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Abstract: Uniparental inheritance of mitochondria enables organisms to avoid the costs of intracel-
lular competition among potentially selfish organelles. By preventing recombination, uniparental
inheritance may also render a mitochondrial lineage effectively asexual and expose mitochondria
to the deleterious effects of Muller’s ratchet. Even among animals and plants, the evolutionary
dynamics of mitochondria remain obscure, and less is known about mitochondrial inheritance among
fungi. To understand mitochondrial inheritance and test for mitochondrial recombination in one
species of filamentous fungus, we took a population genomics approach. We assembled and analyzed
88 mitochondrial genomes from natural populations of the invasive death cap Amanita phalloides,
sampling from both California (an invaded range) and Europe (its native range). The mitochondrial
genomes clustered into two distinct groups made up of 57 and 31 mushrooms, but both mitochondrial
types are geographically widespread. Multiple lines of evidence, including negative correlations
between linkage disequilibrium and distances between sites and coalescent analysis, suggest low
rates of recombination among the mitochondria (ρ = 3.54× 10−4). Recombination requires genetically
distinct mitochondria to inhabit a cell, and recombination among A. phalloides mitochondria provides
evidence for heteroplasmy as a feature of the death cap life cycle. However, no mushroom houses
more than one mitochondrial genome, suggesting that heteroplasmy is rare or transient. Uniparental
inheritance emerges as the primary mode of mitochondrial inheritance, even as recombination
appears as a strategy to alleviate Muller’s ratchet.

Keywords: population genetics; population genomics; mitochondrial recombination; mitochondrial
inheritance; Muller’s ratchet

1. Introduction

Mitochondria drive cellular respiration in nearly all eukaryotes [1]. Derived from
an ancient endosymbiosis between an α-proteobacterium and the common ancestor of
eukaryotes [1], mitochondrial genomes are inherited independently from nuclear genomes
and, as a result, evolve on different trajectories [2].

Mitochondrial genomes typically mutate faster than nuclear genomes [3,4]. Higher
mutation rates are likely the result of DNA damage caused by oxidation reduction, insuffi-
cient DNA repair mechanisms, and low replication fidelity, but other causes may contribute
to the dynamic as well [5]. While estimates of mitochondrial mutation rates are generally
higher than estimates of nuclear mutation rates [6], differences between mitochondrial and
nuclear nucleotide diversities vary greatly among organisms [6].

Mitochondria are typically inherited from a single parent, preventing recombina-
tion [2]. Combined with background selection on linked sites, the lack of recombination
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can reduce effective population sizes, resulting in inefficacious selection (in contrast to low
selection strength/coefficient) [7]. As a result, deleterious mutations can accumulate in
mitochondrial genomes, causing an increase in genetic loads and the erosion of genomes
through a process known as Muller’s ratchet [8,9]. Because of the generally elevated muta-
tion rates in mitochondria, Muller’s ratchet may be especially relevant to the evolution of
mitochondrial genomes.

One solution to Muller’s ratchet may be mitochondrial recombination. To effectively
recombine, two genetically distinct mitochondrial copies must first be found in the same
cell, typically because distinct genome copies are biparentally inherited by an offspring
(which would be heteroplasmic as a result). Biparental inheritance is rarely observed in
plants and animals [10,11], but it can be found (e.g., in bladder campions and humans) and
is well-known in the fungus Saccharomyces cerevisiae [12]. In this yeast, a rapid segregation of
genetically distinct mitochondria is caused by the mitoses following plasmogamy [12], and
segregation quickly renders the yeast cells homoplasmic. However, biparental inheritance
and mitochondrial recombination may also impose costs. At evolutionary equilibrium, the
fitness among individuals undergoing biparental inheritance may be more homogeneous
than the fitness among individuals experiencing uniparental inheritance. The greater
homogeneity of fitness among individuals can attenuate the efficiency of selection and
emerges as a different mechanism leading to a greater accumulation of mutations [13–15].
Moreover, the proliferation of selfish mitochondria enabled by biparental inheritance and
subsequent intracellular competition can also be harmful [16].

Mitochondrial inheritance among filamentous basidiomycetes typically follows one
of three patterns. Many filamentous basidiomycetes appear to inherit their mitochon-
dria uniparentally, even though nuclei migrate bilaterally following mating [17]: in the
typical life cycle, two haploid mycelia mate by fusing bodies. Mated mycelia exchange
nuclei reciprocally, but mitochondria are not exchanged [18–20]. The resulting dikaryotic
mycelium thus contains the same set of two nuclear genomes in each cell, but different
parts of the mycelium house different mitochondrial genomes [17]. However, unilateral
nuclear migration associated with uniparental mitochondrial inheritance is also docu-
mented [17,21]. In these cases, only one of the haploid mycelia donates its nuclei, and the
cells in the resulting dikaryotic mycelium share the mitochondrial genotype of the second
haploid mycelium, which received the nuclei [20,21]. A third alternative is biparental
inheritance: mitochondria are exchanged during mating, resulting in heteroplasmy. The
exact dynamics of nuclear and mitochondrial exchange leading to heteroplasmy are un-
known [22,23]. In some species, heteroplasmy is maintained throughout the life cycle,
and even mushrooms possess two kinds of mitochondria (e.g., Thelephora ganbajun) [24].
Biparental inheritance provides an opportunity for recombination between mitochondria.
In fact, because mitochondrial recombination is observed in the laboratory [22,23,25] and
in natural populations [26–28], heteroplasmy may be a widespread (if potentially rare
or transient) feature of mitochondrial dynamics in filamentous fungi. However, studies
tracking the inheritance of mitochondria in natural populations are rare, and we do not
have a strong understanding of mitochondrial evolution in nature.

Mycologists have not compared the mutation rates of nuclei and mitochondria with
mutation accumulation experiments, nor used crossing studies or phylogenetic approaches.
The limited data available suggest that the genetic diversity of mitochondrial DNA is
lower, as compared with the genetic diversity of nuclear DNA [27,29,30]. In addition to the
mutation loads caused by single-nucleotide mutations and indels, homing endonucleases
in introns are often found in fungal mitochondria and may also have a deleterious effect
on an organism [31]. Homing endonucleases act similarly to transposases [32,33], cleaving
DNA at “homing sites” and subsequently inserting into other “homing sites” through
homologous recombination or retrotranscription [32]. Homing endonucleases are often
considered to be neutral or even beneficial to the host genome because they self-splice [34],
but off-target recognition and insertion may cause damage and has been observed in
mutagenesis experiments in bacteria [35].
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The filamentous basidiomycete fungus Amanita phalloides (the death cap) is native
to Europe and invasive in California [36]. It produces a broad array of toxins and often
causes human and animal deaths [37]. The mitochondrial genomes of Amanita species are
characterized by architectural rearrangements, including a recent translocation in A. phal-
loides [38]. In addition, intron patterns are diverse among the Amanita, with A. phalloides
having the highest intronic content [38]. Recently, we generated a population genomics
dataset of 88 sequenced A. phalloides mushrooms; the 88 mushrooms resolve into 39 genetic
individuals [39]. Our collection also includes two unisexual individuals, each of which
was generated from a single (haploid) parental mycelium. The dataset presents a unique
opportunity to study the evolution of mitochondrial genomes in a natural population.

To elucidate how the mitochondria of this filamentous basidiomycete resist Muller’s
ratchet in nature, we systematically investigated patterns of genetic diversity and recombi-
nation, and potential modes of inheritance. Using the population genomics dataset, we
aimed to (1) understand the mitochondrial genome architecture of A. phalloides, (2) test
whether individuals are mitochondrial mosaics, (3) compare the genetic diversity and sig-
nals of selection between the mitochondrial and nuclear genomes, (4) test for recombination
and estimate the recombination rate of the mitochondrial genome, and (5) identify whether
there is evidence for biparental inheritance. The population dynamics of A. phalloides
mitochondria offer a holistic view of how one species’ mitochondrial genomes combat
Muller’s ratchet.

2. Materials and Methods
2.1. Collecting Mushrooms, and Sequencing of Genomes and a Transcriptome

Our collecting strategy, and genome and transcriptome sequencing protocols, are
described in Wang et al., 2023 [39]. In brief: We collected multiple specimens (mushrooms)
of A. phalloides from two sites in California (an invasive range; Drake2 and Drake3; N = 67),
and three sites in Portugal (a native range; Agraria, Mira, and Vilarinho; N = 11). We
collected in Portugal in 2015, but the California samples were collected in 2004, 2014, and
2015 (N = 19, 34, and 14, respectively; Table S1). We also sequenced herbarium samples from
across Europe (N = 9) and another older herbarium sample from California (N = 1). Some of
the mushrooms derive from the same genetic individuals (a single mycelium) and contain
the same genome (a total of N = 88 mushrooms = 39 genetic individuals; including 29 single-
mushroom individuals and 10 two–nineteen-mushroom individuals [39]). Two samples
from Spain and California were used in this study but were not included in Wang et al., 2023
because the sequence data were of insufficient quality for the nuclear variant calling used
in Wang et al., 2023 (samples 10003 and 10220). No other mushrooms were collected from
the same region as sample 10003 and it is its own individual. AFLP data suggested that
10220 also belongs to its own individual (Golan, personal communication). We sequenced
all samples with the Illumina Hiseq2500. We chose Portuguese sample 10511 to serve as
a reference genome due to its high DNA yield, and we also sequenced this sample with
Pacbio RS II Sequel to enhance scaffolding. Nuclear genome assembly and variant calling
are described in Wang et al., 2023. To annotate the genome, we sequenced the transcriptome
of California sample 10721 using an Illumina HiSeq2500 platform using a 350 bp insert and
126 bp paired-end reads, and we trimmed the raw reads with Trimmomatic ver. 0.35 [39].

2.2. Reference Mitochondrial Genome Assembly and Annotation

To elucidate mitochondrial genome architecture, we de novo assembled the mitochon-
drial genome of our reference specimen (10511) using NOVOPlasty ver. 2.7.2 [40]. We used
a k-mer size of 39 and a previously published A. phalloides mitochondrial large subunit
ribosomal RNA partial sequence (Acc: HQ540033.1) as the seed to initiate the assembly. We
error-checked our assembly by re-mapping Illumina raw reads to the assembly using the
MEM algorithm in BWA ver. 0.7.17 [41]. The final assembly is deposited in NCBI GenBank
under accession number MW436401.
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To annotate the mitochondrial genome, we used the online version of MFannot [42]
(last accessed: 5 July 2019). We translated predicted genes into protein sequences using
EMBOSS ver. 6.6.0.0 using a mold/protozoan mitochondrial DNA codon table [43]. We
functionally annotated these protein-coding genes using Interproscan 5 [44] and BLASTp
ver. 2.9.0+ [45] (last accessed: 17 April 2020). We refined our annotations of tRNAs using
tRNAscan-SE ver. 2.0.5 [46] (last accessed: 6 March 2020).

Because MFannot does not annotate rRNA genes, we assembled the de novo transcrip-
tome from sample 10721 with Trinity ver. 2.2.0 [47]. We then searched for rRNA assemblies
within the assembled transcriptome using BLASTn, using partial nucleotide sequences of
the A. phalloides mitochondrial large subunit and mitochondrial small subunit rRNA (Acc:
HQ540033.1 and HQ539933.1, respectively) as queries. To identify introns, exons, and gene
boundaries of the mtLSU and mtSSU genes, we used BLASTn to align the best hits to our
reference mitochondrial genome assembly.

We then explored the gene expression levels. To improve transcriptomic raw read
mapping, we first assembled the mitochondrial genome of sample 10721 following the
same strategy described above. To ensure an accurate alignment between the assemblies
of 10721 and our reference specimen, we rotated the assembly of 10721 by identifying loci
matching the start of our reference specimen’s assembly.

We used MFAnnot to annotate the assembly of 10721, and we used BLASTp to match
the annotations to the annotations of the reference specimen. Finally, we mapped the
transcriptomic raw reads to the 10721 assembly with HISAT2 ver. 2.1.0 [48] (maximum
intron length = 10,000 bp). After removing unmapped and duplicated raw reads as needed,
we calculated the FPKM (fragment per kilobase of transcript per million mapped reads) for
each gene with Cufflinks ver. 2.2.1 [49].

2.3. Assembling the Mitochondrial Genomes of the Remaining Samples, Haplotype Network
Reconstruction, and Nuclear Phylogeny Reconstruction

We assembled and rotated the remaining 86 mitochondrial genomes using the same
strategy described for sample 10721. Most genomes assembled into a single contig. For
multicontig assemblies, we scaffolded the assemblies by concatenating contigs according to
the configuration suggested by NOVOPlasty. We then aligned the different assemblies with
MAFFT ver. 7.455 [50]. To understand whether the multiple mushrooms of any genetic
individual house multiple types of mitochondria, we identified invariable haplotypes
(mitotypes) for each of the 88 mushrooms based on the mitochondrial alignment among all
samples. If a genetic individual appeared to have multiple mitotypes, then we examined the
differences manually; we considered only those SNPs not associated with single-nucleotide
repeats or problematic gappy regions. If our manual inspection provided no confidence
in the presence of multiple mitotypes, then the most prevalent mitotype was used for
each genetic individual in subsequent analyses. To visualize genetic relationships among
individuals, we reconstructed a clone-corrected mitochondrial haplotype network with the
R package pegas [51].

To compare the mitochondrial haplotype network with relationships among nuclei,
we calculated the Euclidean distances among individuals using the filtered, clone-corrected
nuclear VCF described in Wang et al., 2023 [39]. An unrooted neighbor-joining tree was
then reconstructed with the R package ape [52].

2.4. Comparing Mitochondrial and Nuclear Genomes

Our initial collecting focused disproportionately on geographically proximate invasive
populations in California, and in subsequent analyses we focused on a subset of the data; the
subset includes one California sample, two Portuguese samples from different populations
(separated by >100 km), and the nine samples collected from throughout the rest of Europe
(N = 12; Table S1).

To investigate the mitochondrial mutation rate, we compared the mitochondrial and
nuclear nucleotide diversity (π). We first used the R package pegas to estimate the overall
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mitochondrial π (excluding sample 10003 because it was not included in Wang et al.,
2023 [39]). To estimate the nuclear π, we filtered any variable site with a single occurrence
of the minor allele, as well as sites overlapping with transposable elements, as detected by
REPET ver. 2.5 [53]. We then retrieved the individuals of our subset from the larger dataset
of 88 specimens and calculated the π for every 1000 bp block of nuclear alignments using
VCFtools [54]. The average of the π was corrected for the transposable element masks, but
not for the removal of single minor alleles (which will result in a slight underestimation
of the π).

Because genic and nongenic regions experience different selective pressures (which can
influence the patterns of π), we next focused on the nonsynonymous (πn) and synonymous
(πs) diversity of the mitochondrial and nuclear subunits of three respiratory complexes (I,
IV, and V). Because the subunits of each complex are encoded in both mitochondrial and
nuclear genomes, and because the subunits of each complex coordinate to form a single
functional protein, we assume the proteins within each complex experience similar selective
pressures (Tables S2 and S3). Estimating πn and πs requires DNA alignments. To generate
DNA alignments for mitochondrial genes, we used MAFFT to align protein sequences
and reverse-translated the alignments to DNA alignments. To generate DNA alignments
for nuclear genes, we first phased the nuclear VCF file from Wang et al., 2023 [39] with
WhatsHap ver. 0.17 [55], and we then removed any variable sites with a single minor allele.
WhatsHap did not fully resolve the haplotype phasing among variable sites, and so we first
identified the loci of genes within the three respiratory complexes, and then retrieved the
variants (including SNPs and indels) from these loci. Next, we fully phased the VCF file by
randomly assigning phases between pairs of unphased variable sites, and then we retrieved
and realigned each gene with bcftools and MAFFT. After retrieving the DNA alignments of
both mitochondrial and nuclear genes, we used MEGA-CC ver. 10.1.5 [56] to calculate the
πn and πs using a modified Nei–Gojobori method with a transition/transversion ratio of
two. To estimate average levels of the πn and πs from all genes of the respiratory complexes,
and then within each protein complex, we reran analyses on concatenated alignments.
To statistically test for differences between the πn/πs ratios of mitochondrial and nuclear
genes, we bootstrap-sampled the concatenated mitochondrial and nuclear alignments of
each of the three complexes 100 times and estimated the πn/πs.

2.5. Testing for Recombination among Mitochondrial Genomes

To test for recombination (assuming an infinite-sites model), we first explored every
pair of biallelic sites among genetic individuals. We interpreted the presence of four
different haplotypes for a pair of biallelic sites as evidence of recombination. We defined a
haplotype block as a consecutive fragment of the mitochondrial genome for which fewer
than four haplotypes are present, and for which any of the two biallelic single-nucleotide
positions flanking the fragment can introduce a fourth haplotype (c.f., Wang et al., 2002 [57]).

We then formally tested for recombination using the mitochondrial alignment of the
data subset with the addition of sample 10003, and three strategies: first, we tested for
correlations between linkage disequilibrium and the physical distance between segregating
sites using Mantel tests; second, we tested whether, within a window, the ratio of segregat-
ing sites of the first few sites and that of the rest of the sites are contingent using maximum
χ2 tests [58,59]; third, we tested whether the minimum number of recurrent mutations
deviates from the expected value using PHI tests [60].

To calculate the physical distance between segregating sites, we used RecombiTEST [61]
to run LDr2 and LDD’. Because Mantel tests require linear (noncircular) sequences, the
tests were conducted on ten 10 kbp and five 20 kbp chunks of the whole mitochondrial
alignment, resulting in a total of 30 tests on the same data subset used in the former section
but including sample 10003. To avoid detecting any activities tied to the homing endonu-
cleases of the mitochondrial genome [38], we performed maximum χ2 tests on both the
whole mitochondrial genome and a homing-endonuclease-free region (from 70 to 95 kbp).
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We set the window size to 2/3 the number of segregating sites [62]. Finally, we performed
PHI tests on the same homing-endonuclease-free region using SplitsTree ver. 4.14.8 [63].

To identify recombination breakpoints, we used a phylogenetic algorithm to analyze
the alignment of the mitochondrial genomes. We identified the best nucleotide substitution
model with ModelTest-NG [64] based on AICc, and we used the model to search for
recombination breakpoints using GARD [65] implemented in HYPHY ver. 2.5.1 [66].

To estimate recombination rates, we used LDHAT ver. 2.2 [67]. First, we used the
function COMPLETE to generate a likelihood lookup table by simulating populations with
a population mutation parameter, (θ) = 0.003 (based on our previously estimated π), and
population recombination parameter, (ρ) = 0–100. We then searched for recombination rates
using the function INTERVAL to sample every 5000 iterations for one million iterations of
a Markov chain Monte Carlo with a block penalty of 5. We discarded all samples from the
burn-in period, equivalent to the first 250,000 iterations. We estimated the recombination
rate to mutation rate (r/m) by calculating the mean of ρ/θ. To explore the recombination
rate variation across the mitochondrial genome, we also calculated the ρ every 2000 bp
(using the reference genome).

2.6. Testing for Biparental Inheritance of Mitochondria

To test whether there is evidence for biparental mitochondrial inheritance, we modified
methods from Pyle et al., 2015 [68] to identify potentially different sources of the raw
reads used to generate the mitochondrial genomes of individual mushrooms. Because we
sampled intensively in California at site Drake2, we focused on Drake2, hypothesizing that
potential biparental mitochondrial inheritance at the site would be generated from observed
mitotypes. In other words, if any Drake2 individual housed two mitotypes, then the raw
reads of its mitochondria would likely match two of the known and assembled mitotypes.
The mitotype with the highest coverage would be the ultimately assembled mitotype, and
we would interpret it as the “major” type. The mitotype with lower coverage would be the
source of unassembled raw reads and would be interpreted as the “minor” type.

To use this approach, we first built libraries of 251 bp k-mers (the length of the original
raw reads) from the Drake2 mitochondrial assemblies. Given two mitotypes, x and y, we
defined a set of k-mers, Kxy, including all k-mers of type x having at least two different
nucleotides from any 251 bp k-mers of type y (discarding k-mers spanning any alignment
gaps). For each mushroom, we identified the major type (M) (the assembly type) and chose
a random mitotype (i) as a putative minor type. We then defined the sample’s raw reads in
the sets KiM and KMi as RiM and RMi, and estimated putative heteroplasmy for the minor
type i (Ĥi) as follows:

Ĥi =
#RiM/#KiM

#RiM/#KiM + #RMi/#KMi
(1)

We calculated the Ĥi using each potential minor mitotype (each mitotype present at
Drake2). Because the true detectable heteroplasmy should produce a higher #RiM/#KiM
than those from sequencing errors, we estimated the heteroplasmy (Ĥ) of a sample with
the following:

Ĥ =
{
Ĥi

∣∣#RiM/#KiM = max{#R1M/#K1M, . . . , #RnM/#KnM}} (2)

As a comparison, we also analyzed the European genomes generated from herbarium
specimens (in this analysis, excluding the Portuguese samples collected in 2015). Each of the
European mushrooms was collected in a different country (Table S1), and the probability of
discovering heteroplasmy with our approach in these samples is lower compared with the
probability of discovering heteroplasmy at Drake2. We inferred putatively heteroplasmic
samples by first fitting heteroplasmy to a beta distribution using the R package extremevalues,
and then looking for right-tailed outliers (rho = 1). We compared the median heteroplasmy
from Drake2 with the median heteroplasmy from the European samples using a Mann–
Whitney test.
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3. Results
3.1. Reference Genome Architecture and Gene Expression

The assembly of the reference mitochondrial genome is 100,852 bp and consists of a
fully circularized single contig (Figure 1). The coverage depth is 2128.1. Mapping the raw
reads to the assembly revealed no mismatches, establishing the assembly as complete and
the DNA sequence as accurate. The GC content of the assembly is 24.6% (with a standard
deviation (based on sliding windows) of 3.67%). The genome encodes 49 predicted protein-
coding genes, including 15 core genes, 15 homing endonuclease genes, 2 noncore genes,
and 17 hypothetical genes. A total of 2 rRNA and 27 tRNA genes are also present in the
genome (Table S2). Four protein-coding genes (COX1, COX2, COB, and NAD5) and the
two rRNA genes have from one to nine introns. Most of the introns contain one homing
endonuclease, a common characteristic of fungal mitochondrial introns [31].
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recombination breaks; (6) SNPs and indels.

The LSU and SSU rRNA genes are the most expressed genes, with FPKM values of
120,284 and 90,088, respectively. Following the rRNA genes, the five most highly expressed
genes are COX4, ATP9, NAD3, ATP6, and ORF179 (FPKM = 5659, 2764, 2360, 2326, and 2114,
respectively) (Figure 2). Core genes have higher FPKM values compared with noncore, hom-
ing endonuclease, and hypothetical genes (Dunn’s post hoc test p-value < 0.05), whereas
noncore, homing endonuclease, and hypothetical genes are not significantly different from
each other. Certain homing endonuclease genes also have high FPKM values (e.g., ORF179
encodes a homing endonuclease), and these homing endonucleases are located in introns
of rRNA genes. We hypothesize that the seemingly high expression levels of these homing
endonuclease genes are caused by their presence within the introns of rRNA genes; they are
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likely expressed as pre-rRNA but remain within introns after the introns are cleaved. We
note that our transcriptomic protocols were originally intended to generate sequences from
nuclear mRNA and so we used a poly-A pulldown assay. Our expression estimates may
reflect the protocol’s bias to nuclear mRNA, as mitochondrial RNAs generally lack poly-A
tails. Nonetheless, if all mitochondrial transcripts lack poly-A tails, then the pulldown
assay should inflict little bias among the expression levels of mitochondrial genes.
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3.2. Structural Diversity

Each of the mitochondrial genome assemblies is circularized and the sequencing
depths range from 241.5X to 2925.0X (Table S1). All but three assemblies encompass a
single contig, and the three atypical assemblies are made up of two contigs. The atypical as-
semblies stem from three mushrooms of a single individual collected in Vilarinho, Portugal.
Contigs of these samples break at the poly-C and AT-rich regions; these regions are often
problematic in genome assemblies. The poly-C region also introduces errors in assemblies.
Because there is no other polymorphism outside of this region among these three assemblies,
we concluded that these three assemblies represent the same mitochondrial genome.

Different mushrooms sampled from the same genetic individual typically have an
identical assembly, or mitotype. However, four genetic individuals appear to present differ-
ent mitotypes in different mushrooms. However, differences between mushrooms consist of
small alignment gaps, likely the result of sequencing slippage. We conclude that individuals
with apparently different mitotypes likely possess identical mitochondrial genomes.

Most of the mitochondrial genomes are similar in size. Genome sizes of all but seven
mushrooms range from 100,799 to 100,921 bp, with a mean of 100,852.7 bp (Table S1). The
three smallest genomes (mushrooms 10003, 10004, and 10513; from 94,933 to 95,145 bp) each
have one of three different deletions between 15,732 and 22,048 bp (deleted length = from
5734 to 5924 bp). The three deletions are all at the same site, overlapping with two
hypothetical genes and a noncore gene (POLB/ORF129; encoding a DNA polymerase-type
beta). The three largest assemblies (mushrooms 10506, 10508, and 10509; from 104,034
to 104,075 bp), belonging to a single individual, have an identical insertion at 34,538 bp
(insert length = 3118 bp); these are also mushrooms from Vilarinho with assemblies made
up of two contigs. The smaller contigs do not overlap with the large insertions but locate
close to a repetitive region. In addition, the genome of mushroom 10018 is also rather
large (102,773 bp). It has a complex polymorphism between 19,519 and 19,770 bp, likely
the result of an insertion and deletion (insert length = 2177 bp).

To investigate the sources of insertions, we searched for homologous sequences of
the inserts of mushrooms 10018 and 10508 by reannotating their mitochondrial genomes
and BLASTing against the reference genome. In sample 10018, the insert contains an
open reading frame (ORF) and a tRNA. The ORF is homologous to ORF152, encoding a
hypothetical protein (similarity = 98.7%). The tRNA is likely to be a pseudogene (it has
an undetermined anticodon) and its origin is unclear. In sample 10508, the insert disrupts
NAD6 and contains three ORFs: two homing endonucleases, homologous to ORF166 and
ORF361, and one hypothetical gene, homologous to ORF162. Interestingly, these three
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genes are at least 20 kbp apart from each other, and the two homing endonucleases are
less similar to their homologous genes (similarity = 65.8% (ORF166) and 71.1% (ORF361))
than the hypothetical gene is to its homologous gene (similarity = 93.8% (ORF162)). The
distance between the three ORFs and differences in similarity may suggest an insertion
stemming from three insertion events.

We visualized the relationship among mitotypes by building a haplotype network of
the mitochondrial genomes of each genetic individual (N = 39, Figure 3). Mitochondrial
genome diversity exhibits little spatial structure on a global scale, which is a stark contrast
to nuclear genomes (Figure S1). Two major groups of mitotypes are differentiated by the
region between 79 and 82 kbp. From this point forward, we refer to the group including
the reference mitotype (N = 26) as the “reference group”, and to the second group as
the “diverged group” (N = 13). While the nuclear genomes of Portugal cluster together
and apart from the Californian genomes, both mitochondrial groups are found in both
Portugal and California. However, only one of the European herbarium samples, from
Spain, belongs to the diverged mitochondrial group. To investigate the source of the
divergent 79–82 kbp region, we used the sequences of the two groups as a query in a search
of NCBI’s GenBank database. The best and only hit for the 79–82 kbp region of both groups
is the mitochondrial genome of Amanita phalloides, which suggests that divergence is not
the result of horizontal gene transfer and instead stems from a recombination event with
a diverged (and as yet unsequenced) mitochondrion of A. phalloides or another closely
related species.
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3.3. Nucleotide Diversity and Efficacy of Selection in Mitochondrial and Nuclear Genomes

Mitochondrial π is 0.00298, and nuclear π is 0.00306. Because the 79–82 kbp region of
the mitochondrial genome is highly variable (Figure 3) and unlikely to accurately reflect the
mutation rate, we removed it and estimated a π of 0.00125. The parameter π can be used to
estimate the mitochondrial population mutation parameter, θ, enabling us to estimate the
product of Ne and µ [69]. Assuming that A. phalloides inherits mitochondria uniparentally
and migrates nuclei bilaterally, the expected mitochondrial and nuclear θ are 2Neµ and
4Neµ, respectively [70]. The Neµ of mitochondria (0.00063) is thus slightly lower than the
Neµ of nuclei (0.00077).

As mitochondrial and nuclear genomes may contain different proportions of coding,
noncoding, and other (e.g., nongenic) regions, simply comparing the nucleotide diversity
of entire genomes may be misleading. To avoid potentially confounding variables, we
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estimated the πn and πs of the respiratory complexes. Using the same rationale as we used
for entire genomes, we can estimate the product of Ne and the synonymous mutation rate
(Neµs), and the product of Ne and the nonsynonymous mutation rate (Neµn). Separating
the estimates for synonymous and nonsynonymous mutation rates allows us to distinguish
neutral mutations from mutations under the influence of selection. The mitochondrial
Neµs is half of the nuclear Neµs, whereas the mitochondrial Neµn is twice the nuclear Neµn
(Figure S2). After removing the outlier gene NAD6, the estimated mitochondrial Neµs
is a quarter of the nuclear Neµs, and the mitochondrial Neµn is half of the nuclear Neµn
(Figure 4). Whether we remove the outlier or not, the mitochondrial πn/πs is approximately
twice or more of the nuclear πn/πs, and a higher mitochondrial than nuclear πn/πs is
supported by 98 out of 100 bootstrap analyses. We hypothesize that the lower Neµs of
mitochondrial genes is caused by a smaller effective population size, which, in turn, is
caused by a lower recombination rate and stronger background selection. The smaller
effective population size due to background selection also results in inefficacious selection
on nonsynonymous sites.
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3.4. Detecting Mitochondrial Recombination and Estimating Rates

We first tested for mitochondrial recombination with four-gamete tests. A total of
17,095 of 303,810 biallelic site pairs (5.6%) consist of four different haplotypes, suggesting
recombination under an infinite-sites-model assumption. There are 40 haplotype blocks
ranging in size from 35 to 13,023 bp.

The ability of A. phalloides mitochondria to recombine is also supported by multiple
tests under a finite-sites model (Table 1). Although not all tests yielded significant results,
we found mitochondrial recombination highly plausible: (1) more than 70% of the LDr2

tests detected significant evidence of recombination; (2) a total of 60% of the LDD’ tests
detected significant evidence when mitochondrial alignments were cut into 20 kbp; (3) both
maximum χ2 tests yielded p-values = 0. However, using 10 kbp chunks of mitochondrial
alignments, the LDD’ tests only detected evidence of recombination in one out of ten
windows. The failure to detect recombination was likely caused by a lack of genetic
diversity in the 10 kbp chunks; moreover, D’ is strongly skewed when allele frequencies
are low [71,72]. We also failed to detect significant evidence of recombination using
the PHI test.
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Table 1. Tests for recombination in the mitochondrial genome.

Whole Alignment 70~95 kbp

LDr2 10 kbp * 7/10 -

LDr2 20 kbp * 4/5 -

LDD’ 10 kbp * 1/10 -

LDD’ 20 kbp * 3/5 -

Maximum χ2 ** 0 0

PHI ** - 0.86
* LD-distance correlation tests were conducted on 10 or 20 kbp chunks of the mitochondrial genome, and we
report the numbers of tests with p-values < 0.05 over total numbers of tests. ** Maximum χ2 and PHI tests were
based on the entire alignment, and so we report p-values.

To pinpoint the sites most likely to be involved in recombination, we used the GARD
algorithm. It identified eight recombination breakpoints in the reference genome (Figure 1).
The first and second breakpoint clusters (at 19,496, 20,252, 20,917 bp and 34,542, 36,204 bp,
respectively) are found in loci associated with the complex mutation of mushroom 10018;
these two breakpoint clusters are unlikely to be accurate because the GARD algorithm
does not take indels into account. The last breakpoint cluster (76,740, 79,657, 81,531 bp)
coincides with the 79–82 kbp region characterizing the reference and diverged haplotype
groups (Figure 3) and it may be an explanation for the region’s distinctively high nucleotide
diversity. Lastly, the breakpoint at 62,833 bp is found in the intron of the SSU rRNA.

Because the complex mutation in sample 10018 likely introduces artifacts to estimates
of the recombination rate, we removed sites between 19519 and 19770 bp and estimated a
mean ρ = 3.54 × 10−4 per nucleotide and an r/m = 0.015 (ρ/θs) or 0.125 (ρ/π). The mean ρ

of every 2000 bp chunk ranges from 1 × 10−5 to 5.94 × 10−3 per nucleotide (Figure 5). The
largest mean ρ peak coincides with the complex mutation and the first breakpoint cluster
identified by GARD. Interestingly, the 79–82 kbp region has a relatively low ρ, suggesting
that the statistical power of this region for GARD derives from its sequence divergence but
not a high recombination rate. Nevertheless, the low recombination rate may explain the
pattern of nucleotide diversity we observe in the mitochondrial genomes of A. phalloides.
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3.5. Testing for Biparental Inheritance of Mitochondria

Heteroplasmy estimates for mushrooms collected from Drake2 range between 0%
and 1.337% (median = 0.051%), and for European collections, between 0.004% and 0.272%
(median = 0.011%) (Figure 6, Table S1). We can only detect mitotypes for which we have
genomes. Because the mitotypes at Drake2 were intensively sampled, we hypothesized
that the heteroplasmy estimates would be higher at Drake2 compared with the European
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collection. (European herbarium specimens were collected very far away from each other
(>25 km), and the mitotypes of their populations were not thoroughly characterized.)
However, the estimates for these two collections are not significantly different (Mann–
Whitney p-value = 0.0748), suggesting that biparental mitochondrial inheritance is not
common. We found an outlier from Drake2: sample 10299 (1.337%), but also an outlier in
the European collection: sample 10169 (0.272%).
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from herbaria (as a control). Except for gray, colors indicate mushrooms belonging to the same genetic
individual (mushrooms generated from the same mycelium). Gray: genetic individuals consisting of
a single mushroom.

Mushroom 10299 was generated by the same genetic individual as generated five other
mushrooms (a homokaryotic mycelium, as reported by Wang et al., 2023 [39]). However,
these five mushrooms do not have the same high degree of heteroplasmy as mushroom
10299 (mean = 0.056%) (Figure 6, Table S1), suggesting that either their mitochondria
have undergone enough bottlenecks to eliminate heteroplasmy, or mushroom 10299 has
a relatively high background contamination rate compared with most other samples. We
favor the second hypothesis.

4. Discussion

We systematically investigated the structure and diversity of 88 newly assembled
A. phalloides mitochondrial genomes. By exploring multiple aspects of mitochondrial
population genomics, including potential for recombination and mode of inheritance, we
provide a comprehensive analysis of the relationship between mitochondrial dynamics
and Muller’s ratchet in natural populations of a filamentous basidiomycete. The evolution
of death cap mitochondria is characterized by structural rearrangements, recombination,
evolutionary trajectories distinct from the trajectories that characterize nuclear genomes,
and uniparental inheritance.

4.1. Mitochondrial Genome Architecture and Structural Diversity

Among species within the genus Amanita, the mitochondrial genomic organization is
dynamic and characterized by multiple translocations, inversions, and gains and losses of
introns [38]. The organization of our reference genome matches the mitochondrial genome
described in Li et al., 2020 [38]: it houses 49 protein-coding, 2 rRNA, and 27 tRNA genes.
The two genomes house the same number of introns, and the introns are found in exactly
the same places. However, our other death cap mitochondrial genomes are characterized
by many differences. Mitochondrial genomic organization within a species appears to be
as dynamic as organization across species.

We identified three mitochondrial assemblies with large insertions, three mitochondrial
assemblies with large deletions, and one mitochondrial assembly with a complex structural
mutation that is difficult to interpret. The three assemblies with large insertions belong
to a single individual collected from a single site in Portugal and the variation locates
at a poly-C region, indicating that they likely represent the same mitochondrial genome.
This mitochondrial genome is significantly larger than other mitochondrial genomes. The
insertion resides in gene NAD6 as an intron. The homologs of the genes found within the
insertion (two homing endonucleases and one hypothetical gene) locate at distant loci, and
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each gene possesses a different degree of divergence to its homolog. Based on these data,
we infer multiple insertion events at the site that introduce extra introns to the gene. Similar
dynamics are reported in other fungal species; for example, in Cryptococcus neoformans and
Tremella fuciformis, the mitochondrial genome size is highly correlated with the number
of introns [73,74]. Homing endonucleases spread across populations at a much faster
speed than other kinds of mutations [75]. If the homing endonucleases we observe are still
active, then temporal sampling at a single site may allow us to observe the dynamics of
homing endonucleases in natural populations. However, we did not see any difference
in the numbers of endonucleases among the California collections from 2004, 2014, and
2015, suggesting that either the genes are not active, or their spread takes longer than a
single decade.

The deletions characterizing a different set of three genomes, collected in Spain,
Sweden, and Portugal, and the complex structural mutation characterizing a genome
collected in Italy, are not associated with homing endonuclease genes; instead, they span a
region that, in the reference genome, is made up of three genes: two hypothetical genes
and one POLB gene. Genome size variation resulting from mechanisms other than homing
endonucleases have also been reported in Phellinus noxius, where size variation is also
associated with an intergenic region, in addition to its numbers of introns [76]. Interestingly,
the deletions and complex structural mutation overlap with POLB. Although POLB is not
considered as a core gene, the encoded DNA polymerase is suggested to play an important
role in single-nucleotide base excision repair [77]. We hypothesized that the gene of these
individuals was transferred into the nuclear genome, but we did not find it in the nuclear
genome of any of the mushrooms. For the moment, we do not know whether the observed
structural rearrangements impact the fitness of individuals.

4.2. Rare Recombination Contributes Lower Nucleotide Diversity and Selection Efficacy in
Mitochondria as Compared with Nuclei

Mitochondria are often thought to be free of recombination, resulting in Muller’s
ratchet—the irreversible accumulation of slightly deleterious mutations. However, re-
combination among fungal mitochondria has been reported in studies using multiple
approaches, including experimental mating between strains with different mitochondrial
markers [22,23,25], and the DNA sequencing of multiple loci followed by population genet-
ics analyses [26–28]. In the presence of recombination, even at a very low rate, Muller’s
ratchet is significantly alleviated [78]. Using multiple statistical approaches, we also found
strong evidence for mitochondrial recombination. Our evidence, based on whole-genome
analyses of natural populations of A. phalloides, reinforces the idea that filamentous fungal
mitochondrial genomes can recombine.

Recombination involves three possibilities: (1) recombination between different mi-
tochondria inherited from different parents (biparental inheritance), (2) recombination
between mitochondrial DNA and nuclear-encoded mitochondrial genes, and (3) recombi-
nation between different mitochondrial genotypes found in a single mycelium but derived
from somatic mutation [72]. We hypothesize biparental inheritance (1) as the explanation
for the observed recombination in A. phalloides because the numerous mutations in the
79–82 kbp region (Figures 1 and 3) of assembled mitochondria are not likely to derive from
somatic mutations accumulated in a single individual (eliminating the second possibility),
and because no putatively homologous sequences of the 79–82 kbp region are found in the
nuclear assembly (eliminating the third possibility).

However, the recombination rate of A. phalloides mitochondria is low. We estimated a
rate of one recombination every 8–67 mutations. This recombination-to-mutation rate is
lower than most estimates for the nuclear genome, for putatively asexual prokaryotes [6],
and for the mutation rate of S. cerevisiae [79]. However, in a simulation published by
Charlesworth et al. (1993), a recombination-to-mutation rate of 2 × 10−5 can significantly
reduce the rate of Muller’s ratchet, given a high enough effective population size (>100) [78].
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Thus, we consider the recombination we observe in the mitochondria of A. phalloides as a
plausible mechanism for facilitating an escape from Muller’s ratchet.

The low recombination rate appears to explain the low genetic diversity (π and Neµs)
in the mitochondrial genome compared with the nuclear genome, a phenomenon also
reported in other fungal species [27,29,30]. With limited recombination, all mitochondria
are at high linkage disequilibrium. When a deleterious mutation emerges, selection against
the mutation decreases the effective population size at linked sites, resulting in low genetic
diversity [80]. An alternative hypothesis is a lower mitochondrial mutation rate, compared
with the nuclear mutation rate. However, this hypothesis seems less likely, based on
evidence from studies in other systems, where mitochondrial mutation rate estimates are
(mostly) significantly higher than nuclear mutation rate estimates [3,4].

The low recombination rate may also explain the higher πn/πs we observe in the
mitochondrial genome compared with the nuclear genome: because a low recombination
rate can reduce the effective population size, and a reduced effective population size can
cause stronger genetic drift, lower negative selection efficacy may follow [7]. However,
we cannot rule out the possibility that a high πn/πs is simply a result of the strength of
selection on the mitochondrial-encoded genes.

4.3. Uniparental Inheritance as an Alternative Strategy to Combat Muller’s Ratchet

The heteroplasmy required for recombination can reduce the variation in fitness among
individuals and therefore reduce the efficacy of selection [13,15]. As a result, at mutation–
selection–drift equilibrium, mitochondria inherited uniparentally and experiencing strong
cellular-level bottlenecks experience efficient selection, resulting in fewer standing dele-
terious mutations compared with mitochondria inherited biparentally and undergoing
recombination [13,15]. We found little evidence for heteroplasmy derived from biparental
inheritance. Only one genome, from mushroom 10299, has an estimated heteroplasmy rate
higher than 1%, but the estimated heteroplasmy of other mushrooms belonging to the same
genetic individual is approximately 0.05%. Moreover, these mushrooms developed from an
unusual homokaryotic mycelium, and a homokaryotic mycelium is more unlikely to house
genetically different mitochondria, compared with a typical heterokaryotic mycelium. We
conclude that the apparent heteroplasmy derives from background contamination and is
not evidence for biparental inheritance. A dominant pattern of uniparental inheritance also
aligns with most previous research with filamentous basidiomycetes [18–21].

Nonetheless, the evidence for recombination demands the presence of genetically dif-
ferent mitochondria within the same cell, even if heteroplasmy is rare or transient (or both).
In Agrocybe aegerita, heteroplasmy can only be detected in vegetative hyphae [22]. Follow-
ing heteroplasmy, however it occurs, subsequent bottlenecks of mitochondria may restore
mycelia to homoplasmy and maintain the heterogeneity of fitness among individuals, and
the efficacy of selection may still be strong enough to alleviate Muller’s ratchet [13,14]. Of
course, it is also possible that heteroplasmy in natural populations of A. phalloides mush-
rooms is more common than we have discovered, perhaps because of the stringency of our
analyses, or perhaps we did not capture the full spectrum of potential mitochondrial donors
in our test for heteroplasmy. More comprehensive sampling and deeper sequencing will
increase the statistical power of future analyses by identifying additional putative parents
and may enable the detection of rare mitotypes within a single mushroom. However, addi-
tional evidence against routine heteroplasmy is provided by comparisons of mushrooms
generated from a single genetic individual; no single mycelium produced mushrooms with
different mitotypes, not even the genetic individual represented by 19 mushrooms (and
this individual is 10 m across at its widest point). The presence of a single mitotype in each
genetic individual is another signature of the uniparental inheritance of mitochondria.

4.4. Mitochondrial Genomes Provide Evidence for a 28-Year-Old Homokaryotic Individual

The mitochondrial dynamics of an unusual homokaryotic individual found in Cali-
fornia [39] provide additional clues as to the dynamics of unisexuality in nature. Using a
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kinship algorithm [81], Wang et al. identified six other (heterokaryotic) genetic individuals
as closely related to a homokaryotic individual: these six (heterokaryotic) individuals
appear to have one nucleus identical to the nucleus of the homokaryon and are either the
offspring of it, or one may be its parent [39]. Five of these offspring/parent house the same
mitotype as the homokaryon, and one has a different mitotype. Wang et al. hypothesized
that the origin of the homokaryotic individual was a single spore that germinated and
began to grow as a monokaryon, and because we have no evidence that death cap mycelia
grow as mitochondrial mosaics, the parent of the homokaryon (the mycelium generating
the spore) must have the same mitotype as the homokaryon. Therefore, the individual with
the different mitotype cannot be the parent of the homokaryon and must be an offspring.
Because this offspring was collected in 1993 and the homokaryon was last collected by
Wang et al. in 2021, we can confirm that the homokaryon must have been growing as a
homokaryon by 1993 and is likely older than 28 years old [39]. Moreover, the fact that five of
six matings involving the homokaryon resulted in heterokaryons with the same mitotype as
the homokaryon provides tantalizing but incomplete evidence of a transmission advantage
for the mitochondria of the homokaryon.

5. Conclusions

We explored mitochondrial dynamics in the filamentous basidiomycete Amanita phal-
loides using population genomics data collected from multiple natural populations of
the fungus. We discovered that mitochondrial genome sizes are dynamic and can be
driven by homing endonuclease activity, as well as large indels of other genetic compo-
nents. Low levels of recombination likely result in lower nucleotide diversity and a higher
πn/πs ratio, compared with nuclei. However, the uniparental inheritance of mitochondria
may maintain selection efficacy in mitochondria. Our data and interpretations synthesize
previous research on fungal mitochondrial inheritance and evolutionary dynamics and
extend our understanding of how the mitochondria of filamentous basidiomycetes combat
Muller’s ratchet.
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and Neµn) for genes belonging to respiratory complex. From lowest to highest hue: single gene,
by complex, all genes in a mitochondrial or nuclear genome. Error bar indicates standard errors.
Diagonal line indicates µn/µs = 1. Table S1: Sequenced samples. Table S2: Exons in reference
mitochondrial genome. Table S3: Exons in reference nuclear genome used for comparison.

Author Contributions: Conceptualization, Y.-W.W. and A.P.; methodology, Y.-W.W.; formal analysis,
Y.-W.W. and H.E.; investigation, Y.-W.W.; resources, A.P.; data curation, Y.-W.W.; writing—original
draft preparation, Y.-W.W.; writing—review and editing, Y.-W.W. and A.P.; visualization, Y.-W.W.;
supervision, A.P.; project administration, A.P.; funding acquisition, A.P. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the University of Wisconsin–Madison, Mycological Society of
America Graduate fellowship, Human Frontier Science Program grant RGP0053 and Fulbright U.S.
Scholar grant.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated and/or analyzed during the current study are
available in the Open Science Framework repository, [https://osf.io/z7fy8/?view_only=18f56a970a9
0482ebe999a6602d50564 (last modified on 1 February 2023)].

https://www.mdpi.com/article/10.3390/jof9040476/s1
https://www.mdpi.com/article/10.3390/jof9040476/s1
https://osf.io/z7fy8/?view_only=18f56a970a90482ebe999a6602d50564
https://osf.io/z7fy8/?view_only=18f56a970a90482ebe999a6602d50564


J. Fungi 2023, 9, 476 16 of 18

Acknowledgments: For the library preparation, we used the University of Wisconsin—Madison
Biotechnology Center’s DNA Sequencing Facility (Research Resource Identifier (RRID): SCR_017759)
for genomic DNA, and we used Biotechnology Center’s Gene Expression Center Core Facility (RRID:
SCR_017757) to prepare the RNA library. The authors thank John Wolters, University of Wisconsin–
Madison, for the helpful discussion on shaping this project.

Conflicts of Interest: The authors declare that they have no competing interests.

References
1. Gray, M.W. Mitochondrial Evolution. Cold Spring Harb. Perspect. Biol. 2012, 4, a011403. [CrossRef]
2. Birky, C.W., Jr. The Inheritance of Genes in Mitochondria and Chloroplasts: Laws, Mechanisms, and Models. Annu. Rev. Genet.

2001, 35, 125–148. [CrossRef] [PubMed]
3. Lynch, M.; Sung, W.; Morris, K.; Coffey, N.; Landry, C.R.; Dopman, E.B.; Dickinson, W.J.; Okamoto, K.; Kulkarni, S.; Hartl, D.L.;

et al. A Genome-Wide View of the Spectrum of Spontaneous Mutations in Yeast. Proc. Natl. Acad. Sci. USA 2008, 105, 9272–9277.
[CrossRef] [PubMed]

4. Denver, D.R.; Morris, K.; Lynch, M.; Thomas, W.K. High Mutation Rate and Predominance of Insertions in the Caenohabditis
elegans Nuclear Genome. Nature 2004, 430, 679–682. [CrossRef] [PubMed]

5. Sandor, S.; Zhang, Y.; Xu, J. Fungal Mitochondrial Genomes and Genetic Polymorphisms. Appl. Microbiol. Biotechnol. 2018, 102,
9433–9448. [CrossRef] [PubMed]

6. Lynch, M. The Origins of Genome Architecture; Sinauer Associates, Inc.: Sunderland, MA, USA, 2007.
7. Hill, W.G.; Robertson, A. The Effect of Linkage on Limits to Artificial Selection. Genet. Res. 1966, 8, 269–294. [CrossRef]
8. Felsenstein, J. The Evolution Advantage of Recombination. Genetics 1974, 78, 737–756. [CrossRef]
9. Muller, H.J. The Relation of Recombination to Mutational Advance. Mutat. Res. Fundam. Mol. Mech. Mutagen. 1964, 1, 2–9.

[CrossRef]
10. Bentley, K.E.; Mandel, J.R.; McCauley, D.E. Paternal Leakage and Heteroplasmy of Mitochondrial Genomes in Silene vulgaris:

Evidence from Experimental Crosses. Genetics 2010, 185, 961–968. [CrossRef]
11. Luo, S.; Valencia, C.A.; Zhang, J.; Lee, N.C.; Slone, J.; Gui, B.; Wang, X.; Li, Z.; Dell, S.; Brown, J.; et al. Biparental Inheritance of

Mitochondrial DNA in Humans. Proc. Natl. Acad. Sci. USA 2018, 115, 13039–13044. [CrossRef]
12. Westermann, B. Mitochondrial Inheritance in Yeast. Biochim. Biophys. Acta Bioenerg. 2014, 1837, 1039–1046. [CrossRef]
13. Radzvilavicius, A.L.; Kokko, H.; Christie, J.R. Mitigating Mitochondrial Genome Erosion without Recombination. Genetics 2017,

207, 1079–1088. [CrossRef]
14. Bergstrom, C.T.; Pritchard, J. Germline Bottlenecks and the Evolutionary Maintenance of Mitochondrial Genomes. Genetics 1998,

149, 2135–2146. [CrossRef]
15. Christie, J.R.; Beekman, M. Uniparental Inheritance Promotes Adaptive Evolution in Cytoplasmic Genomes. Mol. Biol. Evol. 2017,

34, 677–691. [CrossRef]
16. Taylor, D.R.; Zeyl, C.; Cooke, E. Conflicting Levels of Selection in the Accumulation of Mitochondrial Defects in Saccharomyces

cerevisiae. Proc. Natl. Acad. Sci. USA 2002, 99, 3690–3694. [CrossRef]
17. Xu, J.; Wang, P. Mitochondrial Inheritance in Basidiomycete Fungi. Fungal Biol. Rev. 2015, 29, 209–219. [CrossRef]
18. Casselton, L.A.; Condit, A. A Mitochondrial Mutant of Coprinus lagopus. J. Gen. Microbiol. 1972, 72, 521–527. [CrossRef]
19. May, G.; Taylor, J.W. Patterns of Mating and Mitochondrial DNA Inheritance in the Agaric Basidiomycete Coprinus cinereus.

Genetics 1988, 118, 213–220. [CrossRef]
20. Specht, C.A.; Novotny, C.P.; Ullrich, R.C. Mitochondrial DNA of Schizophyllum commune: Restriction Map, Genetic Map, and

Mode of Inheritance. Curr. Genet. 1992, 22, 129–134. [CrossRef] [PubMed]
21. Fischer, M.; Seefelder, S. Mitochondrial DNA and Its Inheritance in Pleurotus ostreatus and P. pulmonarius. Bot. Acta 1995, 108,

334–343. [CrossRef]
22. Barroso, G.; Labarère, J. Genetic Evidence for Nonrandom Sorting of Mitochondria in the Basidiomycete Agrocybe aegerita. Appl.

Environ. Microbiol. 1997, 63, 4686–4691. [CrossRef]
23. Matsumoto, T.; Fukumasa-Nakai, Y. Mitochondrial DNA Inheritance in Sexual Crosses of Pleurotus ostreatus. Curr. Genet. 1996, 30,

549–552. [CrossRef]
24. Wang, P.; Sha, T.; Zhang, Y.; Cao, Y.; Mi, F.; Liu, C.; Yang, D.; Tang, X.; He, X.; Dong, J.; et al. Frequent Heteroplasmy and

Recombination in the Mitochondrial Genomes of the Basidiomycete Mushroom Thelephora ganbajun. Sci. Rep. 2017, 7, 1626.
[CrossRef] [PubMed]

25. Baptista-Ferreira, J.L.C.; Economou, A.; Casselton, L.A. Mitochondrial Genetics of Coprinus: Recombination of Mitochondrial
Genomes. Curr. Genet. 1983, 7, 405–407. [CrossRef]

26. Saville, B.J.; Kohli, Y.; Anderson, J.B. MtDNA Recombination in a Natural Population. Proc. Natl. Acad. Sci. USA 1998, 95,
1331–1335. [CrossRef] [PubMed]

27. Cao, Y.; Zhang, Y.; Yu, Z.; Mi, F.; Liu, C.; Tang, X.; Long, Y.; He, X.; Wang, P.; Xu, J. Structure, Gene Flow, and Recombination
among Geographic Populations of a Russula virescens Ally from Southwestern China. PLoS ONE 2013, 8, e73174. [CrossRef]

https://doi.org/10.1101/cshperspect.a011403
https://doi.org/10.1146/annurev.genet.35.102401.090231
https://www.ncbi.nlm.nih.gov/pubmed/11700280
https://doi.org/10.1073/pnas.0803466105
https://www.ncbi.nlm.nih.gov/pubmed/18583475
https://doi.org/10.1038/nature02697
https://www.ncbi.nlm.nih.gov/pubmed/15295601
https://doi.org/10.1007/s00253-018-9350-5
https://www.ncbi.nlm.nih.gov/pubmed/30209549
https://doi.org/10.1017/S0016672300010156
https://doi.org/10.1093/genetics/78.2.737
https://doi.org/10.1016/0027-5107(64)90047-8
https://doi.org/10.1534/genetics.110.115360
https://doi.org/10.1073/pnas.1810946115
https://doi.org/10.1016/j.bbabio.2013.10.005
https://doi.org/10.1534/genetics.117.300273
https://doi.org/10.1093/genetics/149.4.2135
https://doi.org/10.1093/molbev/msw266
https://doi.org/10.1073/pnas.072660299
https://doi.org/10.1016/j.fbr.2015.02.001
https://doi.org/10.1099/00221287-72-3-521
https://doi.org/10.1093/genetics/118.2.213
https://doi.org/10.1007/BF00351472
https://www.ncbi.nlm.nih.gov/pubmed/1358467
https://doi.org/10.1111/j.1438-8677.1995.tb00503.x
https://doi.org/10.1128/aem.63.12.4686-4691.1997
https://doi.org/10.1007/s002940050168
https://doi.org/10.1038/s41598-017-01823-z
https://www.ncbi.nlm.nih.gov/pubmed/28487526
https://doi.org/10.1007/BF00445883
https://doi.org/10.1073/pnas.95.3.1331
https://www.ncbi.nlm.nih.gov/pubmed/9448331
https://doi.org/10.1371/journal.pone.0073174


J. Fungi 2023, 9, 476 17 of 18

28. Xu, J.; Zhang, Y.; Pun, N. Mitochondrial Recombination in Natural Populations of the Button Mushroom Agaricus bisporus. Fungal
Genet. Biol. 2013, 55, 92–97. [CrossRef]

29. Li, M.; Liang, J.; Li, Y.; Feng, B.; Yang, Z.L.; James, T.Y.; Xu, J. Genetic Diversity of Dahongjun, the Commercially Important “‘big
Red Mushroom’” from Southern China. PLoS ONE 2010, 5, e10684. [CrossRef]

30. Pino-Bodas, R.; Laakso, I.; Stenroos, S. Genetic Variation and Factors Affecting the Genetic Structure of the Lichenicolous Fungus
Heterocephalacria bachmannii (Filobasidiales, Basidiomycota). PLoS ONE 2017, 12, e0189603. [CrossRef] [PubMed]

31. Megarioti, A.H.; Kouvelis, V.N. The Coevolution of Fungal Mitochondrial Introns and Their Homing Endonucleases (GIY-YIG
and LAGLIDADG). Genome Biol. Evol. 2020, 12, 1337–1354. [CrossRef] [PubMed]

32. Chevalier, B.S.; Stoddard, B.L. Homing Endonucleases: Structural and Functional Insight into the Catalysts of Intron/Intein
Mobility. Nucleic Acids Res. 2001, 29, 3757–3774. [CrossRef]

33. Jacquier, A.; Dujon, B. An Intron-Encoded Protein Is Active in a Gene Conversion Process That Spreads an Intron into a
Mitochondrial Gene. Cell 1985, 41, 383–394. [CrossRef] [PubMed]

34. Stoddard, B.L. Homing Endonucleases from Mobile Group i Introns: Discovery to Genome Engineering. Mob. DNA 2014, 5, 7.
[CrossRef] [PubMed]

35. Argast, G.M.; Stephens, K.M.; Emond, M.J.; Monnat, R.J. I-Ppol and I-CreI Homing Site Sequence Degeneracy Determined by
Random Mutagenesis and Sequential in Vitro Enrichment. J. Mol. Biol. 1998, 280, 345–353. [CrossRef] [PubMed]

36. Pringle, A.; Vellinga, E.C. Last Chance to Know? Using Literature to Explore the Biogeography and Invasion Biology of the Death
Cap Mushroom Amanita phalloides (Vaill. Ex Fr. :Fr.) Link. Biol. Invasions 2006, 8, 1131–1144. [CrossRef]

37. Brandenburg, W.E.; Ward, K.J. Mushroom Poisoning Epidemiology in the United States. Mycologia 2018, 110, 637–641. [CrossRef]
38. Li, Q.; He, X.; Ren, Y.; Xiong, C.; Jin, X.; Peng, L.; Huang, W. Comparative Mitogenome Analysis Reveals Mitochondrial Genome

Differentiation in Ectomycorrhizal and Asymbiotic Amanita Species. Front. Microbiol. 2020, 11, 1382. [CrossRef]
39. Wang, Y.-W.; McKeon, M.C.; Elmore, H.; Hess, J.; Golan, J.; Gage, H.; Mao, W.; Harrow, L.; Gonçalves, S.C.; Hull, C.M.; et al.

Invasive Californian Death Caps Develop Mushrooms and Sporulate Unisexually and Bisexually. bioRxiv 2023. [CrossRef]
40. Dierckxsens, N.; Mardulyn, P.; Smits, G. NOVOPlasty: De Novo Assembly of Organelle Genomes from Whole Genome Data.

Nucleic Acids Res. 2017, 45, e18. [CrossRef]
41. Li, H.; Durbin, R. Fast and Accurate Short Read Alignment with Burrows-Wheeler Transform. Bioinformatics 2009, 25, 1754–1760.

[CrossRef]
42. Lang, B.F.; Burger, G. MFannot. Available online: https://megasun.bch.umontreal.ca/apps/mfannot/ (accessed on 6 March

2020).
43. Pritchard, A.E.; Sable, C.L.; Venuti, S.E.; Cummings, D.J. Analysis of NADH Dehydrogenase Proteins, ATPase Subunit 9,

Cytochrome b, and Ribosomal Protein L14 Encoded in the Mitochondrial DNA of Paramecium. Nucleic Acids Res. 1990, 18, 163–171.
[CrossRef]

44. Jones, P.; Binns, D.; Chang, H.Y.; Fraser, M.; Li, W.; McAnulla, C.; McWilliam, H.; Maslen, J.; Mitchell, A.; Nuka, G.; et al.
InterProScan 5: Genome-Scale Protein Function Classification. Bioinformatics 2014, 30, 1236–1240. [CrossRef]

45. Altschul, S.F.; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.J. Basic Local Alignment Search Tool. J. Mol. Biol. 1990, 215, 403–410.
[CrossRef]

46. Chan, P.P.; Lowe, T.M. TRNAscan-SE: Searching for TRNA Genes in Genomic Sequences. In Gene Prediction: Methods and Protocols;
Kollmar, M., Ed.; Springer: New York, NY, USA, 2019; pp. 1–14.

47. Grabherr, M.G.; Haas, B.J.; Yassour, M.; Levin, J.Z.; Thompson, D.A.; Amit, I.; Adiconis, X.; Fan, L.; Raychowdhury, R.; Zeng, Q.;
et al. Full-Length Transcriptome Assembly from RNA-Seq Data without a Reference Genome. Nat. Biotechnol. 2011, 29, 644–652.
[CrossRef] [PubMed]

48. Kim, D.; Langmead, B.; Salzberg, S.L. HISAT: A Fast Spliced Aligner with Low Memory Requirements. Nat. Methods 2015, 12,
357–360. [CrossRef] [PubMed]

49. Trapnell, C.; Williams, B.A.; Pertea, G.; Mortazavi, A.; Kwan, G.; Van Baren, M.J.; Salzberg, S.L.; Wold, B.J.; Pachter, L. Transcript
Assembly and Quantification by RNA-Seq Reveals Unannotated Transcripts and Isoform Switching during Cell Differentiation.
Nat. Biotechnol. 2010, 28, 511–515. [CrossRef] [PubMed]

50. Katoh, K.; Misawa, K.; Kuma, K.; Miyata, T. MAFFT: A Novel Method for Rapid Multiple Sequence Alignment Based on Fast
Fourier Transform. Nucleic Acids Res. 2002, 30, 3059–3066. [CrossRef]

51. Paradis, E. Pegas: An R Package for Population Genetics with an Integrated-Modular Approach. Bioinformatics 2010, 26, 419–420.
[CrossRef]

52. Paradis, E.; Schliep, K. Ape 5.0: An Environment for Modern Phylogenetics and Evolutionary Analyses in R. Bioinformatics 2019,
35, 526–528. [CrossRef] [PubMed]

53. Flutre, T.; Duprat, E.; Feuillet, C.; Quesneville, H. Considering Transposable Element Diversification in de Novo Annotation
Approaches. PLoS ONE 2011, 6, e16526. [CrossRef]

54. Danecek, P.; Auton, A.; Abecasis, G.; Albers, C.A.; Banks, E.; DePristo, M.A.; Handsaker, R.E.; Lunter, G.; Marth, G.T.; Sherry, S.T.;
et al. The Variant Call Format and VCFtools. Bioinformatics 2011, 27, 2156–2158. [CrossRef] [PubMed]

55. Martin, M.; Patterson, M.; Garg, S.; O Fischer, S.; Pisanti, N.; Klau, G.; Schöenhuth, A.; Marschall, T. WhatsHap: Fast and Accurate
Read-Based Phasing. bioRxiv 2016. [CrossRef]

https://doi.org/10.1016/j.fgb.2012.09.004
https://doi.org/10.1371/journal.pone.0010684
https://doi.org/10.1371/journal.pone.0189603
https://www.ncbi.nlm.nih.gov/pubmed/29253026
https://doi.org/10.1093/gbe/evaa126
https://www.ncbi.nlm.nih.gov/pubmed/32585032
https://doi.org/10.1093/nar/29.18.3757
https://doi.org/10.1016/S0092-8674(85)80011-8
https://www.ncbi.nlm.nih.gov/pubmed/3886163
https://doi.org/10.1186/1759-8753-5-7
https://www.ncbi.nlm.nih.gov/pubmed/24589358
https://doi.org/10.1006/jmbi.1998.1886
https://www.ncbi.nlm.nih.gov/pubmed/9665841
https://doi.org/10.1007/s10530-005-3804-2
https://doi.org/10.1080/00275514.2018.1479561
https://doi.org/10.3389/fmicb.2020.01382
https://doi.org/10.1101/2023.01.30.525609
https://doi.org/10.1093/nar/gkw955
https://doi.org/10.1093/bioinformatics/btp324
https://megasun.bch.umontreal.ca/apps/mfannot/
https://doi.org/10.1093/nar/18.1.163
https://doi.org/10.1093/bioinformatics/btu031
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1038/nbt.1883
https://www.ncbi.nlm.nih.gov/pubmed/21572440
https://doi.org/10.1038/nmeth.3317
https://www.ncbi.nlm.nih.gov/pubmed/25751142
https://doi.org/10.1038/nbt.1621
https://www.ncbi.nlm.nih.gov/pubmed/20436464
https://doi.org/10.1093/nar/gkf436
https://doi.org/10.1093/bioinformatics/btp696
https://doi.org/10.1093/bioinformatics/bty633
https://www.ncbi.nlm.nih.gov/pubmed/30016406
https://doi.org/10.1371/journal.pone.0016526
https://doi.org/10.1093/bioinformatics/btr330
https://www.ncbi.nlm.nih.gov/pubmed/21653522
https://doi.org/10.1101/085050


J. Fungi 2023, 9, 476 18 of 18

56. Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular Evolutionary Genetics Analysis across Computing
Platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [CrossRef] [PubMed]

57. Wang, N.; Akey, J.M.; Zhang, K.; Chakraborty, R.; Jin, L. Distribution of Recombination Crossovers and the Origin of Haplotype
Blocks: The Interplay of Population History, Recombination, and Mutation. Am. J. Hum. Genet. 2002, 71, 1227–1234. [CrossRef]

58. Maynard Smith, J. Analyzing the Mosaic Structure of Genes. J. Mol. Evol. 1992, 34, 126–129.
59. Piganeau, G.; Eyre-Walker, A. A Reanalysis of the Indirect Evidence for Recombination in Human Mitochondrial DNA. Heredity

2004, 92, 282–288. [CrossRef]
60. Bruen, T.C.; Philippe, H.; Bryant, D. A Simple and Robust Statistical Test for Detecting the Presence of Recombination. Genetics

2006, 172, 2665–2681. [CrossRef]
61. Piganeau, G.; Gardner, M.; Eyre-Walker, A. A Broad Survey of Recombination in Animal Mitochondria. Mol. Biol. Evol. 2004, 21,

2319–2325. [CrossRef]
62. Posada, D. Evaluation of Methods for Detecting Recombination from DNA Sequences: Empirical Data. Mol. Biol. Evol. 2002, 19,

708–717. [CrossRef]
63. Huson, D.H.; Bryant, D. Application of Phylogenetic Networks in Evolutionary Studies. Mol. Biol. Evol. 2006, 23, 254–267.

[CrossRef]
64. Darriba, D.; Posada, D.; Kozlov, A.M.; Stamatakis, A.; Morel, B.; Flouri, T. ModelTest-NG: A New and Scalable Tool for the

Selection of DNA and Protein Evolutionary Models. Mol. Biol. Evol. 2020, 37, 291–294. [CrossRef] [PubMed]
65. Kosakovsky Pond, S.L.; Posada, D.; Gravenor, M.B.; Woelk, C.H.; Frost, S.D.W. GARD: A Genetic Algorithm for Recombination

Detection. Bioinformatics 2006, 22, 3096–3098. [CrossRef] [PubMed]
66. Kosakovsky Pond, S.L.; Frost, S.D.W.; Muse, S.V. HyPhy: Hypothesis Testing Using Phylogenies. Bioinformatics 2005, 5, 676–679.

[CrossRef]
67. Auton, A.; McVean, G. Recombination Rate Estimation in the Presence of Hotspots. Genome Res. 2007, 17, 1219–1227. [CrossRef]
68. Pyle, A.; Hudson, G.; Wilson, I.J.; Coxhead, J.; Smertenko, T.; Herbert, M.; Santibanez-Koref, M.; Chinnery, P.F. Extreme-Depth

Re-Sequencing of Mitochondrial DNA Finds No Evidence of Paternal Transmission in Humans. PLoS Genet. 2015, 11, e1005040.
[CrossRef] [PubMed]

69. Tajima, F. Statistical Method for Testing the Neutral Mutation Hypothesis by DNA Polymorphism. Genetics 1989, 123, 585–595.
[CrossRef]

70. Piganeau, G.; Eyre-Walker, A. Evidence for Variation in the Effective Population Size of Animal Mitochondrial DNA. PLoS ONE
2009, 4, e4396. [CrossRef] [PubMed]

71. Hedrick, P.W. Gametic Disequilibrium Measures: Proceed with Caution. Genetics 1987, 117, 331–341. [CrossRef]
72. Eyre-Walker, A. Do Mitochondria Recombine in Humans? Philos. Trans. R. Soc. B Biol. Sci. 2000, 355, 1573–1580. [CrossRef]
73. Wang, Y.; Xu, J. Mitochondrial Genome Polymorphisms in the Human Pathogenic Fungus Cryptococcus neoformans. Front.

Microbiol. 2020, 11, 706. [CrossRef]
74. Deng, Y.; Zhang, X.; Xie, B.; Lin, L.; Hsiang, T.; Lin, X.; Lin, Y.; Zhang, X.; Ma, Y.; Miao, W.; et al. Intra-Specific Comparison of

Mitochondrial Genomes Reveals Host Gene Fragment Exchange via Intron Mobility in Tremella fuciformis. BMC Genom. 2020, 21,
426. [CrossRef]

75. Burt, A.; Koufopanou, V. Homing Endonuclease Genes: The Rise and Fall and Rise Again of a Selfish Element. Curr. Opin. Genet.
Dev. 2004, 14, 609–615. [CrossRef]

76. Lee, H.H.; Ke, H.M.; Lin, C.Y.I.; Lee, T.J.; Chung, C.L.; Tsai, I.J.; Stajich, J. Evidence of Extensive Intraspecific Noncoding
Reshuffling in a 169-Kb Mitochondrial Genome of a Basidiomycetous Fungus. Genome Biol. Evol. 2019, 11, 2774–2788. [CrossRef]

77. Krasich, R.; Copeland, W.C. DNA Polymerases in the Mitochondria: A Critical Review of the Evidence. Front. Biosci. Landmark
2017, 22, 692–709. [CrossRef]

78. Charlesworth, D.; Morgan, M.T.; Charlesworth, B. Mutation Accumulation in Finite Outbreeding and Inbreeding Populations.
Genet. Res. 1993, 61, 39–56. [CrossRef]

79. Fritsch, E.S.; Chabbert, C.D.; Klaus, B.; Steinmetz, L.M. A Genome–Wide Map of Mitochondrial DNA Recombination in Yeast.
Genetics 2014, 198, 755–771. [CrossRef] [PubMed]

80. Charlesworth, B.; Morgan, M.T.; Charlesworth, D. The Effect of Deleterious Mutations on Neutral Molecular Variation. Genetics
1993, 134, 1289–1303. [CrossRef] [PubMed]

81. Wang, Y.-W.; Ané, C.C. KIMGENS: A Novel Method to Estimate Kinship in Organisms with Mixed Haploid Diploid Genetic
Systems Robust to Population Structure. Bioinformatics 2022, 38, 3044–3050. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1093/molbev/msy096
https://www.ncbi.nlm.nih.gov/pubmed/29722887
https://doi.org/10.1086/344398
https://doi.org/10.1038/sj.hdy.6800413
https://doi.org/10.1534/genetics.105.048975
https://doi.org/10.1093/molbev/msh244
https://doi.org/10.1093/oxfordjournals.molbev.a004129
https://doi.org/10.1093/molbev/msj030
https://doi.org/10.1093/molbev/msz189
https://www.ncbi.nlm.nih.gov/pubmed/31432070
https://doi.org/10.1093/bioinformatics/btl474
https://www.ncbi.nlm.nih.gov/pubmed/17110367
https://doi.org/10.1093/bioinformatics/bti079
https://doi.org/10.1101/gr.6386707
https://doi.org/10.1371/journal.pgen.1005040
https://www.ncbi.nlm.nih.gov/pubmed/25973765
https://doi.org/10.1093/genetics/123.3.585
https://doi.org/10.1371/journal.pone.0004396
https://www.ncbi.nlm.nih.gov/pubmed/19198657
https://doi.org/10.1093/genetics/117.2.331
https://doi.org/10.1098/rstb.2000.0718
https://doi.org/10.3389/fmicb.2020.00706
https://doi.org/10.1186/s12864-020-06846-x
https://doi.org/10.1016/j.gde.2004.09.010
https://doi.org/10.1093/gbe/evz181
https://doi.org/10.2741/4510
https://doi.org/10.1017/S0016672300031086
https://doi.org/10.1534/genetics.114.166637
https://www.ncbi.nlm.nih.gov/pubmed/25081569
https://doi.org/10.1093/genetics/134.4.1289
https://www.ncbi.nlm.nih.gov/pubmed/8375663
https://doi.org/10.1093/bioinformatics/btac293

	Introduction 
	Materials and Methods 
	Collecting Mushrooms, and Sequencing of Genomes and a Transcriptome 
	Reference Mitochondrial Genome Assembly and Annotation 
	Assembling the Mitochondrial Genomes of the Remaining Samples, Haplotype Network Reconstruction, and Nuclear Phylogeny Reconstruction 
	Comparing Mitochondrial and Nuclear Genomes 
	Testing for Recombination among Mitochondrial Genomes 
	Testing for Biparental Inheritance of Mitochondria 

	Results 
	Reference Genome Architecture and Gene Expression 
	Structural Diversity 
	Nucleotide Diversity and Efficacy of Selection in Mitochondrial and Nuclear Genomes 
	Detecting Mitochondrial Recombination and Estimating Rates 
	Testing for Biparental Inheritance of Mitochondria 

	Discussion 
	Mitochondrial Genome Architecture and Structural Diversity 
	Rare Recombination Contributes Lower Nucleotide Diversity and Selection Efficacy in Mitochondria as Compared with Nuclei 
	Uniparental Inheritance as an Alternative Strategy to Combat Muller’s Ratchet 
	Mitochondrial Genomes Provide Evidence for a 28-Year-Old Homokaryotic Individual 

	Conclusions 
	References

