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ABSTRACT

Paraisaria gracilioides (Kobayasi) Luangsa-ard, Mongkolsamrit & Samson, originally described as
Ophiocordyceps gracilioides, is a member of the Ophiocordycipitaceae, within the order Hypocreales.
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This study, presented the mitochondrial genome of P. gracilioides structured as a circular molecule

spanning 181,140 bp, was larger than those of most Ophiocordycipitaceae species. Despite this size
variation, encoding 49 genes, including 15 PCGs, 26 tRNAs, two rRNAs, and six ORFs. Phylogenetic ana-
lysis based on nucleotide sequences of 14 PCGs revealed that P. gracilioides clustered with Paraisaria
gracilis, forming a subgroup within Ophiocordyceps species. The results contribute to refining the

taxonomic framework of Ophiocordycipitaceae.

1. Introduction

Paraisaria was introduced as asexual stage of Ophiocordyceps
by Samson and Brady (1983) and Sung et al. (2007). It is for-
mally recognized as an independent taxon within the
Ophiocordycipitaceae by Mongkolsamrit et al. (2019), based
on the morph of stroma it is solitary, usually dark red to
brown to grayish yellow, with an enlarged Fertile part at the
end of the stroma, spherical to subspherical in shape.
However, its taxonomic status remains a subject of consider-
able debate.

The genus Paraisaria encompasses 22 formally documented
species, distributed across six continents (Mongkolsamrit et al.
2019; Tehan et al. 2023). Among these, Paraisaria dubia (syn. P.
gracilis), the type species of the genus (previously referred to
as Ophiocordyceps gracilis), has garnered attention for its medi-
cinal potential (Abuduaini et al. 2021). This species is notably
abundant in nucleoside compounds and intracellular polysac-
charides, exhibiting antioxidative properties and inhibitory
effects on the proliferation of AGS gastric cancer cells (Huang
et al. 2019; Manzilamu et al. 2019; Wang et al. 2019). As an
alternative resource to Ophiocordyceps sinensis for medicinal
applications, it presents substantial prospects for pharmaceut-
ical development and practical utilization.
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Paraisaria gracilioides (Kobayasi) Luangsa-ard, Mongkolsamrit
et al. (2019), the anamorph of Ophiocordyceps gracilioides (syn.
Cordyceps gracilioides), was initially characterized by Kobayasi
on larvae of Cossidae (Coleoptera) (Shimizu 1994). Currently, P.
gracilioides is documented in China, Japan, and the United
States (Fan et al. 2001; Tehan et al. 2023). Limited research on
its systematic classification has hindered the exploration of its
potential applications. To clarify phylogenetic relationships
within Paraisaria, the mitogenome of P. gracilioides was
sequenced and analyzed. This study constitutes the first report
of its mitogenome and establishes a foundational framework
for advancing research on phylogenetic dynamics within the
Ophiocordycipitaceae family.

2. Materials and methods
2.1. Fungal materials

The specimen of P. gracilioides (NBRC 111628) employed in
this study was originally isolated from Naka-gun (N 36.58°, E
138.14°), Tokushima, Japan. Acquired from the NITE
Biological Resource Center (NBRC), it was cultured on potato
dextrose agar (PDA) medium and subsequently deposited in
the Herbarium of the College of Life Science and Technology,
Guangxi University, Nanning, Guangxi, China, where it was
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cataloged under voucher number GXU-FOGI628. The desig-
nated contact for this material was Luodong Huang
(ynhuangld@gxu.edu.cn).

2.2. DNA sequencing, mitogenome assembly, and
annotation

The cultivation of P. gracilioides was conducted on PDA
medium at 25°C for 30 days (Figure 1), followed by the col-
lection of mycelia for DNA extraction. Genomic DNA was iso-
lated using the MiniBEST Universal Genomic DNA Extraction
Kit (TaKaRa, Beijing, China) in strict adherence to the manu-
facturer's protocol. High-throughput paired-end 150bp
sequencing was performed using an Illumina HiSeq 4000
platform by BGI Biotechnology Co. (Shenzhen, China). De
novo assembly of the mitogenome and ITS sequences was
executed using GetOrganelle software (Jin et al. 2020).

The mitogenome annotation adhered to the methodology
outlined by Abuduaini et al. (2021), utilizing tools such as
MFannot, MITOS, MITOFY, GeSeq, tRNAscan-SE, RNAmmer
v1.2, and the UGENE open reading frames (ORFs) finder.
Subsequent manual refinements were executed via the
Apollo software (Dunn et al. 2019) and the UGENE toolkit
(Okonechnikov et al. 2012). Intron identification was con-
ducted using RNAweasel (http://megasun.bch.umontreal.ca/
cgi-bin/RNAweasel/RNAweasellnterface.pl). Circular genome
maps and cis-splicing gene visualization were constructed
with  PMGmap (http://www.1kmpg.cn/pmgview) (Li et al.
2025). Sequencing depth and coverage analyses followed an
online protocol provided by Ni et al. (2023).

2.3. Phylogenetic analysis

To determine the phylogenetic position of P. gracilioides, 12 mito-
chondrial genomes from species within the Ophiocordycipitaceae
were analyzed. Cordyceps cicadae (MH922223) and Cordyceps
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militaris (KF432176) served as out-group species. Shared mito-
chondrial genes were identified and aligned using HomBlocks (Bi
et al. 2018), while ITS sequences corresponding to the 14 species
were aligned with MEGA v.12 (Kumar et al. 2024). Phylogenetic
relationships were inferred through the maximum-likelihood
approach implemented in MEGA v.12, employing the
GTR + G + | model with 1000 bootstrap replicates to ensure stat-
istical robustness (Kumar et al. 2024).

3. Results
3.1. Basic features of the P. gracilioides mitogenome

The complete mitogenome of P. gracilioides is a circular DNA
molecule spanning 181,140bp, now available in the NCBI
database under GenBank accession number: OP832231.
Sequencing coverage depth across the assembled mitoge-
nome ranged from 172x to 8028x, with an average depth
of 7641.15x (Supplementary Figure S1). This mitogenome
encoded 49 genes, comprising 15 protein-coding genes
(PCGs), 26 tRNA genes, two rRNA genes, and six ORFs (Figure
2). Its nucleotide composition included 39.2% A, 155% C,
11.8% G, and 33.5% T, resulting in an elevated AT content of
72.7%. The AT content in rRNA and tRNA sequences was
65.8% and 62%, respectively.

The 15 PCGs comprised three atp genes, three cox genes,
seven nad genes, one ribosomal protein gene, and one apoc-
ytochrome b gene. Six ORFs were predicted, among which
four (orf108, orf118, orf211, and orf529) showed homology
with genes from Ophiocordyceps sinensis (KY622006) (Li et al.
2015), while the remaining two unique to P. gracilioides, were
designated Ogs01 and Ogs2 (Figure 2). The total length of
the PCGs was 19,567 bp (10.8%), aligning with previously
reported mitogenomes of P. gracilis (MT371080). Notably,
intergenic regions constituted 17.8% (32,254 bp) of the mito-
genome, reflecting a substantial proportion. With the excep-
tion of nad6, which has TAG as its stop codon, all PCGs

Figure 1. Colony characteristics of P. gracilioides grown on PDA medium, with panel A depicting the obverse and panel B displaying the reverse. The photographs
were taken by Luodong Huang on 1 September 2023, in the Biological Resources and Environmental Microbiology Laboratory, College of Life Science and

Technology, Guangxi University.
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Figure 2. The circular mitochondrial genome map of P. gracilioides, with genes categorized by functional groups and distinguished through specific color coding.
Variations in color intensity and hue signify different gene types. Ogs01 and Ogs2 are identified as newly predicted ORFs within the genome. The map, constructed
using PMGmap, highlights key structural features of the circular mitogenome. Components include (a) genes located on the positive strand, (b) genes on the nega-
tive strand, (c) the scale coordinate axis, (d) GC content distribution along the chromosome, (e) microsatellite repeat sequence distribution, (f) tandem repeat

sequence distribution, (g) dispersed repeat sequence distribution (yellow representing direct repeats, green indicating inverted repeats), and (h) interconnections
between dispersed repeat sequences.

initiated with ATG codon and terminated with TAA codon.
The mitogenome included 74 introns, with 57 classified
under group |, and 17 under group Il (Supplementary Table
S1). Interestingly, 12 genes (atp6, atp9, cob, cox1, cox2, cox3, The mitochondrial genomes of 12 Ophiocordycipitaceae spe-
nadl, nad2, nad4, nad>5, nadé, and rnl) identified as a cis-splic- cies were analyzed by aligning 10,931bp collinear block,
ing introns using PMGmap (http://www.1kmpg.cn/pmgview) which included 14 shared genes (cox1, cox2, cox3, cob, atpé,
(Li et al. 2025), as depicted in Supplementary Figure S2. atp8, atp9, nadl, nad2, nad3, nad4, nad4l, nad5, and nadé).

3.2. Phylogenetic position of P. gracilioides in
Ophiocordycipitaceae
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Figure 3. Phylogenetic relationships among 14 mitochondrial genomes within Ophiocordycipitaceae. Bootstrap values are provided at the nodes, while the scale bar
represents 0.20 substitutions per nucleotide position. GenBank accession numbers for the sequences are enclosed in parentheses: Hirsutella rhossiliensis KU203675
(Wang et al. 2016), Hirsutella rhossiliensis MG979071 (Yan et al. 2019), Ophiocordyceps lanpingensis MW342621 (Shabana et al. 2023), Ophiocordyceps sinensis
KY622006 (Li et al. 2015), Hirsutella vermicola KY465721 (Zhang et al. 2017), Hirsutella minnesotensis KR139916 (Zhang et al. 2016), Hirsutella thompsonii MH367295
(Wang et al. 2018), Hirsutella thompsonii MH367296 (Wang et al. 2018), Paraisaria gracilis MT371080 (Abuduaini et al. 2021), Tolypocladium cylindrosporum
MNB842262 (Zhang and Zhang 2020), Tolypocladium ophioglossoides KX455872 (Huang et al. 2017), Cordyceps cicadae MH922223 (Fan et al. 2019), and Cordyceps mil-

itaris KF432176 (Sung 2015).

Phylogenetic trees were constructed from these consensus
sequences.

The mitogenome phylogenetic analysis revealed that P. gra-
cilioides clustered with P. gracilis, collectively forming the
genus Paraisaria with strong support values (Figure 3).
Paraisaria further groups with the Ophiocordyceps and
Tolypocladium, defining the Ophiocordycipitaceae within the
order Hypocreales. These mitogenome phylogenetic structures
introduced a revised classification of Paraisaria and its relation-
ship to Ophiocordyceps. However, ITS and mitochondrial phylo-
genetic trees were inconsistent (Supplementary Figure S3), and
Parasaria belongs to Ophiocordyceps. Notably, Mongkolsamrit
et al. (2019) resurrected Paraisaria as a new and separate
genus, which is also confirmed by the mitochondrial genome
results in this study. Paraisaria is a separate taxonomic group in
Ophiocordycipitaceae (Tehan et al. 2023). Thus, the phylogeny
of the mitochondrial genome may be a better representation
of the evolution of Ophiocordycipitaceae. However, the large-
scale Paraisaria mitochondrial genome data are lacking at pre-
sent. These results indicate that the study is of great value as
the second complete mitochondrial genome of Parasaria.

4. Discussion and conclusions

The study presents the first mitogenome of Paraisaria graci-
lioides, revealing a genome size of 181,140bp, significantly
larger than those of P. gracilis (Abuduaini et al. 2021) and
O. sinensis (Li et al. 2015). It was found that the change of
P. gracilioides mitochondrial genome size were mainly caused

by the increase of introns, the expansion of non-coding regions
and more abundant repeat sequences. Phylogenetic analysis of
mitochondrial sequences confirmed the placement of Paraisaria
within the Ophiocordycipitaceae (Figure 3). Comparative ana-
lysis of mitogenomes from Paraisaria and Ophiocordyceps high-
lighted a strong genetic association (Abuduaini et al. 2021),
substantiating the distinction of Paraisaria as a separate taxo-
nomic group. These findings support the reinstatement of
Paraisaria as independent taxa from the Ophiocordyceps family
(Mongkolsamrit et al. 2019). Expanding mitogenomic research is
essential for elucidating phylogenetic relationships within
Paraisaria. Future investigations should consider collinearity
assessments, ancestral structural analysis, homologous recom-
bination events, and divergence time estimation to deepen
understanding of the Paraisaria.
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