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Comprehensive analysis of the
mitochondrial genome in lichen
genus Xanthoparmelia: genetic
diversity, intron dynamics, and
evolutionary dynamics

Jinsiguli Bahenuer and Anwar Tumur*

College of Life Sciences and Technology, Xinjiang University, Urumqi, Xinjiang, China

Xanthoparmelia (Vain.) Hale is one of the two hyperdiverse genera in the family
Parmeliaceae, with over 500 species and a wide distribution. In this study, we
sequenced, assembled, and annotated the complete mitochondrial genomes of
11 Xanthoparmelia species and conducted a comprehensive analysis to clarify
their genetic characteristics and taxonomic status. All 11 mitochondrial genomes
consist of circular DNA molecules, with total lengths ranging from 81,194 bp to
88,245 bp and GC contents between 30.2 and 30.8%. Although the atp9 gene plays
a key role in mitochondrial energy production, no atp9 gene was detected in any
of the genomes. Additionally, the core genes in the mitochondrial genomes are
simplified, which may be a result of coevolution. The results revealed the presence
of various dispersed repeats, simple sequence repeats (SSRs), and tandem repeats,
which are mainly distributed in intergenic regions and intronic regions. Introns are
considered a key factor contributing to variations in mitochondrial genome size.
Frequent intron loss/gain events were observed among Xanthoparmelia species,
further enhancing genome diversity. The Ka/Ks ratios of all 14 protein-coding
genes (PCGs) were less than 1, indicating that these genes are under purifying
selection and their sequences are evolutionarily conserved. The cob gene had
the smallest genetic distance, showing high conservation, while the atp6 gene
had the largest genetic distance, indicating a higher mutation rate. Phylogenetic
trees of Parmeliaceae were constructed using the maximum likelihood (ML) and
Bayesian inference (Bl) methods based on the concatenated sequences of 14 PCGs
and 2 rRNAs. A well-supported topological structure was generated, clarifying the
evolutionary relationships among Xanthoparmelia species. This study enriches
the mitochondrial genome data of Xanthoparmelia and lays a foundation for
further understanding the genetic, evolutionary, and phylogenetic relationships
of species in this genus.

KEYWORDS

intron, mitochondrial genome, phylogeny, repeat sequences, Xanthoparmelia

1 Introduction

Lichens are classic symbiotic complexes composed of fungi (symbiotic fungi) and
photosynthetic organisms (symbiotic algae or cyanobacteria), and also include associated
microorganisms (Zhang et al., 2023), such as bacteria, fungi, and viruses (Grube et al., 2015;
Spribille et al., 2016; Li et al., 2025). As the main component of lichen morphological
construction, symbiotic fungi play a core role in structural formation, reproductive methods,
and secondary metabolism (Nash, 2012). Therefore, the evolutionary process of the fungal

01 frontiersin.org


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2025.1740728&domain=pdf&date_stamp=2026-01-27
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1740728/full
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1740728/full
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1740728/full
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1740728/full
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1740728/full
mailto:anwartumursk@xju.edu.cn
https://doi.org/10.3389/fmicb.2025.1740728
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2025.1740728

Bahenuer and Tumur

genome directly determines the adaptability of lichens and their stable
symbiotic relationship with photosynthetic partners, providing an
excellent model for studying the origin and evolution of symbiosis.
This special symbiotic system enables lichens to have high tolerance
in extreme environments, such as waterless deserts or extremely cold
regions (Xu et al., 2020), and they play a crucial role in various global
ecosystems (Asplund and Wardle, 2017). Lichens exhibit rich
morphological and ecological diversity in nature (Brodo et al., 2002).
However, evidence based on morphological and chemical
characteristics is insufficient to accurately reflect species diversity or
define species boundaries. It may even distort the diversity of lichen-
forming fungi, especially among closely related species with very
similar morphologies. Combining molecular data allows for more
accurate species classification (Leavitt et al.,, 2011; Lumbsch and
Leavitt, 2011; Liicking et al., 2021). In recent years, the integration of
molecular data has significantly improved the accuracy of species
identification and systematic classification. Nevertheless, traditional
gene fragment analysis still has limitations. Particularly when inferring
geographical origins and reconstructing phylogenetic relationships
based on single sequence markers, the results often have high
uncertainty. There remain significant uncertainties and controversies
regarding the internal taxonomic classification and interspecific
phylogenetic relationships of many lichen groups. Although these
nuclear genes have been widely used to confirm phylogenetic
relationships among species, many species cannot be accurately
identified. It is necessary to develop more comprehensive genetic
analysis tools to promote in-depth phylogenetic research. With the
continuous development of technologies such as high-throughput
sequencing, researchers have gradually recognized that phylogenomics
is more reliable than single-gene analysis in clarifying species
boundaries and evolutionary relationships. Mitochondrial genomes
are not only beneficial for solving taxonomic identification problems,
especially for symbionts that are difficult to characterize using
conventional methods (e.g., arbuscular mycorrhizal fungi) (Nadimi et
al,, 2016), but also facilitate comparative analysis of mitochondrial
genomes to reveal evolutionary events among species, such as
dynamic changes in genes (Pogoda et al., 2018).

Xanthoparmelia is one of the largest genera in the Parmeliaceae
family, with over 800 known species. It is among the two hyperdiverse
genera (comprising more than 500 species) (Liicking et al., 2017).
This genus exhibits a broad geographical distribution, with two
primary centers of distribution located in Australia and southern
Africa. Only a small portion of its species are distributed in the Arctic
region (Blanco et al., 2004; Crespo et al., 2010; Thell et al., 2012;
Leavitt et al., 2018). Xanthoparmelia demonstrates considerable
morphological and chemical diversity. In recent years, the application
of molecular data has expanded the generic boundaries of
Xanthoparmelia. Meanwhile, it has been indicated that the chemical
and morphological characteristics previously used to define intra-
generic taxa were overemphasized (Blanco et al., 2004; Leavitt et al.,
2011). The widespread cryptic diversity and infraspecific variation
within Xanthoparmelia have made it more challenging to establish a
classification system for this genus based on morphology and
chemistry. Research findings have shown that the extensive
morphological and chemical similarities within the genus tend to
obscure the identification of natural lineages among fungi, whether
based on thallus morphology or medullary chemistry (Leavitt et al.,
2011). Accurate species delimitation of lichen-forming fungi is
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crucial for understanding the factors driving diversity and holds
significant implications for ecological and conservation studies. As of
October 22, 2025, only 4 complete mitochondrial genomes of
Xanthoparmelia have been published in the NCBI database, and
research on the functional analysis of these genomes remains limited.
Therefore, there is a distinct gap in mitochondrial-level data in the
studies of comparative genomics and phylogenetic resolution of
Xanthoparmelia.

With the continuous advancement of sequencing technologies,
organelle genomes play an important role in species identification,
classification, and phylogenetic analysis. Mitochondria are key
organelles in fungi and play a vital role in fungal growth, development,
and adaptation (Chatre and Ricchetti, 2014). The fungal mitochondrial
genome typically consists of a circular DNA molecule and usually
comprises 15 protein-coding genes (PCGs). These genes encode 3
ATP synthase subunits, 7 NADH dehydrogenase subunits, 1 complex
III (cytochrome c reductase), 3 complex IV (cytochrome ¢ oxidase),
and 1 ribosomal protein (rps3), which are often present in clusters
(Sandor et al., 2018). Mitochondria generate energy through oxidative
phosphorylation and are further involved in metabolism, aging, and
programmed cell death (Chan, 2006). The fungal mitochondrial
genome is characterized by a small size, conserved homologous genes,
high copy number, low recombination rate, and high evolutionary
rate. These features contribute to its utility in phylogenetic and
evolutionary studies (Santamaria et al., 2009; Basse, 2010; Nie et al.,
2019). The size of the fungal mitochondrial genome varies
significantly, ranging from 12.055 kb (James et al., 2013) to 332 kb
(Zaccaron and Stergiopoulos, 2021). Differences in mitochondrial
genome size have also been reported among closely related species
(Joardar et al, 2012). Such size variations between fungal
mitochondrial genomes can usually be explained by the number and
size of introns in their genes (Deng et al., 2018). Smaller mitochondrial
genomes typically contain no or only a small number of introns, while
larger ones are rich in mitochondrial introns (Aguileta et al., 2014;
Mardanov et al., 2014; Zubaer et al., 2018). Gene order, repetitive
sequences, and in some cases, other types of elements (such as plasmid
insertions) are additional sources of variation between fungal
mitochondrial genomes (Aguileta et al.,, 2014). The most notable
feature is that although the gene content is largely conserved, the
relative gene order is highly variable both between and within major
fungal phyla (Paquin et al., 1997). Compared with animals or plants,
research on the fungal mitochondrial genome is relatively limited.
However, it has great potential in elucidating the evolution of organelle
genomes. Clarifying the characteristics of the fungal mitochondrial
genome, including the differences in these characteristics among
various species, will enable a more comprehensive understanding of
the phylogenetic and evolutionary relationships of fungi.

This was investigated through a multi-faceted approach: Firstly,
the mitochondrial genome characteristics of the 11 Xanthoparmelia
species were described. Secondly, a comprehensive comparative
analysis was performed to investigate the differences or similarities in
genome size, gene arrangement, and repetitive sequences among these
mitochondrial genomes. Furthermore, the dynamic changes of introns
in the mitochondrial genomes of Xanthoparmelia were identified.
Finally, phylogenetic analysis was carried out based on 14 PCGs and
2 rRNAs genes to further determine the evolutionary position and
topological structure of Xanthoparmelia within the phylogenetic tree
of Parmeliaceae. This study contributes to a deeper understanding of

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1740728
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Bahenuer and Tumur

the genomic evolution, phylogeny, and genetic diversity of
mitochondria in the genus Xanthoparmelia.

2 Materials and methods
2.1 Sample collection and sequencing

Eleven species of the genus Xanthoparmelia were collected from
different locations in Xinjiang, China, external morphologies are
shown in Supplementary Figure S1. Detailed information regarding
their collection sites and accession numbers is provided in
Supplementary Table S1. Species identification was conducted through
morphological analysis, internal anatomical examination, chemical
characterization, and phylogenetic analysis of the Internal Transcribed
Spacer (ITS) sequences in Supplementary Figure S2. (1) Morphological
observation: Color, cracks, and luster of the upper surface of the
thallus; shape of lobes; presence or absence of white spots; observation
of structures such as isidia, pruina, and soralia, as well as characteristics
of pycnidia; color of the lower surface; color of rhizines and their
branching status (if any). (2) Anatomical observation: Color of the
upper and lower cortices of the thallus; uniformity of the algal layer
distribution; color of the medulla; observation of structural
characteristics of reproductive organs including apothecia and
pycnidia.(3) Spot test: Application of chemical reagents to the cortex
and medulla of the thallus, followed by observation of color changes.
All specimens are preserved in the Cryptogamic Herbarium of the
College of Life Science and Technology, Xinjiang University (Contact
person: Anwar Tumur, email: awartumursk@xju.edu.cn). DNA
extraction was performed using a fungal DNA extraction kit (Sangon
Biotech, Shanghai, China) following the manufacturer’s instructions.

2.2 Mitochondrial genome assembly and
annotation

Whole-genome sequencing of the species was carried out on the
DNBSEQ sequencing platform (Shanghai, China). The mitochondrial
genomes were de novo assembled using GetOrganelle V1.7.4.1 (Jin et
al., 2020), a tool specifically optimized for assembling circular organelle
genomes. In addition, NOVOPlasty V4.2 (Dierckxsens et al., 2017) was
used as an auxiliary assembler. Both tools have been widely and
successfully applied in fungal mitochondrial genome studies (e.g., Wu
et al., 2021; Anwar et al., 2023). The determination of the circular
structure of our mitochondrial assemblies was supported by the
following evidence: (1) Published mitochondrial genomes of closely
related lichen-forming fungi within the family Parmeliaceae are almost
exclusively circular, with no linear mitogenomes reported to date. This
provides a strong expectation that Xanthoparmelia species share a
similar genomic architecture (e.g., Funk et al., 2018; Bahenuer et al.,
2025). (2) The assembly logs generated by both GetOrganelle and
NOVOPIlasty explicitly annotated all 11 assembled mitochondrial
contigs as “circular” (3) We remapped the sequencing reads to the final
assemblies and used SAMtools V1.19.2 depth to assess coverage. As
shown in Supplementary Figure S3, read depth is uniform and
continuous across the entire genome, including the inferred circular-
junction regions, without any detectable drops or gaps. These results
collectively support both the completeness of our mitochondrial
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genome assemblies and the reliability of their circular structure.
Subsequently, genome annotation was performed on the assembled
sequences using the online tools GeSeq V2.03 (Tillich et al., 2017),
MFannot V1.3.3 (Valach et al., 2014), and MITOS2 (Bernt et al., 2013)
(available at https://usegalaxy.eu). The annotation results were then
imported into Geneious V2022.1.1 (Kearse et al., 2012) to check the
start and stop codons of protein-coding genes. Finally, the mitochondrial
genome map was generated using OGDraw V1.2 (Lohse et al., 2007).

2.3 Assembly quality assessment

To evaluate the completeness and uniformity of the newly
assembled mitochondrial genomes, whole-genome sequencing depth
was calculated with SAMtools V1.19.2 (Li et al., 2009) after read
mapping via BWA-MEM V0.7.17 (Li and Durbin, 2009). Coverage
plots were generated in R V4.3.1; raw depth is shown in grey and a
201-bp rolling mean (zoo package; Zeileis and Grothendieck, 2005)
in red in Supplementary Figure S3. All assemblies exhibited mean
depth > 450 x with no region < 10x, confirming genome

completeness.

2.4 Analysis of repetitive sequences

Repetitive sequences are the main cause of genetic recombination
and variation. To evaluate the types and distribution of repetitive
sequences in mitochondrial genomes, this study analyzed
intragenomic repeats, tandem repeats, interspersed repeats, and
simple sequence repeats (SSRs) within the genomes. Local BLASTn
(Basic Local Alignment Search Tool, BLASTn) (Chen et al., 2015) was
used to align each mitochondrial genome against itself. Tandem
repeats in mitochondrial genomes were identified using the online
tool Tandem Repeats Finder V4.0 (Benson, 1999) (https://tandem.
bu.edu/trf/trf.html). Interspersed repeats in mitochondrial genomes
were detected via the online software REPuter (Kurtz, 2001) (https://
with  the
parameters: Hamming Distance =3, Maximum Computed
Repeats = 5,000, and Minimal Repeat Size = 30. MISA (Beier et al.,
2017) (https://webblast.ipk-gatersleben.de/misa/) was employed to

bibiserv.cebitec.uni-bielefeld.de/reputer) following

detect SSRs, with the criteria: 10 repeats for mononucleotides, 5
repeats for dinucleotides, 4 repeats for trinucleotides, and 3 repeats for
tetra-, penta-, and hexanucleotides. Finally, TBtools V 2.357 (Chen et
al., 2020) was used to visualize the distribution of repetitive sequences.

2.5 Analysis of codon usage
PhyloSuite V1.2.2 (Zhang et al., 2020) was used to extract PCGs
from each mitochondrial genome. Subsequently, MEGA V11 (Tamura

et al.,, 2021) was applied to calculate the relative synonymous codon
usage (RSCU) of the PCGs in the mitochondrial genomes.

2.6 Intron analysis

Introns in fungal mitochondria exhibit significant variation. Most
eukaryotic mitochondrial genomes typically contain no introns, while
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species of the genus Xanthoparmelia (within Parmeliaceae) usually
harbor varying numbers of introns (Martin et al., 2007; Zhang et al.,
2015; Chen et al., 2021). Following the reported method (Chen et al.,
2021), introns in the PCGs of Xanthoparmelia mitochondrial
genomes were classified into Pcls (Zhang and Zhang, 2019) using the
reference genome of Tolypocladium inflatum (NC036382). The
specific steps were as follows: PCG without introns were aligned with
the reference mitochondrial sequence using MAFFT. Each Pcl
consists of introns inserted at the same position in the coding region
of a PCG (Cheng et al., 2021). Introns with the same Pcl generally
share high sequence similarity and are considered homologous
(Férandon et al., 2010). Most different Pcls have low sequence
similarity and are associated with non-homologous mobile genetic
elements (Huang et al., 2021). The 14 PCG-containing genomes were
named based on the insertion positions of introns in the coding
regions of the reference genes.

2.7 Comparative mitochondrial genomic
analysis

Comparative genomic analysis was performed on 11 newly
sequenced mitochondrial genome sequences from this study and 4
Xanthoparmelia mitochondrial genome sequences downloaded from
NCBI in Supplementary Table S2. DNASTAR Lasergene V7.1 (https://
www.dnastar.com/software/lasergene/) was used to analyze the base
composition of Xanthoparmelia mitochondrial genomes. The
calculation formulas were: AT skew = [A - T] / [A + T], GC skew = [G
- C] / [G + C]. To evaluate the evolutionary rate of coding genes,
DnaSP V6.12.03 (Rozas et al., 2017) was used to analyze 14 PCGs,
calculating the non-synonymous substitution rate (Ka), synonymous
substitution rate (Ks), and their ratio (Ka/Ks). The Ka/Ks ratio
indicates the type of selection pressure acting on a gene: A ratio > 1
indicates positive selection. A ratio = 1 indicates neutral evolution. A
ratio < 1 indicates purifying selection. MEGA V11 was used to
calculate the genetic distances of the 14 PCGs based on the Kimura
2-parameter (K2P) substitution model. Collinearity was analyzed
using Mauve (Darling et al., 2004).

2.8 Phylogenetic analysis

In this study, maximum likelihood (ML) and Bayesian inference
(BI) methods were used to construct a phylogenetic tree of
Parmeliaceae based on 14 PCGs. Lecanora saxigena (NC_042183) was
used as the outgroup. The specific workflow was as follows: Sequences
were aligned using MAFFT V7.313 (Katoh et al., 2019). Conserved
sequences were filtered using Gblocks V0.91 (Castresana, 2000). The
14 PCGs were concatenated using Sequence Matrix (Vaidya et al.,
2011). The most suitable evolutionary model for the dataset was
selected using Model Finder (Kalyaanamoorthy et al., 2017). ML
analysis was performed using IQ-tree V1.6.8 (Nguyen et al., 2015)
with the parameters: -m MFP -bb 1,000 -nt AUTO. Bayesian
phylogenetic inference was conducted using MrBayes V3.2.7a
(Ronquist et al., 2012) with 2 parallel runs (1,000,000 generations).
The initial 25% of run results were discarded (burn-in = 0.25) to
construct the BI tree. The phylogenetic trees were visualized and
edited using Figtree v1.4.4. (http://tree.bio.ed.ac.uk/software/figtree/).
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3 Results

3.1 Basic characteristics of the
mitochondrial genome

The mitochondrial genomes of all 11 Xanthoparmelia species
consist of circular DNA molecules, with sizes ranging from 81,194 bp
to 88,245 bp (Figure 1). Among them, X.viriduloumbrina has the
largest mitochondrial genome, while X.conspersa has the smallest. The
GC content varies from 30.2 to 30.8%, with an average of 30.6%. The
AT skews are all negative (—0.006 to —0.013), and the GC skews are
all positive (0.057 to 0.063).

Each mitochondrial genome contains 14 PCGs, including 7
NADH dehydrogenase genes (nadl, nad2, nad3, nad4, nad4L, nad>,
nadé6), 3 cytochrome oxidase genes (cox1, cox2, cox3), 2 ATP synthase
genes (atp6, atp8), 1 cytochrome b gene (cob), and 1 ribosomal
protein subunit 3 gene (rps3). Except for rps3, these PCGs are
conserved mitochondrial genes involved in the oxidative
phosphorylation pathway (Li et al., 2020). In addition, two types of
ribosomal RNA genes (rns, rnl) are present in all 11 Xanthoparnelia
genomes. The number of tRNA genes ranges from 26 to 27

(Supplementary Table S3).

3.2 Repeat element analysis

Through BLASTn alignment of the mitochondrial genomes of 11
Xanthoparmelia species, we identified 29, 36, 32, 20, 32, 25, 25, 36, 23,
29, and 29 repeat elements in the mitochondrial genomes of
X.camtschadalis, X.conspersa, X.desertorum, X.durietzii, X.orientalis,
X.protomatrae, X.taractica, X.tinctina, X.viriduloumbrina, X.weberi,
and X.wyomingica, respectively (Supplementary Table S4). There were
385-457 dispersed duplications (Supplementary Table S5) with repeat
sequence sizes ranging from 30 to 281 bp, including 199-256 direct
repeats, 71-98 palindromic repeats, 54-96 inverted repeats, and 20-42
complementary repeats. Additionally, there were 51-62 simple
sequence repeats (SSRs) (Supplementary Table S6) with sizes ranging
from 10 bp to 144 bp. Among these, direct repeats and palindromic
repeats exhibited high repetition frequencies across all 11 species. The
SSRs included 19-23 mononucleotides, 9-13 dinucleotides, 7-17
trinucleotides, 5-7 tetranucleotides, 2-3 pentanucleotides, and 2-4
hexanucleotides. Furthermore, 48-60 tandem repeats were detected
(Supplementary Table S7) with repeat unit sizes of 3-34 bp and copy
numbers ranging from 1.9 to 24.2 (Figure 2). SSR markers are
commonly used as molecular markers in genetic diversity and
evolutionary studies (Ahmad et al., 2018). Analysis of the distribution
of repeat sequences across the 11 mitochondrial genomes revealed
that they are mainly located in introns and intergenic regions
(Figure 3).

3.3 Codon usage analysis

The start codons and stop codons of 14 PCGs in the mitochondrial
genomes of 11 Xanthoparmelia species were compared
(Supplementary Table S8). Among the 14 PCGs: The atp8, coxI, cox3,
nadl, nad2, nad3, nad4L, and nad5 genes used ATG as their start
codon. Both cox2 and rps3 genes used TTA as the start codon. The
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Xanthoparmelia camischadalis
mitochondrial genome
88,153 bp

Xanthoparmelia protomatrae
mitochondrial genome
87,997 bp

Xanthoparmelia orieatalis
mitochondrial genome
81.210bp

Xanthoparmelia weberi
‘mitochondrial genome
7591 bp

FIGURE 1

Mitochondrial genome maps of 11 Xanthoparmelia species. Different colors represent PSGs with different functions. Genes inside the circle are located
on the positive strand, while those outside are on the negative strand. Genes containing introns are marked with an asterisk.

Xanthoparmelia desertorum
‘mitochondrial genome
87,589 bp

Xanthoparmelia durietzii
mitochondrial genome
84778 bp

Xanthoparmelia tinctina
‘mitochondrial genome
81,261 bp

[ complex I (NADH dehydrogenase)

[] complex I1I (ubichinol cytochrome c reductase)
[ complex IV (cytochrome ¢ oxidase)

[ ATP synthase

[ ribosomal proteins (SSU)

[l transfer RNAs

[l ribosomal RNAs

atp6 gene used ATG and ATA as start codons. nad4 and nadé used
ATC and ATG as start codons, respectively.

Most species used ATG as the start codon for the cob gene, except
X.wyomingica and X.viriduloumbrina, which used ATC and ATA,
respectively. For stop codons: The atp6, cob, cox2, cox3, nad2, nad3,
nad4, nad4L, nad6, and rps3 genes terminated with TAA. The atp8,
cox1, and nadl genes used TAG as the stop codon. Most species used
TAA as the stop codon for the nad5 gene, except X.taractica and
X.viriduloumbrina, whose nad5 genes terminated with TAG. Studies
have shown that codon usage directly affects translation speed and
energy requirements. Genes in mitochondria are thought to prefer
specific codons to save time and conserve energy needed for cell
growth (Sharp, 2005). The codon usage analysis results revealed that
the PCGs in the mitochondrial genomes of 11 Xanthoparmelia species
exhibited highly similar codon usage preferences (Figure 2). Among
the analyzed amino acids: Leucine (Leu), serine (Ser), and arginine
(Arg) were each encoded by 6 codons. Methionine (Met) was encoded
by only 1 codon. The codons UUU (for Phe), UUA (for Leu), AUA (for
Ile), and UAU (for Tyr) had the highest usage frequency across the 11
mitochondrial genomes (Supplementary Table S9). The mitochondrial
genomes of Xanthoparmelia showed a high AT content, mainly due to
the high-frequency use of A/T bases in their preferred codons.
Arginine (Arg) in Xanthoparmelia mitochondrial genomes was
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primarily encoded by the AGA codon. The results indicated that,
except for AGA, the Relative Synonymous Codon Usage (RSCU)
values of all other arginine codons (CGU, CGC, CGA, AGG) were
below 1, with CGG having an RSCU value of 0. Meanwhile, the RSCU
value of UUA (for Leu) was above 3, which may be associated with
environmental stress.

3.4 Analysis of intron dynamics repeat
element analysis

There was a significant correlation between intron size and the
size of 15 Xanthoparmelia mitochondrial genomes (p < 0.001). The
Pearson and Spearman correlation coefficients were 0.9389 and
0.7964, respectively, indicating that intron length has a significant
impact on the variation in the size of Xanthoparmelia mitochondrial
genomes (Figure 4). A total of 239 introns were detected across the 15
mitochondrial genomes, with each species containing 11 to 24 introns.
Studies have shown that intron loss or gain events occurred
throughout the entire evolutionary history of the Xanthoparmelia
genus. Among these introns, 95% (228 introns) were located in PCGs,
and 5% (11 introns) were located in rRNA genes; thus, PCGs are the
main reservoirs of introns. Introns were distributed in the cox1, cox3,
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https://doi.org/10.3389/fmicb.2025.1740728
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Bahenuer and Tumur

10.3389/fmicb.2025.1740728

64
s | |

4

3

2

I-I | I |

Phe Leu e Met Val Ser Pro Thr Ala Tyr His Gl As Lys Asp Gl Cys Tp Am Gly End

1(©
| ||

Phe Leu lle Met Val Ser Pro Thr Ala Tyr His Gln Asn Lys Asp Glu Cys Tp A Gly End

1@

IS

M

°

Phe Leu Tl

(@

Met Val Ser Pro Thr Ala Tvr His Gln Asn Lys Aso Glu Cvs Tm Are Glv End

IS

Phe Leu Ile Met Val Ser

G

s \
4
3
2

Phe Leu Te Met Val Ser Pro Thr Ala Tyr His Gln Asn Lys Asp Glu Cys Tp Arg Gly End

1)

Pro Thr Ala Tyr His Gln Asa Lys Asp Glu Cys Tp A Gly End

2
I-I I

Phe Leu Ile Met Val Ser Pro Thr Ala

Tyr His Gl As Lys Asp Gl Cys Tp Arg Gly End

FIGURE 2
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corresponding coding codons labeled below each amino acid. The y-axis represents the codon usage frequency.
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(a) X.camtschadalis (b) X.conspersa (¢) X.desertorum

(d) X.durietzii (e) X.orientalis (f) X.protomatrae
(g) X.taractica (h) X tinctina (1) X.viriduloumbrina
(j) X.-weberi (k) X.wyomingica

cob, nadl, nad4L, and nad5 genes. This uneven distribution of introns
indicates gene preference, with most introns targeting PCGs.
Introns were classified into different positional classes (Pcls)
corresponding to their reference genes based on their insertion
sites within the protein-coding regions of the mitochondrial
genome. Introns in the coxI gene of 15 Xanthoparmelia species
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were categorized into P282, P386, P492, P615, P720, P731, P807,
P1057, P1107, and P1125, among which P282, P807, P1057, and
P1107 had the widest distribution. The cob, cox3, nad4L, nad5, and
nadl genes contained 1, 1, 1, 3, and 2 types of Pcls, respectively.
The Pcls of cox3, nad5, and nadl were widely distributed across the
15 Xanthoparmelia species. Except for the cox1 gene, X.taractica

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1740728
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Bahenuer and Tumur

10.3389/fmicb.2025.1740728

S cob

X.camtschadalis

X.viriduloumbrina X.weberi

FIGURE 3

blue filling has no specific meaning.

Distribution map of 11 repeat sequences in Xanthoparmelia genus. From the inside to the outside, each circle represents: Dispersed repeats (blue lines
indicate direct repeats, green lines indicate palindromic repeats, yellow lines indicate inverted repeats, red lines indicate complementary sequences);
Simple repeats; Tandem repeats; Introns; Mitochondrial genome coding regions. Black squares represent the covered regions of each element, and

X.wyomingica

contained the most intron types, while X.conspersa, X.coreana,
X.orientalis, and X.tinctina showed significant intron loss in their
cox1 genes, retaining only 4 to 5 intron types (Figure 5). These
findings indicate that among the 14 PCGs, the coxI gene in the
mitochondrial genome of Xanthoparmelia species exhibits
relatively high variation, and there is a possibility of intron
transfer.

3.5 Genetic distance and evolutionary rate
of PCGs

Among the 14 PCGs in the mitochondrial genome of genus
Xanthoparmelia, the Ka/Ks values of all 14 PCGs are less than 1
(Figure 6a), indicating that these genes are under purifying selection
and their sequences evolve more conservatively. The results of genetic
distance (K2P) analysis show (Figure 6b) that the 14 PCGs have
different genetic distances, which means their evolutionary rates also
vary. Among them, the atp6 gene has the largest genetic distance (with
an average value of 0.231), suggesting that it exhibits the fastest
mutation rate among the 14 PCGs. In contrast, the cob gene has the
smallest genetic distance (with an average value of 0.001), indicating
that it has high conservativeness.

Frontiers in Microbiology

3.6 Synteny analysis

A detailed comparison of collinearity among the 15 mitochondrial
genomes revealed a conserved core structure punctuated by specific
rearrangements. The analysis identified nine homologous blocks, with
the order and orientation of most blocks being stable across the genus
(Figure 7). However, detailed comparison revealed several specific
rearrangements: (1) The third block (containing cox1 and cob) was
rearranged exclusively in X.durietzii; (2) The fifth block (intergenic
between nad3 and nad4L) was rearranged in X.viriduloumbrina; (3)
The ninth block underwent independent rearrangements in both
X.weberi and X.viriduloumbrina. This pattern indicates that the
sequences of PCGs are highly conserved, while structural variation is
confined primarily to intergenic spacer regions, which may facilitate
genome evolution without disrupting essential coding functions.

3.7 Phylogenetic analysis

The entire phylogenetic tree was divided into 4 clades, including
the genera Alectoria, Bryoria, Hypogymnia, Imshaugia, Parmotrema,
Pseudevernia and Usnea. The phylogenetic results were consistent with
the topological structure reported in previous studies (Funk et al.,
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FIGURE 5

methods. The 4 species downloaded from NCBI are shown in bold.
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Shows the position classification (Pcl) of introns in the cox1 gene (a) and other PCGs (b) across 15 species of the Anthoparmelia genus. Pcls
(homologous introns) are labeled based on their insertion sites (nucleotide positions) in the reference gene (GenBank Accession Number: NC036382).
The phylogenetic positions of the 15 Xanthoparmelia species were determined using the Bayesian inference (BI) and Maximum likelihood (ML)

2018; Bahenuer et al, 2025). Fifteen species of the genus
Xanthoparmelia formed a monophyletic clade, which clustered with
Parmotrema with high bootstrap support (100%) and posterior
probability (1.00). This indicates a close phylogenetic relationship
between the two genera, or they may share a common ancestor
X.conspersa, X.coreana, X.orientalis, and X.tinctina clustered closely
into a subclade, while X.viriduloumbrina branched closer to the
terminal node (Figure 8).

4 Discussion

In this study, we assembled and annotated the mitochondrial
genomes of 11 species in the genus Xanthoparmelia and conducted
a comparative analysis of 15 Xanthoparmelia species. This analysis
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revealed the conservation and variability of the genus, providing
high-quality data for future research. The mitochondrial genome
structure of Xanthoparmelia is similar to that of other reported
Parmeliaceae species. Notably, although atp9 plays a key role in
that the
mitochondrial genomes of Xanthoparmelia contain 14 PCGs and

mitochondrial energy production, we found
lack the atp9 gene, which differs from most fungal mitochondrial
genomes. This may be because symbiosis between coevolving taxa
is typically characterized by genome reduction to reduce
redundancy or inter-genomic conflicts (Pogoda et al., 2018). The
loss of atp9—a key energy-related gene—in lichen symbiotic fungi
provides genomic evidence for the specificity of symbiotic
relationships. This study offers new resources for further
investigating the evolution of lichen mitochondrial genomes and

their coevolution with specific symbiotic partners.
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a unique color block. The four species downloaded from NCBI are shown in bold.

Collinearity analysis of 15 mitochondrial genomes in the genus Xanthoparmelia. The analysis identifies homologous regions (A-I), each represented by
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FIGURE 8

analysis are available (Supplementary Table S2).
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Phylogenetic tree of 27 species in Parmeliaceae. Phylogenetic trees were constructed using 14 PCGs and 2 rRNAs via Bayesian inference (BI) and
maximum likelihood (ML) methods, with Lecanora saxigena (NC_042183) as the outgroup. The numbers above the nodes represent Bayesian posterior
probabilities (left) and bootstrap values (right). Detailed species names and accession numbers of the mitochondrial genomes used in the phylogenetic

Previous studies have shown that fungal mitochondrial
genome size is one of the most variable among eukaryotes,
primarily due to dynamic changes in introns, accumulation of
repetitive sequences, and other factors (Basse, 2010; Al-Reedy et
al.,, 2012; Deng et al., 2018; Wu et al., 2021). In this study, we
found that introns are unevenly distributed in PCGs and rRNA
genes of Xanthoparmelia, with the cox1 gene being the largest host
gene for introns. Introns can be classified into different pcls based
on their insertion positions, and introns with the same pcl are
considered homologous (Li et al., 2020). Intron size has a
significant impact on the size variation of Xanthoparmelia
mitochondrial genomes (p < 0.001), indicating that introns may
be a key factor driving differences in mitochondrial genome size
within this genus. Among the analyzed species, X.chlorochroa has
the largest mitochondrial genome (88,296 bp) and the longest
total intron length (25,566 bp), while X.conspersa has the smallest
mitochondrial genome (81,194 bp) and the shortest total intron
length (14,593 bp). This correlation suggests that intron loss
events may have occurred during the evolution of Xanthoparmelia
mitochondrial genomes, leading to differences in genome size
among different species. The physiological and functional effects
of these intron dynamics require further investigation.

Our results revealed complete and conserved PCGs across all
species. The codon usage frequency and variations in start/stop
codons of these PCGs were minimal, indicating that PCGs remain
relatively conserved throughout evolution. The Ka/Ks ratios of all
14 PCGs were less than 1, suggesting that all genes have undergone
conservative purifying selection during evolution. Synteny
analysis showed dynamic changes in the mitochondrial genomes
of Xanthoparmelia species, manifested as rearrangements between
homologous gene clusters, and this phenomenon mainly occurs
in intergenic regions. Previous studies have shown that the
accumulation of repetitive sequences in fungal mitochondrial
genomes is closely related to mitochondrial gene rearrangements
(Aguileta et al., 2014).
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In fungal evolution research, mitochondrial genes are often
important markers for molecular systematics and population
genetics (Nadimi et al., 2016). Phylogenetic analysis based on fungal
mitochondrial gene fragments has been widely used in lichen
taxonomy research and has shown good results in resolving difficult
issues such as clarifying species boundaries (Borstler et al., 2008).
Therefore, it is widely applied in lichen taxonomy research and
analysis (Schmitt and Lumbsch, 2004; Blanco et al., 2005; Crespo et
al., 2010; Kondratyuk et al., 2016; Cernajové and Skaloud, 2019;
Chiva et al., 2021). Compared with single-gene analysis, the use of
complete mitochondrial genomes or multi-gene combined analysis
can more comprehensively reflect the evolutionary history of
genomes (Seifert et al., 2007). Additionally, based on the currently
published mitochondrial genome annotation results, lichens still
retain most PCGs, which provides favorable conditions for
evolution research.

conducting more accurate

Xanthoparmelia is one of the widely distributed and species-rich

genetic

genera in Parmeliaceae. However, understanding its internal
evolutionary relationships has been challenging due to limited
morphological characteristics and insufficient multi-locus
phylogenetic studies. Therefore, more powerful tools are needed to
provide richer genetic information for accurate phylogenetic analysis
(Jiang et al., 2017). Through comprehensive comparative analysis of
mitochondrial genomes, our phylogenetic study strongly supports
the close evolutionary relationships among these 15 Xanthoparmelia
species. We constructed phylogenetic trees of 27 species using
Maximum Likelihood (ML) and Bayesian Inference (BI) methods,
and the topological structure of the results received high support,
with bootstrap support values exceeding 70% for most branches—a
threshold generally considered to represent strong support in
phylogenetic research. These results clarify the phylogenetic
relationships among species and determine the phylogenetic
positions of 11 Xanthoparmelia species. Thus, this study provides a
more comprehensive and robust phylogenetic framework for the

genus, highlighting the importance of mitochondrial genome data
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in resolving taxonomic uncertainties and clarifying evolutionary
relationships within this complex genus. It also provides valuable
reference data for species classification and identification, helping to
deepen understanding of interspecific variation within the genus
and offering new genetic insights into the genetics, systematics,
genomics, and evolution of Xanthoparmelia.

5 Conclusion

This study presents the first comprehensive report of 11
complete mitochondrial genomes within the genus Xanthoparmelia,
substantially enriching the organelle genomic resources for this
hyperdiverse lichen group. Our analysis reveals that the
mitochondrial genome size in Xanthoparmelia (81-88 kb) is
primarily governed by a dual mechanism: a strong positive
correlation between intron length and genome size (Pearson = 0.94,
Spearman = 0.80, p < 0.001) coupled with the variable presence of
dispersed repeats, SSRs, and tandem repeats. We identified the coxI
gene as a dynamic hotspot of genomic diversity, harboring ten
Pcl-type introns and exhibiting frequent loss/gain events. All 14
protein-coding genes are under strong purifying selection (Ka/
Ks < 1), underscoring the evolutionary conservation of core
mitochondrial functions. Notably, the atp6 gene exhibits the highest
interspecific genetic distance (K2P =0.231) and may serve as a
high-resolution molecular marker for future species delimitation.
Phylogenomic reconstruction using 14 PCGs and 2 rRNAs yielded
a fully resolved and strongly supported topology that clearly
delineates the major clades within Xanthoparmelia. Taken together,
these findings not only close a critical gap in mitochondrial genome
data for Xanthoparmelia but also provide a foundational resource
for: (i) clarifying species boundaries obscured by morphological
and chemical similarities, especially when integrated with ITS data;
(ii) testing the hypothesis of symbiosis-driven mitochondrial
genome reduction; and (iii) supporting future studies in
conservation genomics, phylogenetics, and the functional evolution
of lichen-forming fungi within Parmeliaceae.

Data availability statement
The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary material.

Author contributions
AT: Writing - review & editing, Formal analysis, Funding
acquisition, Supervision, Project administration. JB: Investigation,

Methodology, Writing — original draft, Formal analysis, Writing -
review & editing.

Funding

The author(s) declared that financial support was received for this
work and/or its publication. This research was funded by grants from

Frontiers in Microbiology

11

10.3389/fmicb.2025.1740728

the Natural Science Foundation of Xinjiang Uyghur Autonomous
Region, China (No. 2025D01C24) and National Nature Science
Foundation of China (No. 32560001, 32160046).

Acknowledgments

We are thanks to Dolathan Toksun and Yong Hai Ying (graduate
students of Xinjiang University, China) for their help with the field work.

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Correction note

A correction has been made to this article. Details can be found
at: 10.3389/fmicb.2026.1803503.

Generative Al statement

The author(s) declared that Generative AI was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy,
including review by the authors wherever possible. If you identify any
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2025.1740728/
full#supplementary-material

SUPPLEMENTARY FIGURE S1
External morphology of eleven Xanthoparmelia species.

SUPPLEMENTARY FIGURE S2
Phylogenetic tree of eleven Xanthoparmelia species constructed based on

ITS sequences.

SUPPLEMENTARY FIGURE $3
Mitochondrial genome sequencing coverage of 11 Xanthoparmelia species.

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1740728
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.3389/fmicb.2026.1803503
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1740728/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1740728/full#supplementary-material

Bahenuer and Tumur

References

Aguileta, G., de Vienne, D. M., Ross, O. N., Hood, M. E., Giraud, T., Petit, E., et al.
(2014). High variability of mitochondrial gene order among Fungi. Genome Biol. Evol.
6, 451-465. doi: 10.1093/gbe/evu028

Ahmad, A., Wang, J.-D., Pan, Y.-B,, Sharif, R., and Gao, S.-J. (2018). Development and
use of simple sequence repeats (SSRs) markers for sugarcane breeding and genetic
studies. Agronomy 8:260. doi: 10.3390/agronomy8110260

Al-Reedy, R. M., Malireddy, R., Dillman, C. B., and Kennell, J. C. (2012). Comparative
analysis of fusarium mitochondrial genomes reveals a highly variable region that
encodes an exceptionally large open reading frame. Fungal Genet. Biol. 49, 2-14. doi:
10.1016/j.fgb.2011.11.008

Anwar, G., Mamut, R., and Wang, J. (2023). Characterization of complete
mitochondrial genomes of the five Peltigera and comparative analysis with relative
species. J. Fungi 9:969. doi: 10.3390/j0f9100969

Asplund, J., and Wardle, D. A. (2017). How lichens impact on terrestrial community
and ecosystem properties. Biol. Rev. 92, 1720-1738. doi: 10.1111/brv.12305

Bahenuer, J., Tumur, A., and Shahid Igbal, M. (2025). Characterization and phylogenetic
analysis of the mitochondrial genomes of four Xanthoparmelia (vain.) Hale lichen fungi.
Mitochondrial DNA Part B 10, 942-947. doi: 10.1080/23802359.2025.2559718

Basse, C. W. (2010). Mitochondrial inheritance in fungi. Curr. Opin. Microbiol. 13,
712-719. doi: 10.1016/j.mib.2010.09.003

Beier, S., Thiel, T., Miinch, T., Scholz, U., and Mascher, M. (2017). MISA-web: a web
server for microsatellite prediction. Bioinformatics 33, 2583-2585. doi: 10.1093/
bioinformatics/btx198

Benson, G. (1999). Tandem repeats finder: a program to analyze DNA sequences.
Nucleic Acids Res. 27, 573-580. doi: 10.1093/nar/27.2.573

Bernt, M., Donath, A,, Jithling, F, Externbrink, E, Florentz, C., Fritzsch, G., et al.
(2013). MITOS: Improved de novo metazoan mitochondrial genome annotation. Mol.
Phylogenet. Evol. 69, 313-319. doi: 10.1016/j.ympev.2012.08.023

Blanco, O., Crespo, A., Divakar, P. K., Elix, J. A., and Lumbsch, H. T. (2005). Molecular
phylogeny of parmotremoid lichens (Ascomycota, Parmeliaceae). Mycologia 97,
150-159. doi: 10.3852/mycologia.97.1.150

Blanco, O., Crespo, A., Elix, J. A., Hawksworth, D. L., and Thorsten Lumbsch, H.
(2004). A molecular phylogeny and a new classification of parmelioid lichens containing
Xanthoparmelia —type lichenan (Ascomycota: Lecanorales). Taxon 53, 959-975. doi:
10.2307/4135563

Borstler, B., Raab, P. A, Thiéry, O., Morton, J. B, and Redecker, D. (2008). Genetic
diversity of the arbuscular mycorrhizal fungus Glomus intraradices as determined by
mitochondrial large subunit rRNA gene sequences is considerably higher than
previously expected. New Phytol. 180, 452-465. doi: 10.1111/j.1469-8137.2008.02574.x

Brodo, I. M., Sharnoff, S. D., and Sharnoff, S. (2002). Lichens of North America. Blue
Jay 60:5827. doi: 10.29173/bluejay5827

Castresana, J. (2000). Selection of conserved blocks from multiple alignments for their
use in phylogenetic analysis. Mol. Biol. Evol. 17, 540-552. doi: 10.1093/oxfordjournals.
molbev.a026334

Cernajové, I, and Skaloud, P. (2019). The first survey of Cystobasidiomycete yeasts in
the lichen genus Cladonia; with the description of Lichenozyma pisutiana gen. Nov., sp.
nov. Fungal Biol. 123, 625-637. doi: 10.1016/j.funbio.2019.05.006

Chan, D. C. (2006). Mitochondria: dynamic organelles in disease, aging, and
development. Cell 125, 1241-1252. doi: 10.1016/j.cell.2006.06.010

Chatre, L., and Ricchetti, M. (2014). Are mitochondria the Achilles’ heel of the
kingdom Fungi? Curr. Opin. Microbiol. 20, 49-54. doi: 10.1016/].MIB.2014.05.001

Chen, C., Chen, H., Zhang, Y., Thomas, H. R., Frank, M. H., He, Y,, et al. (2020).
TBtools: an integrative toolkit developed for interactive analyses of big biological data.
Mol. Plant 13, 1194-1202. doi: 10.1016/j.molp.2020.06.009

Chen, C, Li, Q, Fu, R, Wang, J., Deng, G., Chen, X,, et al. (2021). Comparative
mitochondrial genome analysis reveals intron dynamics and gene rearrangements in
two Trametes species. Sci. Rep. 11:2569. doi: 10.1038/s41598-021-82040-7

Chen, Y., Ye, W,, Zhang, Y., and Xu, Y. (2015). High speed BLASTN: an accelerated
MegaBLAST search tool. Nucleic Acids Res. 43, 7762-7768. doi: 10.1093/nar/gkv784

Cheng, ], Luo, Q,, Ren, Y,, Luo, Z., Liao, W., Wang, X, et al. (2021). Panorama of
intron dynamics and gene rearrangements in the phylum Basidiomycota as revealed by
the complete mitochondrial genome of Turbinellus floccosus. Appl. Microbiol. Biotechnol.
105, 2017-2032. doi: 10.1007/s00253-021-11153-w

Chiva, S., Dumitru, C., Bordenave, C. D., and Barreno, E. (2021). Watanabea green
microalgae (Trebouxiophyceae) inhabiting lichen holobiomes: Watanabea lichenicola
sp. nova. Phycol. Res. 69, 226-236. doi: 10.1111/pre.12463

Crespo, A., Kauff, E, Divakar, P. K., del Prado, R., Pérez-Ortega, S., de Paz, G. A., et al.
(2010). Phylogenetic generic classification of parmelioid lichens (Parmeliaceae,
Ascomycota) based on molecular, morphological and chemical evidence. Taxon 59,
1735-1753. doi: 10.1002/tax.596008

Darling, A. C. E., Mau, B,, Blattner, F R, and Perna, N. T. (2004). Mauve: multiple

alignment of conserved genomic sequence with rearrangements. Genome Res. 14,
1394-1403. doi: 10.1101/gr.2289704

Frontiers in Microbiology

10.3389/fmicb.2025.1740728

Deng, Y., Hsiang, T., Li, S., Lin, L., Wang, Q., Chen, Q,, et al. (2018). Comparison of
the mitochondrial genome sequences of six Annulohypoxylon stygium isolates suggests
short fragment insertions as a potential factor leading to larger genomic size. Front.
Microbiol. 9:02079. doi: 10.3389/fmicb.2018.02079

Dierckxsens, N., Mardulyn, P., and Smits, G. (2017). NOVOPlasty: de novo assembly
of organelle genomes from whole genome data. Nucleic Acids Res. 45:e18. doi: 10.1093/
nar/gkw955

Férandon, C., Moukha, S., Callac, P.,, Benedetto, J.-P., Castroviejo, M., and Barroso, G.
(2010). The agaricus bisporus coxI gene: the longest mitochondrial gene and the largest
reservoir of mitochondrial group I introns. PLoS One 5:¢14048. doi: 10.1371/journal.
pone.0014048

Funk, E. R, Adams, A. N,, Spotten, S. M., Van Hove, R. A., Whittington, K. T.,
Keepers, K. G., et al. (2018). The complete mitochondrial genomes of five lichenized
fungi in the genus Usnea (Ascomycota: Parmeliaceae). Mitochondr. DNA B Resour. 3,
305-308. doi: 10.1080/23802359.2018.1445485.

Grube, M., Cernava, T., Soh, J., Fuchs, S., Aschenbrenner, 1., Lassek, C., et al. (2015).
Exploring functional contexts of symbiotic sustain within lichen-associated bacteria by
comparative omics. ISME J. 9, 412-424. doi: 10.1038/ismej.2014.138

Huang, W, Feng, H., Tu, W, Xiong, C,, Jin, X, Li, P, et al. (2021). Comparative
mitogenomic analysis reveals dynamics of intron within and between Tricholoma
species and phylogeny of Basidiomycota. Front. Genet. 12:534871. doi: 10.3389/
fgene.2021.534871

James, T. Y., Pelin, A., Bonen, L., Ahrendt, S., Sain, D., Corradi, N., et al. (2013). Shared
signatures of parasitism and phylogenomics unite Cryptomycota and microsporidia.
Curr. Biol. 23, 1548-1553. doi: 10.1016/j.cub.2013.06.057

Jiang, L., Zhao, L., Cheng, D., Zhu, L., Zhang, M., Ruan, Q,, et al. (2017). The complete
mitochondrial genome sequence of the Sichuan digging frog, Kaloula rugifera (Anura:
Microhylidae) and its phylogenetic implications. Gene 626, 367-375. doi: 10.1016/j.
gene.2017.05.039

Jin, J.-J., Yu, W.-B., Yang, J.-B., Song, Y., dePamphilis, C. W,, Yi, T.-S., et al. (2020).
GetOrganelle: a fast and versatile toolkit for accurate de novo assembly of organelle
genomes. Genome Biol. 21:241. doi: 10.1186/s13059-020-02154-5

Joardar, V., Abrams, N. E, Hostetler, J., Paukstelis, P. ], Pakala, S., Pakala, S. B., et al.
(2012). Sequencing of mitochondrial genomes of nine aspergillus and penicillium species
identifies mobile introns and accessory genes as main sources of genome size variability.
BMC Genomics 13:698. doi: 10.1186/1471-2164-13-698

Kalyaanamoorthy, S., Minh, B. Q., Wong, T. K. E, von Haeseler, A., and Jermiin, L. S.
(2017). ModelFinder: fast model selection for accurate phylogenetic estimates. Nat.
Methods 14, 587-589. doi: 10.1038/nmeth.4285

Katoh, K., Rozewicki, J., and Yamada, K. D. (2019). MAFFT online service: multiple
sequence alignment, interactive sequence choice and visualization. Brief. Bioinform. 20,
1160-1166. doi: 10.1093/bib/bbx108

Kearse, M., Moir, R., Wilson, A., Stones-Havas, S., Cheung, M., Sturrock, S., et al.
(2012). Geneious basic: an integrated and extendable desktop software platform for the
organization and analysis of sequence data. Bioinformatics 28, 1647-1649. doi: 10.1093/
bioinformatics/bts199

Kondratyuk, S. Y., L6kés, L., Kim, J. A., Kondratiuk, A. S., Jeong, M.-H., Jang, S. H., et al.
(2016). Fauriea, a new genus of the lecanoroid caloplacoid lichens (Teloschistaceae, lichen-
forming ascomycetes). Acta Bot. Hung. 58, 303-318. doi: 10.1556/abot.58.2016.3-4.6

Kurtz, S. (2001). REPuter: the manifold applications of repeat analysis on a genomic
scale. Nucleic Acids Res. 29, 4633-4642. doi: 10.1093/nar/29.22.4633

Leavitt, S. D., Johnson, L. A., Goward, T., and St Clair, L. L. (2011). Species delimitation
in taxonomically difficult lichen-forming fungi: an example from morphologically and
chemically diverse Xanthoparmelia (Parmeliaceae) in North America. Mol. Phylogenet.
Evol. 60, 317-332. doi: 10.1016/j.ympev.2011.05.012

Leavitt, S. D., Kirika, P. M., de Amo Paz, G., Huang, J. P, Hur, J. S,, Elix, J. A,, et al.
(2018). Assessing phylogeny and historical biogeography of the largest genus of lichen-
forming fungi, Xanthoparmelia (Parmeliaceae, Ascomycota). Lichenologist 50, 299-312.
doi: 10.1017/S0024282918000233

Li, H., and Durbin, R. (2009). Fast and accurate short read alignment with burrows-
wheeler transform. Bioinformatics 25, 1754-1760. doi: 10.1093/bioinformatics/btp324

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N,, et al. (2009). The
sequence alignment/map format and SAMtools. Bioinformatics 25, 2078-2079. doi:
10.1093/bioinformatics/btp352

Li, Q, He, X,, Ren, Y., Xiong, C., Jin, X., Peng, L., et al. (2020). Comparative
mitogenome analysis reveals mitochondrial genome differentiation in
ectomycorrhizal and Asymbiotic amanita species. Front. Microbiol. 11:01382. doi:
10.3389/fmicb.2020.01382

Li, E, Wang, N., Zhang, X., Hui, J., Ge, Q,, Xie, Z., et al. (2025). Sustained protection of
stone cultural relics: utilizing antiviral oseltamivir to effectively eliminate lichen and diseases
on artifacts. Int. Biodeterior. Biodegrad. 202:106106. doi: 10.1016/j.ibiod.2025.106106

Lohse, M., Drechsel, O., and Bock, R. (2007). OrganellarGenomeDRAW (OGDRAW):
a tool for the easy generation of high-quality custom graphical maps of plastid and
mitochondrial genomes. Curr. Genet. 52, 267-274. doi: 10.1007/500294-007-0161-y

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1740728
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1093/gbe/evu028
https://doi.org/10.3390/agronomy8110260
https://doi.org/10.1016/j.fgb.2011.11.008
https://doi.org/10.3390/jof9100969
https://doi.org/10.1111/brv.12305
https://doi.org/10.1080/23802359.2025.2559718
https://doi.org/10.1016/j.mib.2010.09.003
https://doi.org/10.1093/bioinformatics/btx198
https://doi.org/10.1093/bioinformatics/btx198
https://doi.org/10.1093/nar/27.2.573
https://doi.org/10.1016/j.ympev.2012.08.023
https://doi.org/10.3852/mycologia.97.1.150
https://doi.org/10.2307/4135563
https://doi.org/10.1111/j.1469-8137.2008.02574.x
https://doi.org/10.29173/bluejay5827
https://doi.org/10.1093/oxfordjournals.molbev.a026334
https://doi.org/10.1093/oxfordjournals.molbev.a026334
https://doi.org/10.1016/j.funbio.2019.05.006
https://doi.org/10.1016/j.cell.2006.06.010
https://doi.org/10.1016/J.MIB.2014.05.001
https://doi.org/10.1016/j.molp.2020.06.009
https://doi.org/10.1038/s41598-021-82040-7
https://doi.org/10.1093/nar/gkv784
https://doi.org/10.1007/s00253-021-11153-w
https://doi.org/10.1111/pre.12463
https://doi.org/10.1002/tax.596008
https://doi.org/10.1101/gr.2289704
https://doi.org/10.3389/fmicb.2018.02079
https://doi.org/10.1093/nar/gkw955
https://doi.org/10.1093/nar/gkw955
https://doi.org/10.1371/journal.pone.0014048
https://doi.org/10.1371/journal.pone.0014048
https://doi.org/10.1080/23802359.2018.1445485.
https://doi.org/10.1038/ismej.2014.138
https://doi.org/10.3389/fgene.2021.534871
https://doi.org/10.3389/fgene.2021.534871
https://doi.org/10.1016/j.cub.2013.06.057
https://doi.org/10.1016/j.gene.2017.05.039
https://doi.org/10.1016/j.gene.2017.05.039
https://doi.org/10.1186/s13059-020-02154-5
https://doi.org/10.1186/1471-2164-13-698
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1093/bib/bbx108
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.1556/abot.58.2016.3-4.6
https://doi.org/10.1093/nar/29.22.4633
https://doi.org/10.1016/j.ympev.2011.05.012
https://doi.org/10.1017/S0024282918000233
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.3389/fmicb.2020.01382
https://doi.org/10.1016/j.ibiod.2025.106106
https://doi.org/10.1007/s00294-007-0161-y

Bahenuer and Tumur

Liicking, R., Hodkinson, B. P,, and Leavitt, S. D. (2017). The 2016 classification of
lichenized fungi in the Ascomycota and Basidiomycota — approaching one thousand
genera. Bryologist 119:361. doi: 10.1639/0007-2745-119.4.361

Liicking, R,, Leavitt, S. D., and Hawksworth, D. L. (2021). Species in lichen-forming fungi:
balancing between conceptual and practical considerations, and between phenotype and
phylogenomics. Fungal Divers. 109, 99-154. doi: 10.1007/s13225-021-00477-7

Lumbsch, H. T,, and Leavitt, S. D. (2011). Goodbye morphology? A paradigm shift in
the delimitation of species in lichenized fungi. Fungal Divers. 50, 59-72. doi: 10.1007/
513225-011-0123-z

Mardanov, A. V., Beletsky, A. V., Kadnikov, V. V,, Ignatov, A. N., and Ravin, N. V.
(2014). The 203 kbp mitochondrial genome of the phytopathogenic fungus sclerotinia
borealis reveals multiple invasions of introns and genomic duplications. PLoS One
9:€107536. doi: 10.1371/journal.pone.0107536

Martin, E. N., Bensasson, D., Tyler, B. M., and Boore, J. L. (2007). Mitochondrial
genome sequences and comparative genomics of Phytophthora ramorum and P. Sojae.
Curr. Genet. 51, 285-296. doi: 10.1007/s00294-007-0121-6

Nadimi, M., Daubois, L., and Hijri, M. (2016). Mitochondrial comparative genomics
and phylogenetic signal assessment of mtDNA among arbuscular mycorrhizal fungi.
Mol. Phylogenet. Evol. 98, 74-83. doi: 10.1016/j.ympev.2016.01.009

Nash, T. H. (2012). Lichen Biology: Cambridge University Press. doi: 10.1017/
CB09780511790478

Nguyen, L.-T., Schmidt, H. A., von Haeseler, A., and Minh, B. Q. (2015). IQ-TREE: a
fast and effective stochastic algorithm for estimating maximum-likelihood phylogenies.
Mol. Biol. Evol. 32, 268-274. doi: 10.1093/molbev/msu300

Nie, Y., Wang, L., Cai, Y., Tao, W,, Zhang, Y.-J., and Huang, B. (2019). Mitochondrial
genome of the entomophthoroid fungus Conidiobolus heterosporus provides insights into
evolution of basal fungi. Appl. Microbiol. Biotechnol. 103, 1379-1391. doi: 10.1007/
500253-018-9549-5

Paquin, B., Laforest, M.-]., Forget, L., Roewer, L., Wang, Z., Longcore, J., et al. (1997).
The fungal mitochondrial genome project: evolution of fungal mitochondrial genomes
and their gene expression. Curr. Genet. 31, 380-395. doi: 10.1007/5002940050220

Pogoda, C. S., Keepers, K. G., Lendemer, J. C., Kane, N. C,, and Tripp, E. A. (2018).
Reductions in complexity of mitochondrial genomes in lichen-forming fungi shed light on
genome architecture of obligate symbioses. Mol. Ecol. 27,1155-1169. doi: 10.1111/mec.14519

Ronquist, E, Teslenko, M., van der Mark, P., Ayres, D. L., Darling, A., Hohna, S., et al.
(2012). MrBayes 3.2: efficient Bayesian phylogenetic inference and model choice across
a large model space. Syst. Biol. 61, 539-542. doi: 10.1093/sysbio/sys029

Rozas, J., Ferrer-Mata, A., Sanchez-DelBarrio, J. C., Guirao-Rico, S., Librado, P,
Ramos-Onsins, S. E., et al. (2017). DnaSP 6: DNA sequence polymorphism analysis of
large data sets. Mol. Biol. Evol. 34, 3299-3302. doi: 10.1093/molbev/msx248

Sandor, S., Zhang, Y., and Xu, J. (2018). Fungal mitochondrial genomes and genetic
polymorphisms. Appl. Microbiol. Biotechnol. 102, 9433-9448. doi: 10.1007/
500253-018-9350-5

Santamaria, M., Vicario, S., Pappada, G., Scioscia, G., Scazzocchio, C., and Saccone, C.
(2009). Towards barcode markers in Fungi: an intron map of Ascomycota mitochondria.
BMC Bioinformatics 10:S15. doi: 10.1186/1471-2105-10-S6-S15

Schmitt, I, and Lumbsch, H. T. (2004). Molecular phylogeny of the Pertusariaceae
supports secondary chemistry as an important systematic character set in lichen-forming
ascomycetes. Mol. Phylogenet. Evol. 33, 43-55. doi: 10.1016/j.ympev.2004.04.014

Seifert, K. A., Samson, R. A., deWaard, J. R., Houbraken, J., Lévesque, C. A.,
Moncalvo, J.-M., et al. (2007). Prospects for fungus identification using CO1 DNA

Frontiers in Microbiology

13

10.3389/fmicb.2025.1740728

barcodes, with penicillium as a test case. Proc. Natl. Acad. Sci. 104:17360450, 3901-3906.
doi: 10.1073/pnas.0611691104

Sharp, P. M. (2005). Variation in the strength of selected codon usage bias among
bacteria. Nucleic Acids Res. 33, 1141-1153. doi: 10.1093/nar/gki242

Spribille, T., Tuovinen, V., Resl, P., Vanderpool, D., Wolinski, H., Aime, M. C., et al.
(2016). Basidiomycete yeasts in the cortex of ascomycete macrolichens. Science 353,
488-492. doi: 10.1126/science.aaf8287

Tamura, K., Stecher, G., and Kumar, S. (2021). MEGA11: molecular evolutionary genetics
analysis version 11. Mol. Biol. Evol. 38, 3022-3027. doi: 10.1093/molbev/msab120

Thell, A., Crespo, A., Divakar, P. K., Kérnefelt, I, Leavitt, S. D., Lumbsch, H. T, et al.
(2012). A review of the lichen family Parmeliaceae - history, phylogeny and current
taxonomy. Nord. J. Bot. 30, 641-664. doi: 10.1111/§.1756-1051.2012.00008.x

Tillich, M., Lehwark, P, Pellizzer, T., Ulbricht-Jones, E. S., Fischer, A., Bock, R., et al.
(2017). GeSeq - versatile and accurate annotation of organelle genomes. Nucleic Acids
Res. 45, W6-W11. doi: 10.1093/nar/gkx391

Vaidya, G., Lohman, D. J., and Meier, R. (2011). SequenceMatrix: concatenation
software for the fast assembly of multi-gene datasets with character set and codon
information. Cladistics 27, 171-180. doi: 10.1111/j.1096-0031.2010.00329.x

Valach, M., Burger, G., Gray, M. W,, and Lang, B. F. (2014). Widespread occurrence of
organelle genome-encoded 5S rRNAs including permuted molecules. Nucleic Acids Res.
42, 13764-13777. doi: 10.1093/nar/gkul266

Wu, P, Bao, Z., Tu, W,, Li, L., Xiong, C., Jin, X,, et al. (2021). The mitogenomes of two
saprophytic Boletales species (Coniophora) reveals intron dynamics and accumulation
of plasmid-derived and non-conserved genes. Comput. Struct. Biotechnol. J. 19, 401-414.
doi: 10.1016/j.csbj.2020.12.041

Xu, M., De Boer, H., Olafsdottir, E. S., Omarsdottir, S., and Heidmarsson, S. (2020).
Phylogenetic diversity of the lichenized algal genus Trebouxia (Trebouxiophyceae,
Chlorophyta): a new lineage and novel insights from fungal-algal association patterns
of Icelandic cetrarioid lichens (Parmeliaceae, Ascomycota). Bot. J. Linn. Soc. 194,
460-468. doi: 10.1093/botlinnean/boaa050

Zaccaron, A. Z., and Stergiopoulos, I. (2021). Characterization of the mitochondrial
genomes of three powdery mildew pathogens reveals remarkable variation in size and
nucleotide composition. Microb. Genom. 7:€000720. doi: 10.1099/mgen.0.000720

Zeileis, A., and Grothendieck, G. (2005). Zoo: S3 infrastructure for regular and
irregular time series. J. Stat. Softw. 14, 1-27. doi: 10.18637/jss.v014.i06

Zhang, D., Gao, E, Jakovli¢, I, Zou, H., Zhang, J., Li, W. X, et al. (2020). PhyloSuite:
an integrated and scalable desktop platform for streamlined molecular sequence data
management and evolutionary phylogenetics studies. Mol. Ecol. Resour. 20, 348-355.
doi: 10.1111/1755-0998.13096

Zhang, T., Grube, M., and Wei, X. (2023). Host selection tendency of key microbiota
in arid desert lichen crusts. iMeta 2:¢138. doi: 10.1002/imt2.138

Zhang, J., Wang, P., Wei, X,, Li, L., Cheng, H., Wu, Y,, et al. (2015). A metabolomics
approach for authentication of Ophiocordyceps sinensis by liquid chromatography
coupled with quadrupole time-of-flight mass spectrometry. Food Res. Int. 76, 489-497.
doi: 10.1016/j.foodres.2015.07.025

Zhang, S., and Zhang, Y.-J. (2019). Proposal of a new nomenclature for introns in
protein-coding genes in fungal mitogenomes. IMA Fungus 10:15. doi: 10.1186/
543008-019-0015-5

Zubaer, A., Wai, A., and Hausner, G. (2018). The mitochondrial genome of
Endoconidiophora resinifera is intron rich. Sci. Rep. 8:17591. doi: 10.1038/
541598-018-35926-y

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1740728
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1639/0007-2745-119.4.361
https://doi.org/10.1007/s13225-021-00477-7
https://doi.org/10.1007/s13225-011-0123-z
https://doi.org/10.1007/s13225-011-0123-z
https://doi.org/10.1371/journal.pone.0107536
https://doi.org/10.1007/s00294-007-0121-6
https://doi.org/10.1016/j.ympev.2016.01.009
https://doi.org/10.1017/CBO9780511790478
https://doi.org/10.1017/CBO9780511790478
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1007/s00253-018-9549-5
https://doi.org/10.1007/s00253-018-9549-5
https://doi.org/10.1007/s002940050220
https://doi.org/10.1111/mec.14519
https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.1093/molbev/msx248
https://doi.org/10.1007/s00253-018-9350-5
https://doi.org/10.1007/s00253-018-9350-5
https://doi.org/10.1186/1471-2105-10-S6-S15
https://doi.org/10.1016/j.ympev.2004.04.014
https://doi.org/10.1073/pnas.0611691104
https://doi.org/10.1093/nar/gki242
https://doi.org/10.1126/science.aaf8287
https://doi.org/10.1093/molbev/msab120
https://doi.org/10.1111/j.1756-1051.2012.00008.x
https://doi.org/10.1093/nar/gkx391
https://doi.org/10.1111/j.1096-0031.2010.00329.x
https://doi.org/10.1093/nar/gku1266
https://doi.org/10.1016/j.csbj.2020.12.041
https://doi.org/10.1093/botlinnean/boaa050
https://doi.org/10.1099/mgen.0.000720
https://doi.org/10.18637/jss.v014.i06
https://doi.org/10.1111/1755-0998.13096
https://doi.org/10.1002/imt2.138
https://doi.org/10.1016/j.foodres.2015.07.025
https://doi.org/10.1186/s43008-019-0015-5
https://doi.org/10.1186/s43008-019-0015-5
https://doi.org/10.1038/s41598-018-35926-y
https://doi.org/10.1038/s41598-018-35926-y

	Comprehensive analysis of the mitochondrial genome in lichen genus Xanthoparmelia: genetic diversity, intron dynamics, and evolutionary dynamics
	1 Introduction
	2 Materials and methods
	2.1 Sample collection and sequencing
	2.2 Mitochondrial genome assembly and annotation
	2.3 Assembly quality assessment
	2.4 Analysis of repetitive sequences
	2.5 Analysis of codon usage
	2.6 Intron analysis
	2.7 Comparative mitochondrial genomic analysis
	2.8 Phylogenetic analysis

	3 Results
	3.1 Basic characteristics of the mitochondrial genome
	3.2 Repeat element analysis
	3.3 Codon usage analysis
	3.4 Analysis of intron dynamics repeat element analysis
	3.5 Genetic distance and evolutionary rate of PCGs
	3.6 Synteny analysis
	3.7 Phylogenetic analysis

	4 Discussion
	5 Conclusion

	Acknowledgments
	References

