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Large inverted repeats identified by intra-specific comparison
of mitochondrial genomes provide insights into the evolution
of Agrocybe aegerita
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Genomic structure and content of Agrocybe aegerita mitochondrial DNA contain essential information
regarding the evolution of this gourmet mushroom. In this study, eight isolates of A. aegerita were
sequenced and assembled into complete mitochondrial genomes. The mtDNA of the isolate Ag0067 con-
tained two genotypes, both of which were quadripartite architecture consisting of two identical inverted
repeats, separated by a small single-copy region and a large single-copy region. The only difference was
opposite directions of the small single-copy region. The mtDNAs ranged from 116,329 bp to 134,035 bp,
harboring two large identical inverted repeats. Genes of plasmid-origin were present in regions flanked
by inverted repeat ID2. Most of the core genes evolved at a relatively low rate, whereas five tRNA genes
located in corresponding regions of Ag0002:1–14000 and Ag0002:50001–61000 showed higher diversity.
A long fragment inversion (10 Kb) was suggested to have occurred during the differentiation of two main
clades, leading to two different gene orders. The number and distribution of the introns varied greatly
among the A. aegerita mtDNAs. Fast invasion of short insertions likely resulted in the diversity of introns
as well as other non-coding regions, increasing the variation of the mtDNAs. We raised a model about the
evolution of the large repeats to explain the unusual features of A. aegerita mtDNAs. This study con-
structed quadripartite architecture of A. aegerita mtDNAs analogous to chloroplast DNA, proposed an
interconversion model of the divergent mitochondrial genotypes with large inverted repeats. The find-
ings could increase our knowledge of fungal evolution.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Mitochondrion is an important cellular organelle in almost all
eukaryotic organisms responsible for producing adenosine triphos-
phate (ATP). It is also involved in cellular processes of iron balance
maintenance, cell senescence during cell cycle, apoptosis, and etc
[1,2]. Mitochondrial DNAs are generally considered to have sepa-
rate evolutionary origin from nuclear ones, which are thought to
derive from the circular genome of a vestigial endosymbiotic pro-
teobacterial ancestor [3]. Most of the genes have been transferred
to nuclear genome during long-term evolution, resulting in
reduced size and gene content of mitochondria DNAs than those
in free-living proteobacteria [3].

With a rapid development of high throughput-sequencing tech-
nologies, an increasing number of mtDNAs in filamentous fungi
have been released recently. Generally, they contain highly con-
served core genes, including fourteen protein coding genes (PCGs),
two rRNA genes, and a set of tRNA genes, all of which are respon-
sible for partial functions of their hosts. The mitochondrial gen-
omes vary greatly in length, ranging from 12 Kb (Rozella
allomycis [4]) to 236 Kb (Rhizoctonia solani Ag-3 isolate [5]). Some
mobile elements such as introns, linear plasmids, short repeat
sequences, can be highly variable in number and length, leading
to size polymorphism of mitochondrial genomes [6–8].

Core genes in fungal mtDNAs often possess large introns longer
than 150 bp, which contain sequences with conserved RNA
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secondary structures involved in autocatalytic splicing [9]. Accord-
ing to RNA secondary structures, the introns are classified into two
major groups [9]. Group I introns, predominant in fungal mito-
chondrial genomes [10], are further clustered into several sub-
groups [9]. ORFs in group I introns are usually homing endonucle-
ase genes (HEGs) functioning for transfer and site-specific integra-
tion of their host introns. Two families of HEGs, LAGLIDADG and
GIY-YIG, are generally found in fungal group I introns. HEG is a
main element responsible for host-intron movement. Destruction
of HEG may hinder the insertion and/or deletion of introns [11].
Contrary with Group I, Group II introns rarely present in fungal
mtDNAs.

Linear plasmids are another kind of mobile elements present
frequently in fungal mtDNAs [12]. Most of the plasmids possess
two large ORFs with well-known functions. One of the ORFs
encodes a family-B DNA polymerase, and the other encodes a sub-
unit of RNA polymerase [13]. Having little or no homology with
mtDNA, the plasmids were thought to have a distinct evolutionary
path from their host mtDNAs [14]. In Basidiomycota, the
mitochondria-related plasmids have been reported to be free from
mtDNAs in a number of species such as Flammulina velutipes [15]
and Pleurotus ostreatus [16]. These mobile elements can also inte-
grate into the mitochondrial genomes, for example, of Agaricus bis-
porus [13], Agrocybe aegerita [17,18], P. ostreatus [19] and
Moniliophthora perniciosa [14].

Besides these mobile elements with large size, insertion or dele-
tion of short segments, such as short inverted repeats (SIRs) also
contributed to the diversity of intra-specific mtDNAs [20]. Short
inverted repeats contain nucleotide sequences able to form hairpin
structures, which provide protein-interacting sites. It facilitates the
involvements of SIRs in cellular processes, such as DNA replication,
transcriptional regulation, and recombination [21,22]. SIRs have
been identified in mtDNAs of all eukaryotic organisms, with the
highest variability in fungi and plants, and the lowest variability
in mammals [23]. They are not distributed randomly, and are
enriched in replication-originated sequences, D-loop, stem-loop,
and miscellaneous [23]. Fungal mtDNA was homoplasmic, small
in size, with high copy number and low level of recombination.
These features make it suitable for distinguishing closely related
species or even intra-specific isolates, as well as deduction of
recent evolutionary events. Intra-specific mtDNA comparison has
been used in fungal species such as Cordyceps militaris [24],
Schizosaccharomyces pombe [25], Isaria cicadae [10], and Col-
letotrichum lindemuthianum [26]. These studies provided new
insights into population evolution, identification of highly poly-
morphic regions, and isolate-specific markers [24].

A. aegerita (Brig.) Singer, also called Agrocybe cylindracea (DC.:
Fr) Singer, is a medicinally and nutritionally important edible
basidiomycete cultivated in numerous Asian and European coun-
Fig. 1. A. Wild A. aegerita grew in association with
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tries [27–30] (Fig. 1). It is regarded as a multispecies complex,
due to unsuccessful cross-breeding among some isolates as well
as great variation of its morphological and physiological characters
[31]. A. aegerita has been studied as a model mushroom of mito-
chondrial genes and genomes for the past three decades. An A.
aegerita mitochondrial DNA of 80,500 bp length was assessed
based on a restriction map in 1992 [32]. The mtDNA possesses
two polB of linear-plasmid origin [17], which is flanked by two
large inverted repeats longer than 2421 bp [33]. Each repeat con-
tained an identical copy of nad4 gene. Two polymorphic regions
(the region around cox2 gene, and the region carrying cox1, atp6,
and atp8 genes) within the mtDNA were reported to vary indepen-
dently. Genome rearrangement is one of the major factors driving
the polymorphism [34]. A complete A. aegerita mtDNA of
116,329 bp was reported in 2017 by Xu LM, et al. [35], that briefly
described the structure and key features of the mtDNA.

In this study, we sequenced the mitochondrial genomes of A.
aegerita Ag0067 using PacBio sequencing, and seven other isolates
using Illumina sequencing platform. Based on long PacBio reads,
mtDNA organization including large inverted repeats in Ag0067
was investigated. The eight complete mtDNAs as well as a relative
isolate SWS_17 (SWS17) [35] released before were compared to
provide a comprehensive picture of intra-specific mtDNA sequence
polymorphism in A. aegerita. Our analyses depicted the intra-
specific genic, intronic, and intergenic sequence structure in A.
aegerita mitochondrial genomes, which might reveal a potential
way of large inverted repeats evolution.

2. Materials and methods

2.1. Sample collection and DNA extraction

Eight isolates of A. aegeritawere used in this study (Supplemen-
tary Table 1). Briefly, Ag0002 and Ag0067 were monokaryotic iso-
lates obtained through protoplast monokaryolization from their
parental isolates, whereas the other six isolates Ag0033, Ag0058,
Ag0065, Ag0072, Ag0085, and Ag0086 were dikaryotic isolates. Iso-
lates Ag0002 is a white mutant donated by Taiwan Food Industry
Research and Development Institute to Sanming Fungi Research
Institute in 1999. Isolate Ag0033 with brown fruiting bodies was
donated by Shanghai Mushroom Research Institute to Sanming
Fungi Research Institute in 1998, whose source was collected from
Taiwan. Professor Meiying Guo of Sanming Fungi Research Insti-
tute donated the collections to Fujian Agriculture and Forestry
University in 2009. The other six were wild isolates from different
regions of Fujian. The eight isolates, including Ag0002 and Ag0033,
are now all preserved in the Edible Fungal Germplasm Resources
Management Center of Fujian Province, Fuzhou, China. Vegetative
mycelium was grown in potato dextrose broth (PDB) medium at
tea trees. B. Artificially cultivated A. aegerita.
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25 ℃ for six days with 100 rpm shaking. Total genomic DNA for
Illumina sequencing was extracted using a PH plant DNA kit
(D2485-200, Omega Bio-Tek) following the procedures described
in the manufacturer’s instructions. DNA extraction and genome
sequencing were performed by Novogene Corporation Inc (Beijing,
China).

2.2. Mitochondrial genome sequencing and assembly

Genomic DNA of the Ag0067 isolate was sequenced using a Pac-
Bio Sequel system, thereby obtaining approximately 100 � long
reads. These reads were assembled into genomic sequences by
the program Canu 1.8 [36] with default parameters.
Mitochondrial-related contigs were picked up from the assembly
by BLASTn using the mitochondrial sequence of A. aegerita cultivar
SWS_17 (SWS17, Accession No. MF979820) as a template. mtDNAs
of A. aegerita were assumed to be circular, like most of the pub-
lished fungal mitochondrial genomes. These contigs were linked
into circular scaffolds using long PacBio reads. All reads were then
mapped back to confirm the assemblies. The assembled mitochon-
drial sequences were polished using corresponding Illumina reads
by the Pilon-1.21 program [37]. Genomic DNAs of the other seven
isolates were sequenced using Illumina HiSeq X Ten, generated
4 Gb raw data for each. The Illumina reads were assembled into
contigs by SPAdes-3.7.1 [38] with K-mer 127. Mitochondrial-
related contigs were picked up from the assemblies based on
sequencing coverage (more than three times of the average cover-
age in nuclear genome) as well as the framework of the mitochon-
drial DNA (mtDNA) of Ag0067. The picked contigs were linked with
each other according to the pair-end relationship of Illumina reads.
mtDNA of SWS17 was retrieved from database of NCBI for further
analyses of intra-specific comparison of mitochondrial genome.

Repeat sequences within mtDNA were identified by BLASTn of
mtDNA against itself with an E-value threshold of 1.00 � e�5.
The Illumina sequencing depth of each site in mtDNA was counted
by a combination of the bwa 0.7.17 [39] and samtools 1.7 programs
[40], to determine the presence of large repeats. Assembly of the
large repeats was confirmed by aligning with long PacBio reads.
Alignments of mitochondrial genome with reads were shown by
the program IBS 1.0 [41].

2.3. Mitochondrial genome annotation

The assembled mitochondrial genomes of A. aegerita isolates
were annotated mainly by online tools MFannot (http://megasun.
bch.umontreal.ca/cgi-bin/dev_mfa/mfannotInterface.pl) according
to the mould mitochondrial genetic code. Mini introns within rns
and rnl genes were predicted manually by BLASTn using intron-
free gene as query against genes with intron. Intron-exon bound-
aries of protein-coding genes were adjusted manually based on
BLASTn against intron-free genes at corresponding positions. Con-
served domains within the introns were predicted by searching in
the conserved domain database (CDD) in NCBI. Mitochondrial
genomic map was generated with the shinyCircos software [42].

2.4. Alignment and phylogenetic analysis

Mitochondrial coding sequences were extracted from the nine
A. aegerita isolates. Multiple sequence alignment was performed
by Clustal W [43] as implemented in MEGA-X [44]. Estimation of
p, polymorphic sites was calculated using DnaSP v5 [45].

The concatenated coding sequence (CDS) of 14 conserved
protein-coding genes (atp6-atp8 -atp9-cob-cox1-cox2-cox3-na
d1-nad2-nad3-nad4-nad4L-nad5-nad6) was used to construct a
phylogenetic tree using Crinipellis perniciosa (Accession No.
AY376688) as outgroup. Pairwise and multiple alignments were
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performed by Clustal W [43] with a gap-opening penalty of 15
and a gap-extension penalty of 6.66. The phylogenetic tree was
constructed by MEGA-X [44] with the Neighbor-Joining method.
Gaps or missing data were deleted completely. A bootstrap method
was used to test the phylogenetic tree with 1000 replications. Evo-
lutionary distance was calculated using the Maximum Composite
Likelihood method.

In order to analyze the evolution of plasmid in the tested
mtDNAs, phylogenetic trees of B-type DNA polymerase genes and
small orthologs of linear-plasmid origin were constructed respec-
tively based on their amino-acid sequences. Methods of sequence
alignment and tree construction were the same as those for the
concatenated CDS of the conserved protein-coding genes.
2.5. Identification of short insertions/deletions

Comparison of intra-specific mtDNAs revealed a lot of short
insertions/deletions (SI/Ds, <200 bp), many of which were multiple
in corresponding genomes. The SI/Ds were detected by pairwise
alignment of their mitochondrial sequences using program Clustal
W [46]. Copy number was counted by BLASTn against mtDNAs
using the SI/Ds as queries with 10% mismatches allowed. The SI/
Ds were divided into clusters using Usearch [47] at an identity
threshold of 90%. Each group of the fragments was regarded as a
type of SI/D. SI/Ds with similar sequences but different lengths
were clustered using CD-HIT [48] at an identity threshold of 0.9.
Number of palindromes within each SI/D was counted by online
tool palindrome analyser [49]. Palindrome size was set from 6 to
30 bp, spacer size 0 to 10 and maximally one mismatch was
allowed.
3. Results

3.1. Mitochondrial genome assembly

PacBio Sequel was used to obtain a complete mitochondrial
(mt) DNA of Ag0067. A total of 0.49 million reads with an average
length of 10,388 bp were generated, accumulating up to a raw data
of 5.1 Gb. These reads were assembled to genomic sequences of
54.5-Mb, among which 16 contigs belonged to a mitochondrial
genome. Using PacBio reads longer than 36 Kb, the contigs were
assembled into two circular mtDNA genotypes, type I and type II
(Fig. 2B). Both genotypes were 121,484 bp in size (Accession No.
MT364879), and had a quadripartite structure consisting of two
identical inverted repeats (ID2 and ID4) of 31,173 bp, divided by
a small single-copy region (ID1, 15,068 bp) and a large single-
copy region (ID4, 44,071 bp). The only difference between these
two genotypes was the opposite directions of their ID1 regions
(Fig. 2B). In order to confirm the assemblies of both genotypes,
large PacBio reads were mapped back (Fig. 2C and D respectively).
For type I, thirteen reads, including R002, R005, R014 and R018,
covered the ID2 region; four reads, including R021, covered the
ID4 region. For type II, three reads, including R028, R029, and
R030, covered the ID2 region; four reads, including R024, R025,
R026, and R027, covered the ID4 region. The frequency of type I
and type II were 0.71 and 0.29, respectively. Using Illumina reads
to map on the regions ID1-ID2-ID3, sequencing depth of ID2 region
was twice of ID1 and ID3 regions (Fig. 2E). It confirmed that ID2
was repetitive in Ag0067 genome.

Whole genome sequencing using the Illumina platform was
performed to assemble the mtDNAs of A. aegerita isolates
Ag0002, Ag0033, Ag0058, Ag0065, Ag0072, Ag0085 and Ag0086
(Accession No. MT364880 - MT364886, respectively). A total of
2.0–7.4 Gb paired-end reads with 150 bp � 2 were obtained.
The assembly generated a 48.0 Mb genomic sequence of a

http://megasun.bch.umontreal.ca/cgi-bin/dev_mfa/mfannotInterface.pl
http://megasun.bch.umontreal.ca/cgi-bin/dev_mfa/mfannotInterface.pl


Fig. 2. Structures of the two mitochondrial genotypes in Ag0067. A, schematic diagram of the genotype I (Type I) in the Ag0067 mitochondrial genome. From outer to inner:
genome position, gene order (red, protein-coding gene; blue, tRNA or rRNA gene), introns (black), regions (ID1-ID4), and linkage of the repeat sequences. Capital letters in
circle of gene order, abbreviation of tRNA genes. B, Orientation of ID1, ID2, ID3, ID4 in two genotypes (Type I and Type II) of Ag0067 mitochondrial genome. C and D,
Alignments of long PacBio reads with the Type I and Type II of the Ag0067 mtDNA. PacBio reads longer than 36 Kb were used for alignment. Gray reads, reads with clockwise
alignment; pink reads, reads with counter-clockwise alignment; #, corresponding reads mapping onto both ends of the genotypes. E, Illumina sequencing depth of the regions
ID1-ID3 in the Ag0067 genotype I mtDNA. Arrows point to jumping sites of sequencing depth. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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monokaryotic isolate Ag0002, as well as dikaryotic isolates
between 62.2 and 78.4 Mb (Supplementary Table 1). From the gen-
omes, 4–18 contigs were detected to be mitochondrial-related.
Using the type I mtDNA of Ag0067 as a reference, the
mitochondrial-related contigs as well as corresponding reads were
2427
assembled into a circular mtDNA for each isolate, respectively.
Each assembly contained a large inverted repeat. The sequence
and the length of the large inverted repeat were in line with the
results of analyzing the sequencing depth (Supplementary Fig. 1).
mtDNAs of the seven isolates ranged from 123,386 bp to
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134,035 bp in size, and possessed a large inverted repeat, measur-
ing between 28,899 bp and 35,145 bp (Table 1). The previously
released mitochondrial genome of SWS17 had a 116,329 bp section
corresponding to type II mtDNA. The section contained sequences
corresponding to the ID1 to ID4 regions of Ag0067. The inverted
repeat of the mtDNA was 24,473 bp, the shortest among the tested
mtDNAs.

3.2. Gene arrangement and content of Ag0067 mtDNA

Type I and type II of Ag0067 mtDNA had the same content of
genes. Regions ID1-ID2-ID3 in both genotypes possessed full sets
of typical fungal genes, including three cytochrome c oxidase sub-
units (cox1, cox2, and cox3), three ATP synthase subunits (atp6,
atp8, and atp9), seven NADH dehydrogenase subunits (nad1,
nad2, nad3, nad4, nad4L, nad5, and nad6), a cytochrome b (cob),
and a rps gene. It encoded ribosomal RNA of large and small sub-
units (rns and rnl), and 27 tRNAs. These tRNA genes coded for all
20 common amino acids, including three copies for each of trnL
and trnM, two copies for each of trnF, trnR and trnS, and a single
copy for each of other amino acids. Two clusters of tRNA genes
were identified, which located in the upstream of the rns and
rps3 genes, respectively. For type I, genes located in ID2 and in
the 60,989–67,395 bp segment of ID3 were in the same direction,
whereas the orientation of the other genes was opposite (Fig. 2A).
Compared to type I mtDNA, the orientation of ID1 genes in type II
was opposite. ID4 was an identical inverted repeat of ID2, which
contained four protein-coding genes (atp8, nad1, nad6, and rps3),
as well as genes encoding rnl and nine tRNAs (trnA, trnE, trnG,
trnM, trnN, trnP, trnS, trnV, and trnY). Therefore, the 14 genes were
duplicated in mtDNA of the Ag0067 isolate.

Similar to the mtDNA of Ag0067, the ID1-ID2-ID3 and ID4 for
the other isolates sequenced in this study connected end-to-end,
with identical flanking sequences of junctions. The ID1-ID2-ID3
of the isolates contained the same sets of protein-coding genes
and rRNA genes. The number of tRNA genes possessed by the A.
aegerita isolates ranged from 25 to 30. The ID4 sequences of all
the A. aegerita isolates were reverse complementary to their corre-
sponding ID2 sequences. Compared with the other isolates, the ID4
in the SWS17 isolate lost a fragment between trnV and rps3,
including five genes namely rps3, trnA, trnE, trnP, and trnV. As a
result, the ID4 in the SWS17 isolate just possessed nine core genes.
The ID1-ID2-ID3 sequences for all the nine isolates contained all
Table 1
Mitochondrial genomic information of the eight A. aegerita isolates sequenced in this study
forming a circular mtDNA. *, gene length excluded introns.

Regions Isolates Total length Gene

Length*

(ID1-ID2-ID3) Ag0002 92,992 24,716
Ag0033 98,890 24,562
Ag0058 99,773 24,584
Ag0065 102,479 24,603
Ag0067 90,311 24,649
Ag0072 103,439 24,478
Ag0085 96,624 24,485
Ag0086 102,575 24,485
SWS17 91,856 24,317

ID4 Ag0002 30,409 10,483
Ag0033 35,145 10,517
Ag0058 34,918 10,516
Ag0065 30,440 10,500
Ag0067 31,173 10,516
Ag0072 30,440 10,500
Ag0085 28,899 10,505
Ag0086 28,968 10,506
SWS17 24,473 8657
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information of their mtDNAs, and were taken into account in the
following analyses.

3.3. Mitochondrial genes of linear-plasmid origin

The mitochondrial genome of Ag0067 possessed two B-type
DNA polymerase genes (polB A and polB B) and two small orthologs
(SO A and SO B) with linear-plasmid origin (Fig. 3A). polB A gene
was a 1944-bp ORF located between positions 53,623 and
55,566. polB B located between positions 49,944 and 51,986, was
a disrupted gene due to shift mutation. SO A was a 771-bp ORF
(ORF256) located between positions 14,463 and 15,233, while SO
B located between positions 10,741 and 10,833. Sequence align-
ment with plasmid-like fragment in WT-11 mtDNA showed that
Ag0067 contained one more 35,872-bp fragment (IS) located
100-bp downstream of polB B gene (Fig. 3A and B). The IS included
ID2 region, as well as cox2 and two tRNA genes.

Except for Ag0058, SWS17 and Ag0002, all the other isolates
also contained two copies of polB genes, which were corresponding
to polB A and polB B of Ag0067 based on their locations (Supple-
mentary Table 2). Only one polB gene was detected in isolates
Ag0058, SWS17, and Ag0002. Phylogenetic analysis demonstrated
that all polB genes of Ag0058, SWS17, and Ag0002 were clustered
into the group of polB A. polB p1 of WT-11 was closer to proteins
in the group of polB B. All the other isolates contained two copies
of SO genes, which were corresponding to SO A and SO B of
Ag0067 based on their locations (Supplementary Table 2). All SO
genes were clustered into two groups, clade SO A and SO B. Small
ortholog of WT-11 was clustered into clade SO A.

3.4. Intra-specific diversity of mitochondrial core genes

Intra-specific polymorphisms of each conserved protein-coding
gene (CPG) were assessed respectively (Supplementary Table 3).
The CDS lengths of most of the CPGs were identical, except for
nad3, nad4, nad5, and rps3. The length polymorphisms of the four
genes presented in their 30-ends, leading to mutation of stop
codon. The density of SNP in all CPGs ranged from 0 to 17.77
SNPs/Kb. The genes atp8 contained no mutation, nad6 contained
a non-synonymous, and atp9 contained a synonymous mutation.
These represented the lowest nucleotide diversities of the coding
sequences (p = 0, p = 0.0006, and p = 0.001). Non-synonymous
variations were observed in all the other genes, with the highest
together with the publicly available SWS17. ID1-ID2-ID3 and ID4 linked end-to-end,

Intron Intergenic region

Number Length Number

47 11,470 12 56,806
44 22,791 21 51,537
45 27,003 23 48,186
45 22,628 16 55,248
43 9701 10 55,961
43 16,587 16 62,374
43 12,479 14 59,660
43 16,450 16 61,640
42 7458 9 60,081

14 6380 5 13,531
14 7837 9 16,791
14 8121 9 12,536
14 6172 7 13,768
14 6847 7 17,555
14 6172 7 13,768
14 4958 6 13,436
14 4832 6 13,629
9 4482 5 11,334



Fig. 3. Plasmid-origin sequences in A. aegerita mtDNAs. polB A, polB B, and polB p1, B-type DNA polymerase genes. SO, SO A and SO B, small orthologs with plasmid origin. IS,
the 35,872 bp fragment containing ID2 region, cox2 gene, trnK and trnL genes. K, L and M represent tRNA genes of trnK, trnL, trnM. A) Collinearity of plasmid-origin sequences
in mtDNAs of isolates Ag0067 and WT-11 (H4 region). B) Alignment of sequences flanked by IS of between Ag0067 and WT-11. C) Phylogenetic tree constructed with amino
acid sequences of B-type DNA polymerase genes. D) Phylogenetic tree constructed with amino acid sequences of small orthologs.
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non-synonymous/ synonymous polymorphic rate in nad3 and
nad4L (Supplementary Table 3).

A phylogenetic tree was constructed based on alignments of the
concatenated nucleotide sequences of the 14 CPGs (the rps3 gene
excluded), using the sequences from C. perniciosa as an outgroup
(Fig. 4 left). Based on a total number of 1764 polymorphic sites
across 13,141 aligned base pairs, the mitochondrial sequences
were clustered into two major clades. All of the three cultivated
isolates Ag0002, Ag0033, and SWS17, as well as the two wild iso-
lates Ag0058 and Ag0067 collected from Jianning, formed a clade
(Clade I). The other clade (Clade II) consisted of one wild isolate
from Jianning, and three wild isolates collected from other
locations.

Fifty nine polymorphic sites were detected in 6420 aligned base
pairs of the rnl gene, resulting in a SNP density of 9.19 SNPs/Kb. In
addition, 17 indel events with 43-bp gaps or missing data were
identified in the alignment of the rnl genes from the nine isolates.
The SNP density of the rns genes from the nine isolates was 10.10
SNPs/Kb. The evolutionary rate of the rnl and rns genes was similar.
It was in the middle level of the evolutionary rate of the CPGs
determined in this study.

The mitochondrial genome of the Ag0002 isolate possessed 30
tRNAs, which was the highest among all the test isolates. A total
of 25 tRNA genes located in the regions of Ag0002:14001–50000
and Ag0002:61001–92992. The polymorphism of these genes
among all the isolates was assessed. Five polymorphic sites were
detected in 1876 aligned base pairs, resulting in a SNP density of
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2.67 SNPs/Kb. The density was lower than that of rRNA genes
and most CPGs. Five tRNA genes located in the other two regions
(Ag0002:1–14000 and Ag0002:50001–61000) were variable
among different isolates (Fig. 4). None of the tRNA genes were
found to cover all of the isolates. Corresponding locations among
different isolates may contain different contents of tRNA genes.
For example, a trnF gene present in the 866–935 bp region of
Ag0067, whereas it was trnL in Ag0058. Sequence comparison
showed that insertion or deletion of DNA fragments can lead to
gain or loss of the tRNA genes. The SNP densities of the tRNA genes
corresponding to the 863–932, 11574–11647, 50450–50534 and
60116–60187 positions of the Ag0002 isolate were 28.6, 82.2,
200.0, and 13.9 SNPs/Kb, respectively. The SNP densities of the
tRNA genes were much higher than those of the CPGs and the rRNA
genes.

3.5. Intra-specific diversity of introns

The conserved genes of A. aegerita mtDNAs possessed abundant
introns. Twenty-seven intron-inserted sites were identified from
the nine isolates, including ten from rnl, four from rns, three from
cob, two from nad5, and one from nad1, and one from cox2
(Table 2). Based on sequence length and similarity (threshold
value = 90%), introns inserted into each of nine sites were sepa-
rated into two to six types (Table 2). For example, the introns
inserted in the 227-bp position of rnl ranged from 99 to 303 bp
in size, including five types. In total, 47 introns distributed in



Fig. 4. Intra-specific diversity of tRNAs in the corresponding regions of Ag0002:1–14000 and Ag0002:50000–61000. Left, phylogenetic tree constructed based on 14 CPGs;
right, distribution of tRNAs. Clade I and Clade II, two main clades of the phylogenetic tree; -, no tRNA genes; *, unknown types of tRNA.
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two rRNA and five protein-coding genes. Twenty-eight out of these
introns belonged to the family of group I type. Type II of rns-i2 was
a group II intron, but contained an ORF encoding L1 HEG. Five types
of rnl-i4 did not contain any conserved RNA secondary structure,
but carried a degenerated gene coding for a homolog of double
L1. Fourteen small introns were shorter than 303 bp and belonged
to undetermined intron types.

The number of introns varied greatly among all the tested iso-
lates, as few as 9 in SWS17 while as many as 25 in Ag0058. There
were no introns that were shared between all isolates. Closely
related isolates did not always share similar numbers and
sequences of introns. For example, the intron number between
Ag0067 and Ag0058 differed greatly. The presence/absence of a
lot of introns was inconsistent with the evolutionary relationship
among the isolates. These features demonstrated a fast movement
of introns in A. aegerita.

3.6. Intra-specific diversity of gene order

The order of PCGs, rDNA, and common tDNA genes in all the
mtDNAs were compared to assess the intra-specific diversity of
mtDNA structure (Fig. 5). Two types of gene order were observed.
Based on the phylogenetic tree, the nine isolates were divided into
two major clades, Clade I and Clade II (Fig. 4 left). Clade I isolates,
including Ag0002, Ag0033, Ag0058, SWS17 and Ag0067, shared the
2430
same gene order. The orientation of atp8, nad6, nad1, and cox2 was
counterclockwise, while other genes were arranged clockwise.
Compared with the gene order in Clade I isolates, an inversion took
place in approximate 10-Kb region between cox2 and nad4L gene
of mtDNAs in Clade II isolates (Ag0065, Ag0072, Ag0085, and
Ag0086). This region contained one rRNA gene and a cluster of
tRNA genes (R-M-S-H-C-D-F-W-R-T).
3.7. Types and amplification of short insertions/deletions.

Multiple alignments of the mtDNAs revealed 64 types of inser-
tion /deletion sequences shorter than 200 bp, namely short inser-
tions/deletions (SI/Ds) (Supplementary Table 4). Among these SI/
Ds, 74% were shorter than 100 bp, and the other 26% ranged from
100 bp to 176 bp. Most of the SI/Ds (86%) contained at least one
palindrome; five out of the other nine were tandem repeat
sequences. Some SI/Ds varied in length, but shared high similarity
in sequences. Using 90% sequence similarity as a threshold, the 64
SI/Ds were divided into 41 clusters (Supplementary Table 5).
Among them, three clusters had four members for each, three clus-
ters had three members for each, and seven clusters had two mem-
bers for each. For example, the four members I1, I33, I43, and I46 in
cluster 1 were 32, 41, 65, and 157 bp in length, respectively, all of
which contained a common 32-bp sequence. Common sequences



Table 2
Intron information of the nine A. aegerita isolates. # intron number in the corresponding isolates. * Degenerated conserved domain. Intact ORF, ORF with complete conserved domains.

Intron Type Position (aa or nt) Number and length of introns Sequence similarity Intron type conserved domains Intact ORF

Ag0002 SWS17 Ag0067 Ag0033 Ag0058 Ag0085 Ag0086 Ag0065 Ag0072
13# 9# 11# 22# 25# 15# 17# 17# 17#

rnl-i1 I 681 99 99 – – – – – – – 100 – – –
II – – 169 169 – – – – – 100 – – –
III – – – – 171 – – – – – – – –
IV – – – – – 303 – – – – – – –
V – – – – – – 186 186 186 100 – – –

rnl-i2 I 2324 – – 32 32 31 32 32 32 32 96.9 – – –
rnl-i3 I 2329 – – 34 34 – – – – – 100 – – –

II – – – – 173 – – – – – – – –
rnl-i4 I 2901 – – 861 – – – – – – – – 2L1* –

II – – – 1072 – – – – – – – 2L1* –
III – – – – – – – 759 759 100 – 2L1* –
IV – – – – – – 764 – – – – 2L1* –
V – – – – – 652 – – – – – 2L1* –
VI 9 9 – – 9 – – – – 100 – – –

rnl-i5 I 3909 2175 2175 2175 2175 – – – – – 100 IA 2L1 ORF326
II – – – – 2233 – – – – – IA 2L1* –
III – – – – – 8 8 8 8 100 – – –

rnl-i6 I 4045 – – – – 1113 1120 1113 1113 1113 99.3 I (derived, B1) L1 ORF189
rnl-i7 I 4257 – – 1344 1344 1344 – – 1344 1344 99.8 IC2 2L1 ORF393
rnl-i8 I 4866 1905 – – 1904 – – – – – 99.9 IB 2L1 ORF330

II – – – – 1945 – – – – – IB 2L1 –
III – – – – – – 1971 1971 1971 99.9 IB 2L1 –
IV – – – – – 2080 – – – – IB 2L1 –

rnl-i9 I 5204 1475 1475 – – – – – – – 100 IA3 2L1 ORF327
II – – 1503 1503 1503 99.9 IA3 2L1 –

rnl-i10 I 5291 – – – 1280 1280 – – – – 100 IC2 2L1 0RF375
nad1-i1 I 120 724 724 100 IB – –

II 798 791 98.4 IB – –
III 770 – IB – –
IV 802 797 791 791 96.7 IB – –

cox2-i1 I 146 – – – 1329 1329 – 1329 1329 1329 99.5 IB L2 –
rns-i1 I 521 1372 – – 1372 1372 1372 1372 1372 1372 99.5 IC2 2L1 ORF424
rns-i2 I 1041 35 – – 35 – 35 – – – 100 – – –

II – 1575 1579 – 1584 – 1574 1575 1575 99.1 II (domainV) L1 ORF256
rns-i3 I 1291 89 89 – – – – – – – 100 – – –
rns-i4 I 1794 44 44 44 44 44 – – – – 100 – – –

– – – – – 84 84 84 84 100
nad5-i1 I 239 – – – 1208 1207 – 1204 – – 99.5 IB L2 ORF274
nad5-i2 I 318 – – 1249 – – – – – – – IB 2L1* –
cox1-i1 I 126 – – – 1322 1322 – – – – 99.9 IB L2 ORF393
cox1-i2 I 242 – – – 1036 1036 1036 1036 1036 1036 99.8 IB 2L1 ORF310
cox1-i3 I 322 – – – – 1261 – – – – – IB (extra group) L2 ORF275
cox1-i4 I 351 1268 1268 – 1268 1268 1268 – – – 99.8 IB grpIintron_endo ORF391
cox1-i5 I 367 – – – 1008 1008 1009 – – – 99.6 I (derived, B2) 2L1 ORF220
cox1-i6 I 433 1152 – – 1152 1152 – 1152 1152 1152 99.4 IA grpIintron_endo ORF269
cob-i1 I 67 – – – 1614 1614 1604 1606 1607 1607 96.4 IB L1 ORF193
cob-i2 I 169 1148 – – 1148 1148 – 1148 1148 1148 99.7 IB 2L1 –
cob-i3 I 274 – – – – 1129 1129 1129 1129 1129 99.6 IB L2 –
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Fig. 5. Gene order of the nine mitochondrial genomes. Clade-I isolates and Clade-II
isolates, gene orders for isolates in corresponding clades shown in Fig. 4. Light-blue
boxes, clockwise genes; brown boxes, counter-clockwise genes. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

X. Liu et al. Computational and Structural Biotechnology Journal 18 (2020) 2424–2437
for all clusters were palindrome containing or tandem repeat
sequences (Supplementary Table 5).

Copy number of some SI/Ds varied greatly among the isolates
(Fig. 6). Nineteen SI/Ds had at least five copies in the mtDNAs of
one or more isolates. Seven SI/Ds (I in Fig. 6) presented in the
clade-II isolates had higher copy numbers than the clade-I isolates,
while six SI/Ds (II in Fig. 6) were not detected in mtDNAs of the
clade-II isolates. Distribution of another six SI/Ds (III in Fig. 6)
was not completely consistent with the evolutionary relationship
of the isolates. A noticeable feature of the SI/Ds was a rapid prolif-
eration within genome after a short insertion invasion. The I1 and
I15 SI/Ds were two typical examples for this case. High copies of I1
were identified in the mtDNAs of Ag0065, Ag0072, and Ag0086,
whereas none were identified in Ag0002 and Ag0067. Similarly,
the mtDNAs of the clade-II isolates had no I15 SI/D, whereas the
2432
clade-I isolates carried 13 copies or more. SIRs presented in all of
the short inserts.

Introns of the same inserted site varied in length, but shared
high similarity in sequences. It resulted mainly from the move-
ment of IS/Ds. The introns from nine insertion sites were separated
into multiple types according to their lengths and sequence simi-
larities. Most of the insertion sites were located in the rRNA genes.
Five types of introns were identified in a site of the 227-bp position
of the rnl gene (rnl-i1, Fig. 7A). The I34 and I62 SI/Ds invaded into
the sites of the 10-bp and 26-bp positions in the Type I, respec-
tively, forming a second type of the intron. The 42-bp sequence
in the 50-end of the Type II was replaced by the I63, forming a Type
III. Compared with the Type V, the Type IV contained an additional
119-bp fragment at the 30-end, which was a complex short intron
of I64 being embedded by I63. Rnl-i4 also had five intron types
(Fig. 7B). Compared with the Type I, the Type II intron contained
three repeats of I18, which was inserted into the sites of the 42-
bp, 129-bp, and 236-bp positions in the Type I, respectively. An
I65 was inserted into the 100-bp site of the Type V, forming a Type
IV intron. Intron Rnl-i5 in the Ag0002, Ag0033, Ag0067, and
SWS17, with an identical sequence of 2175 bp length, all belonged
to the group IA intron. It contained an ORF326 encoding a double
L1 HE (Fig. 7C). An I47 inserted into a 911-bp site, forming a rnl-
i5 intron of the Ag0058. Consequently, the double L1 HE gene
was degenerated. Besides, insertions of one or more short frag-
ments led to length polymorphism of the introns from rnl-i3, rnl-
i8, rnl-i9, nad1-i1, and rns-i2.
4. Discussion

In this study, two genotypes of mtDNAs in Ag0067 isolate were
determined by mapping of long PacBio reads. Both genotypes are
in a quadripartite structure consisting of a pair of identical inverted
repeats separated by two single-copy regions. The only difference
between them was the orientation of the single-copy regions.
The type of rearrangement is analogous to chloroplast genomes,
in which two inverted repeats are divided by small and large
single-copy regions [50]. Chloroplast genomes in most plants also
possess two structural haplotypes differing in the orientation of
single-copy regions [51]. Sequencing depth of illumina reads has
been widely used in assessing copy number of certain regions in
a genome, such as rDNA repeat units [52]. In this study, the Illu-
mina sequencing depth of the inverted repeats in all the mtDNAs
was nearly twice that of the other regions, indicating that the
region was duplicated in the sequenced genomes. The duplicated
segments of all the isolates except that SWS17 located in the same
region, containing same sets of protein-coding genes, rRNA genes
and common flanking sequences of junctions. The region corre-
sponded to the inverted repeat of Ag0067. These suggest that
mtDNAs of these isolates have the same genomic structure as
Ag0067. The pairs of inverted repeats range from 57.8 Kb to
70.2 Kb in size, half the size of the complete mitochondrial gen-
omes. mtDNAs containing large inverted repeats have been
detected in nine species of Termitimyces [53]. The inverted repeat
sequences were determined by analyzing sequencing depth of
short reads, as well as confirmation of IR border using PCR ampli-
fications [53]. Benefited from the advantages of long PacBio reads,
we further constructed the quadripartite architecture of Ag0067
mtDNAs with large inverted repeats.

The mtDNA of A. aegerita isolate SWS17 has been sequenced in a
previous study using Illumina HiseqX-10 system [35]. The
116,329 bp mtDNA also contained a large inverted repeat of
24,473 bp, which is shorter than all of the eight sequenced mtDNAs
from this study. Sequence comparison demonstrated that the
inverted repeat in SWS17 lacked a fragment at its 50-end, which



Fig. 6. Distribution of SI/Ds with high copy number. ID numbers in the first column are corresponding to those of Supplementary Table 4. Clade I and Clade II, two main clades
of the phylogenetic tree. Number in column 3, number of palindromes carried by the corresponding SI/D. Colored numbers represent copy number of SI/Ds in corresponding
mtDNAs. Color gradual from green to dark red, copy number of SI/Ds from zero to high. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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contained five core genes. Short Illumina reads are generally diffi-
cult to assemble as long repeat sequences in the genome. The miss-
ing fragment is not sure to be duplicated due to lacking of
sequencing-depth data. The phylogenetic tree showed that the
relationship between SWS17 and Ag0002 was closer than that
between Ag0002 and the other tested isolates, indicating that
SWS17 mtDNA was similar to Ag0002 in gene content and organi-
zation. It suggested that the inverted repeat in the SWS17 isolate
contained the same set of core genes with the other tested isolates,
while the lack of the fragment possibly resulted from wrong
assembly.

Ferandon, Chatel et al. [33] identified two large inverted repeats
separated by a region containing plasmid-origin genes (H4) in the
mtDNA of an A. aegerita isolate WT-11. Each of the repeats con-
tained identical copies of nad4 gene. In comparison, the ID4 of all
the isolates reported in our study had conserved gene content,
including four protein-coding genes atp8, nad1, nad6, and rps3,
2433
but no nad4. The Illumina sequencing depth of ID1-ID2-ID3
revealed that none of the tested isolates contained repeats of
nad4 gene. Sequence similarity of nad4 as compared between
WT-11 and each of the tested isolates (<96%) were lower than
compared among the tested isolates in this study (>99%). These
results indicated that the mtDNA of WT-11 had a different genomic
structure than the tested isolates. The phylogenetic analysis based
on sequences of mtSSU-rDNA V4-V6-V9 domains revealed three
clades within the A. aegerita complex: a European, an Argentinean,
and an Asian-American clade [31]. All the tested isolates belonged
to the Asian-American clade, whereas WT-11 clustered with the
European clade. The genomic structure variation is supposed to
occur after divergence between the European and the Asian-
American clades.

The H4 region of WT-11 mtDNA contained a polB gene and a
small ortholog, and a trnM gene between them [33]. Both polB gene
and small ortholog originated from the same plasmid. Collinearity



Fig. 7. Comparison of intron types within the same insertion sites of rnl-i1 (A), rnl-i4 (B), and rnl-i5 (C). Different insertions were represented by different colors. The
numbers in the diagrams represent positions of introns.
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analysis as well as sequence alignment with H4 revealed that there
was an extract large segment (IS) located between polB and trnM
genes of Ag0067 mtDNA. IS contained whole sequence of ID2.
Without the whole mitochondrial sequence of WT-11 isolate, it is
uncertain if the IS resulted from a large insertion or inversions.
Whatever the source, at least one event occurred in the region after
divergence of WT-11 and Ag0067.

This study provides a hint for putative intramolecular recombi-
nation events within mtDNAs. PacBio sequencing revealed that
Ag0067 contained twomtDNA genotypes. Given that the mycelium
used for sequencing in this study was originated from the isolate of
a single hyphae tip, it suggests that one Ag0067 compartment har-
bored both genotypes of mtDNAs. Duo to the highly similar archi-
tectures, a hypothesis, known as flip-flop recombination to explain
the presence of structural heteroplasmy of chloroplast genomes
[54,55], may also apply to Ag0067 mtDNAs. In the hypothesis, large
inverted repeats could mediate intramolecular recombination
within one genotype, which lead to formation of the other geno-
type (Fig. 8). Given the identical sequences of the inverted repeats,
the intramolecular recombination events always took place before
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the mutagenesis of both repeat sequences. In combination with the
phenomenon of two genotypes coexisting in the same compart-
ment, this indicates that the recombination was frequent. The fre-
quency of type I to type II genotype was more than two, which was
different from the equal frequency between two chloroplast haplo-
types in most plant individuals [51]. A possible explanation is that
few reads were able to span in the IR region larger than 31 kb,
which were used to distinguish genotypes.

Non-mitochondrial tRNAs are commonly regarded as the most
conservative genes, while mitochondrial tRNAs (mt-tRNAs) in
human and animal are often structurally diverged. It is unclear
about the evolutional rate of fungal mt-tRNA, due to few reports
in relevant fields. In this study, the tRNA genes in A. aegerita
mtDNAs were found to undergo two divergent evolutional rates
based on the regions they located in. The tRNAs in ID2 and the lat-
ter part of ID3 were highly conservative in numbers and sequences,
and evolved in a way similar to PCGs and rDNAs, whereas those in
the ID1 and the first 11 Kb of ID3 were highly variable in numbers,
types, and sequences. Insertions or deletions of the fragments led
to gain or loss of tRNAs. All linear plasmid elements located in



Fig. 8. Hypotheses of flip-flop recombination for formation the other genotype of A.
aegerita mtDNAs.
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the regions of the ID1 and the first 11 Kb of ID3; gene order
exchange took place in the first part of ID3. These phenomena indi-
cate that they were highly variable regions. It suggests that fast
structural variation was a main force driving the diversity of tRNAs
in intraspecific mtDNAs.

Intron variation is a main factor contributing to intra-specific
diversity of A. aegerita mtDNAs. The variability of mitochondrial
intron content between different isolates has been estimated in
many fungal species, as mentioned in the introduction. Similarly
in A. aegerita, Ag0085 carried more than twice the number of
introns than the closely related isolate Ag0067. The size and
sequences of introns from the same insertion site vary greatly
among the isolates. Using a similarity threshold of 90%, six intron
types were identified in rnl-i4, five types in rnl-i1, four types in
each of nad1-i1 and rnl-i8. Overall, no intron type was presented
in all the isolates.
Table 3
Accession numbers of sequencing data of the eight A. aegerita isolates and the location of

Isolates Next-generation sequencing
accession number

Third-generation sequencing
accession number

Ag0002 SRR12473746 –

Ag0033 SRR12474001 –

Ag0058 SRR12474014 –

Ag0065 SRR12474015 –

Ag0067 SRR12474046 SRR12474063

Ag0072 SRR12474049 –

Ag0085 SRR12474050 –

Ag0086 SRR12474052 –
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Besides introns, invasion of short insertions is another way to
diversify the mitochondrial genomes among A. aegerita isolates.
Invasion of short insertions produced length-polymorphism of
introns, leading to high diversity in six out of the eight introns.
Among the 27 intron-inserted sites, 14 located in rDNA genes,
the other 13 sites were in PCGs. Eight out of nine polymorphic sites
were in rDNA genes, indicating that short insertions tend to invade
introns of rDNA genes. An invasion of I47 into rnl-i5 interrupted
the structure of double L1 domain, leading to loss of its function.
Acquisition of short insertion might affect or even hinder the
movement of introns, further enhancing the genomic diversity.
High diversity of copy number of short insertions among the iso-
lates indicates their fast proliferation after invasion. The higher
number of I18s of the type II in rnl-i4 than the type I is a typical
example of fast proliferation of short insertions. The presence of
short insertions, as well as its potential effect on mitochondrial
genome evolution, might provide new molecular markers for
population-level studies.

Palindromes are hairpin elements, which can form a local DNA
structure under appropriate conditions namely cruciform [56]. Due
to the special structures, palindromes are regarded as transposable
elements which could amplify through RNA intermediate and
recombination [57]. In this study, palindromes presented with over
five copies in all the short insertions, and the insertions in the same
cluster shared the same hairpin elements. This suggests that palin-
dromes were in charge of the movement of their host short inser-
tions. The presence of hairpin elements might be related to some
functions including mRNA processing, translation, stabilization
[58], and DNA recombination [59].
5. Conclusion

Mitochondrial genomes of the tested A. aegerita isolates had a
quadripartite structure consisting of two large identical inverted
repeats, separated by two single copy regions. Due to the presence
of the inverted repeats, intramolecular recombination took place in
one genotype of mtDNA, formatting a second genotype. As a result,
divergent mitochondrial genotypes coexisted in the same fungal
cells. The number and distribution of the introns varied greatly
among mtDNAs. Fast invasion of short insertions is considered to
driving the diversity of introns as well as the other non-coding
regions, leading to variation of the mtDNAs. Our analyses also
revealed that tRNA diversity among the isolates mainly resulted
from structural variation in highly variable regions.
IDs.

Mitogenome accession
number

Mitogenome location

ID1 ID2 ID3 ID4

MT364880 1–
15286

15287–
45695

45696–
92992

92993–
123386

MT364881 1–
11434

11435–
46579

46580–
98890

98891–
134035

MT364882 1–
11454

11455–
46372

46373–
99773

99774–
134691

MT364883 1–
17287

17288–
47728

17289–
102479

102480–
132919

MT364879 1–
15068

15069–
46241

46242–
90311

90312–
121484

MT364884 1–
18171

18172–
48611

48612–
103439

103440–
133879

MT364885 1–
15722

15723–
44621

44622–
96624

96625–
125523

MT364886 1–
17461

17462–
46429

46430–
102575

102576–
131542
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Availability of data: Raw data of the whole genome sequencing,
as well as the mitogenome sequences of A. aegerita isolates, were
submitted to GenBank under the accession numbers listed in
Table 3. ID locations were shown in the table.
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analyser - A new web-based server for predicting and evaluating inverted
repeats in nucleotide sequences. Biochem Biophys Res Commun 2016;478
(4):1739–45.
2437
[50] Goulding SE, Olmstead RG, Morden CW, Wolfe KH. Ebb and flow of the
chloroplast inverted repeat. Mol Genet Genom 1996;252(1):195–206.

[51] Wang W, Lanfear R. Long-reads reveal that the chloroplast genome exists in
two distinct versions in most plants. Genome Biol Evol 2019;11(12):3372–81.

[52] Lofgren LA, Uehling JK, Branco S, Bruns TD, Martin F, Kennedy PG. Genome-
based estimates of fungal rDNA copy number variation across phylogenetic
scales and ecological lifestyles. Mol Ecol 2019;28(4):721–30.

[53] Mathijs N, Van PLJJ, Bakker FT, Zwaan BJ, Aanen DK. Enrichment of G4 DNA and
a large inverted repeat coincide in the mitochondrial genomes of
Termitomyces. Genome Biol Evol 2019;11(7):1857–69.

[54] Stein DB, Palmer JD, Thompson WF. Structural evolution and flip-flop
recombination of chloroplast DNA in the fern genus Osmunda. Curr Genet
1986;10(11):835–41.

[55] Bendich AJ. Circular chloroplast chromosomes: the grand illusion. Plant Cell
2004;16(7):1661–6.

[56] Brázda V, Lýsek J, Bartas M, Fojta M. Complex analyses of short inverted
repeats in all sequenced chloroplast DNAs. Biomed Res Int 2018:1–10.

[57] Smith DR, Lee RW. The mitochondrial and plastid genomes of Volvox carteri:
bloated molecules rich in repetitive DNA. BMC Genom 2009;10(1):132.

[58] Lu S, Wang G, Bacolla A, Zhao J, Spitser S, Vasquez KM. Short inverted repeats
are hotspots for genetic instability: relevance to cancer genomes. Cell Reports
2015;10(10):1674–80.

[59] Dieckmann CL, Gandy B. Preferential recombination between GC clusters in
yeast mitochondrial DNA. EMBO J 1987;6(13):4197–203.

http://refhub.elsevier.com/S2001-0370(20)30375-5/h0205
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0205
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0205
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0210
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0210
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0220
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0220
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0220
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0225
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0225
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0230
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0230
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0230
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0230
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0235
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0235
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0240
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0240
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0245
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0245
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0245
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0245
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0250
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0250
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0255
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0255
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0260
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0260
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0260
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0265
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0265
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0265
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0270
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0270
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0270
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0275
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0275
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0280
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0280
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0285
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0285
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0290
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0290
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0290
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0295
http://refhub.elsevier.com/S2001-0370(20)30375-5/h0295

	Large inverted repeats identified by intra-specific comparison �of mitochondrial genomes provide insights into the evolution �of Agrocybe aegerita
	1 Introduction
	2 Materials and methods
	2.1 Sample collection and DNA extraction
	2.2 Mitochondrial genome sequencing and assembly
	2.3 Mitochondrial genome annotation
	2.4 Alignment and phylogenetic analysis
	2.5 Identification of short insertions/deletions

	3 Results
	3.1 Mitochondrial genome assembly
	3.2 Gene arrangement and content of Ag0067 mtDNA
	3.3 Mitochondrial genes of linear-plasmid origin
	3.4 Intra-specific diversity of mitochondrial core genes
	3.5 Intra-specific diversity of introns
	3.6 Intra-specific diversity of gene order
	3.7 Types and amplification of short insertions/deletions.

	4 Discussion
	5 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


