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ABSTRACT 
Butyriboletus hainanensis, a macrofungus belonging to the Boletaceae family, is named after its collec-
tion location on Hainan Island, China. However, little is known about its mitochondrial genome and its 
phylogenetic relationship with other boletes. In this study, we utilized next-generation sequencing 
technology to sequence the mitochondrial genome of Bu. hainanensis. Our findings revealed that the 
mitochondrial genome of this species is presumably a circular DNA molecule spanning 36,592 bp. It 
consists of 15 protein-coding genes, 27 transfer RNA genes, and two ribosomal RNA genes. The base 
composition of the mitochondrial genome is as follows: A (36.64%), C (12.22%), G (11.73%), and T 
(39.41%), with a GC content of 23.95%. Additionally, a phylogenetic tree was constructed based on 22 
mitochondrial genomes, which provided valuable insights into the phylogenetic relationships of Bu. 
hainanensis with other boletes for the first time.
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Introduction

Butyriboletus hainanensis N.K. Zeng, Zhi Q. Liang & S. Jiang is 
a species of bolete mushroom that was originally described 
from Hainan Island, China (Liang et al. 2016). It is character-
ized by a large, brown pileal surface with thick context and 
thin hymenophore, a blue-red-black color change of hymeno-
phore and context when bruised, a yellow to brownish red 
stipe with faint reticulations, an interwoven trichodermal 
pileipellis, and its symbiotic relationship with Fagaceae (Liang 
et al. 2016). Its medicinal and edible properties are still 
unknown. When we conducted field investigations in the 
past few years, we found that this species is very common in 
Jiangxi Province, southern China. The basidiocarps in their 
natural habitat are presented in Figure 1.

As mitochondria play a crucial role in the growth, adapta-
tion, and development of fungi, studying the mitochondrial 
genome is beneficial for gaining a comprehensive under-
standing of bolete species, as well as for investigating their 
evolutionary history and phylogenetic relationships (Li et al. 
2021; Zhang et al. 2021). Boletes are ecologically and eco-
nomically important macrofungi, with over 800 species 
reported worldwide. Therefore, distinguishing species based 
solely on their morphological characteristics is difficult. 
Mitochondrial genome is expected to become a molecular 
marker for species identification and classification (Yang et al. 
2014; Elyasigorji et al. 2023). In this study, we sequenced the 

complete mitochondrial genome of Bu. hainanensis for the 
first time, and the phylogenetic relationships with other spe-
cies from the family Boletaceae were also analyzed.

Materials

The specimen of Bu. hainanensis was collected from 
Jiulingshan National Nature Reserve in Jiangxi Province, 

Figure 1. The basidiocarps of Butyriboletus hainanensis collected from Jiangxi 
Province, China. The blue-red-black color change when bruised, thick context, 
and thin hymenophore are the most distinguished features. Photographed by 
Kuan Zhao.
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China (115�2100900E, 28�5404300N). It was subsequently depos-
ited in the Cryptogamic Herbarium at the Kunming Institute 
of Botany, Chinese Academy of Sciences. The voucher num-
ber assigned to this specimen is KUN-HKAS 105256 (contact 

Kuan Zhao, key1989@126.com). The identification of the spe-
cimen was conducted by the corresponding author, as the 
blue-red-black color change when bruised, thick context, and 
thin hymenophore are the most distinguished features. It is 

Figure 2. The mitochondrial genome map of Butyriboletus hainanensis. Genes shown outside and inside the outer circle are transcribed in counterclockwise and 
clockwise directions, respectively. The inner circles represent the genome scale, GC content and distributions of short tandem repeats, long tandem repeats and the 
dispersed repeats, respectively. The colored parabolas in the center circle represent the dispersed repeats.
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important to note that specific permission was not required 
for the collection of this specimen, as it does not involve any 
endangered or protected species.

Methods

The total DNA was extracted from the basidiocarp tissue 
using the CTAB method (Doyle and Doyle 1987). The 
extracted DNA was then sequenced on an Illumina HiSeq 
2500 Platform by Sangon Biotech Co., Ltd (Shanghai, China). 
The obtained 8,102,862 clean reads with a �1343.61 mean 
coverage (Fig. S1, supplementary material) were assembled 
by GetOrganelle (Jin et al. 2020), with the fungus database 
(-F fungus_mt) used to identify, filter, and assemble the tar-
get-associated reads. The annotation of the mitochondrial 
genome was completed using MFannot (Lang et al. 2023) 
based on the mitochondrial genetic code 4. The annotated 
protein-coding genes (PCGs) were further refined using the 
open reading frame (ORF) finder from the National Center for 
Biotechnology Information (NCBI, https://www.ncbi.nlm.nih. 
gov/). The annotated tRNA genes were further verified using 
tRNAscan-SE v1.3.1 (Lowe and Chan 2016). The types of 
introns (if any) were verified through RNAweasel v5.2.1 (Lang 
et al. 2007). Finally, the gene map was visualized by 
PMGmap (Zhang et al. 2023, http://www.1kmpg.cn/pmgmap).

A total of 19 available and phylogenetically close related 
mitochondrial genomes of the family Boletaceae were down-
loaded from NCBI and the Joint Genome Institute (JGI, 
https://mycocosm.jgi.doe.gov/mycocosm/home) database as 
indicated by the previous studies (Miyauchi et al. 2020; Li 

et al. 2021; Shi et al. 2022; Zheng et al. 2023). Three species 
from the family Paxillaceae (Boletales) were chosen as out-
groups. Fifteen core PCGs that are shared by all the organ-
isms were extracted and aligned individually using MAFFT 
v7.037 (Katoh et al. 2019). The alignments were then con-
catenated to form a matrix by Phyutility v2.6 (Smith and 
Dunn 2008). The final concatenated matrix was analyzed by 
MrBayes v3.2.6 and RAxML v8.0.0 for Bayesian inference (BI, 
Ronquist and Huelsenbeck 2003) and maximum-likelihood 
(ML, Stamatakis 2006) methods, respectively. BI analyses were 
conducted under default settings (Site substitution 
model ¼ Gamma site model (Gamma category ¼ 4; GTR), 
Chain length of MCMC ¼ 10,000,000, Burn-in ¼ 10%, 
Model ¼ Yule model) and terminated when the average 
standard deviation of split frequencies dropped below 0.01. 
In ML analyses, bootstrap (BS) values were assessed using the 
ultrafast BS approach under GTR þ G model with 1000 
replicates.

Results

The mitochondrial genome sequence of Bu. hainanensis 
(GenBank accession no. OR438787) is 36,592 bp long. It is 
comparable in size to other boletes, ranging from 32,883 bp 
to 48,298 bp (Li et al. 2021). The gene map of Bu. hainanensis 
is presented in Figure 2. The complete mitochondrial gen-
ome consists of 15 core PCGs (atp6, atp8, atp9, cob, cox1, 
cox2, cox3, nad1, nad2, nad3, nad4, nad4L, nad5, nad6, and 
rps3), 27 transfer RNA genes, and two ribosomal RNA genes. 
Introns were not found in any of the annotated genes. The 
mitochondrial genome has a base composition of A (36.64%), 
C (12.22%), G (11.73%), and T (39.41%), with a GC content of 
23.95%. The start codon for all the 15 PCGs is ATG and the 
termination codon for 13 PCGs is TAA. There are two excep-
tions for atp8 and cox3, where the stop codon is TAG.

The phylogenetic analysis revealed that the recently 
sequenced Bu. hainanensis clustered with Bu. roseoflavus and 
its related species, as shown in Figure 3. In addition, the rela-
tionships among the species of Boletaceae were also 
indicated.

Discussion and conclusions

This study is the first to report the complete mitochondrial 
genome of Bu. hainanensis. The results of the phylogenetic 
analysis have also enriched and supplemented previous stud-
ies on the phylogeny of Boletaceae (Li et al. 2021; Cho et al. 
2022). However, due to its incomplete lineage sorting, limited 
genetic variation, maternal inheritance, and undergoing 
strong selective pressure, the relationships of mitochondrial 
genomes will not always reflect general relationships 
between species (Palmer 1992; Zheng et al. 2023). This is a 
possible explanation for the uncertain phylogenetic position 
in this study as we found Caloboletus calopus and Retiboletus 
ornatipes nested within the Butyriboletus clade. It is not 
unique, but has its counterpart as several Boletus species did 
not nest within the clade of Boletus sensu stricto either 
(Figure 3). In addition, the scarcity of mitochondrial genomes 

Figure 3. Phylogenetic tree of Butyriboletus hainanensis and related taxa based 
on Bayesian inference (BI) and maximum-likelihood (ML) analyses of 15 protein 
coding genes (atp6, atp8, atp9, cob, cox1, cox2, cox3, nad1, nad2, nad3, nad4, 
nad4L, nad5, nad6, and rps3). The GenBank accession number from NCBI or the 
information of voucher specimen from JGI, along with the corresponding refer-
ences (if any), are provided after the species names. The newly sequenced mito-
genome is marked in red. Numbers near the nodes indicate bootstrap support 
values (>50%) and posterior probabilities (>0.95). The scale bar refers to 0.1 
nucleotide substitutions per character.
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in public databases (NCBI and JGI), currently representing 
only 2–3% of the total known species of Boletaceae, may 
also contribute to the inaccurate representation of the phylo-
genetic position.
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