and G) populations;
GO annotations: Temperate Il (B and F) and Subtropical (Dand H) populations.
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Figure 8

Selected regions identified by joint Fst and Pi screening. The overlapping regions between the two
comparisons were taken as the final selected regions of the Plateau population. (A) Blue dots:
Temperate Il population. Green dots: Plateau population. (B) Blue dots: Subtropical population. Green
dots: Plateau population. (C) Manhattan plot of Tajima's D for the Plateau population. Dashed line,
threshold of Tajima's D > 2 for selected regions. KEGG (D) and GO (E) annotation of genes extracted by
joint Fst and Pi selection. KEGG (F) and GO (G) annotation of genes extracted by Tajima's D selection.
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