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Abstract 12 

Comparative genomics of fungal mitochondrial genomes (mitogenomes) have revealed 13 

a remarkable pattern of rearrangement between and within major phyla owing to 14 

horizontal gene transfer (HGT) and recombination. The role of recombination was 15 

exemplified at a finer evolutionary time scale in basidiomycetes group of fungi as they 16 

display a diversity of mitochondrial DNA (mtDNA) inheritance patterns. Here, we 17 

assembled mitogenomes of six species from the Hymenochaetales order of 18 

basidiomycetes and examined 59 mitogenomes from two genetic lineages of 19 

Pyrrhoderma noxium. Gene order is largely colinear while intergene regions are major 20 

determinants of mitogenome size variation. Substantial sequence divergence was found 21 

in shared introns consistent with high HGT frequency observed in yeasts, but we also 22 

identified a rare case where an intron was retained in five species since speciation. In 23 

contrast to the hyperdiversity observed in nuclear genomes of P. noxium, mitogenomes’ 24 

intraspecific polymorphisms at protein coding sequences are extremely low. Phylogeny 25 

based on introns revealed turnover as well as exchange of introns between two lineages. 26 

Strikingly, some strains harbor a mosaic origin of introns from both lineages. Analysis 27 

of intergenic sequence indicated substantial differences between and within lineages, 28 

and an expansion may be ongoing as a result of exchange between distal intergenes. 29 

These findings suggest that the evolution in mtDNAs is usually lineage specific but 30 

chimeric mitotypes are frequently observed, thus capturing the possible evolutionary 31 

processes shaping mitogenomes in a basidiomycete. The large mitogenome sizes 32 

reported in various basidiomycetes appear to be a result of interspecific reshuffling of 33 

intergenes. 34 
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Introduction 35 

 36 

A typical fungal mitochondrial genome (mitogenome) consists of a circular DNA, 37 

which encodes 14 mitochondrial-exclusive protein-coding genes, ribosomal RNAs 38 

(rRNAs) and transfer RNAs usually in clusters (Férandon, et al. 2013; Aguileta, et al. 39 

2014; Sandor, et al. 2018). Depending on groups, these elements are encoded either on 40 

the same strand in ascomycetous or on both in basidiomycetous mitogenomes (Aguileta, 41 

et al. 2014). These genomes are highly diversified in size ranging from 19,431 bp in 42 

Schizosaccharomyces pombe (Bullerwell, et al. 2003) to 235,849 bp in Rhizoctonia 43 

solani (Losada, et al. 2014). Variations in mitogenome size can be large among species 44 

within a genus (Bullerwell, et al. 2003) or among strains of the same species (Wolters, 45 

et al. 2015). Presence and expansion of introns in mitogenome protein encoding genes 46 

as well as sizable noncoding regions (NCRs) are major determinants of fungal 47 

mitogenome size variations (Xu and Wang 2015; Sandor, et al. 2018). Given that the 48 

highly variable nature of fungal mitogenome size, characterizing the dynamics of 49 

introns and determining the origin and function of these NCRs is critical for 50 

understanding the evolution of fungal mitogenome. 51 

 52 

Inheritance of mitochondrial DNA (mtDNA) is predominantly maternal in sexual plants 53 

and animals (Xu and Wang 2015; Sandor, et al. 2018). In the Fungi kingdom, however, 54 

alternative modes of inheritance have been commonly reported during sexual 55 

reproduction (Berger and Yaffe 2000; Basse 2010; Wilson and Xu 2012; Xu and Wang 56 

2015). For instance, the model ascomycete yeasts, Saccharomyces cerevisiae and 57 

Schizosaccharomyces pombe, are known to inherit mitochondria biparentally (Wolf, et 58 

al. 1976; Basse 2010; Xu and Wang 2015). The zygote contains mtDNA from both 59 

parents and subsequently segregated into homoplasmic progenies through the process 60 

of syngamy. Like animals and plants, the mating process in filamentous ascomycetes 61 

usually initiated with the fusion of two morphologically different gametes, and the 62 

mitochondria are typically inherited from the larger gamete (Sandor, et al. 2018). For 63 

basidiomycetes, various modes of mitochondrial inheritance may have been involved 64 

in generating recombinant mitochondrial genotypes (Xu and He 2015; Xu and Wang 65 

2015; Sandor, et al. 2018). 66 

 67 
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In fungi, tight regulation of mtDNA transmission is part of molecular mechanisms 68 

responsible for sex determination (mating). For model basidiomycetes yeast 69 

Cryptococcus neoformans, mtDNA is inherited uniparentally from MATa parent 70 

butbecomes biparental if the sex-specific homeodomain transcription factor sxi1α and 71 

sxi2a are disrupted (Xu, et al. 2000; Yan and Xu 2003). A closely related species of C. 72 

neoformans, C. gattii exhibited different inheritance patterns depending on strain 73 

combinations and environmental factors such as temperature  (Voelz, et al. 2013; Zhu, 74 

et al. 2013; Wang, et al. 2015). For U. maydis, which has a tetrapolar mating system 75 

similar to the model mushroom Coprinopsis cinerea, the mtDNA inheritance is 76 

controlled by lga2 and rga2 of uncertain function encoded by a2 locus (homologous to 77 

C. cinerea matB locus) (Fedler, et al. 2009). 78 

 79 

Strictly selecting mtDNA from only one parent during mating ensures uniparental 80 

inheritance. This is the case for model filamentous basidiomycetes such as C. cinerea 81 

and Schiozphyllum commune, where the formation of diploid involves nuclear but not 82 

mitochondrial migration, resulting in genetically identical dikaryons with different 83 

mitochondria from either parent (Sandor, et al. 2018). Nuclear migration is controlled 84 

by matB locus encoding peptide pheromones and pheromone receptors (Casselton and 85 

Kües 2007), again indicating a strong correlation between mating locus and 86 

mitochondria inheritance. Alternatively, the button mushroom Agaricus bisporus as 87 

well as many basidiomycetes do not undergo nuclear migration and clamp formation; 88 

instead, they undergo direct hyphal fusion during mating process. This means different 89 

mitochondrial genotypes can be present within hyphal cells, suggesting the opportunity 90 

to exchange DNA via mitochondrial recombination. Indeed, A. bisporus is known to 91 

have uniparental and non-parental mitochondrial inheritance patterns (Hintz, et al. 1988; 92 

Jin and Horgen 1993, 1994; de la Bastide and Horgen 2003). Hence, the ephemeral 93 

diploid phase may be particularly important in mitochondrial inheritance and diversity 94 

(de la Bastide and Horgen 2003; Xu and Wang 2015).  95 

 96 

Among the estimated 2.2–3.8 million fungal species (Hawksworth and Lücking 2017), 97 

many lineages still lack a formal description or analysis of mitogenomes. One 98 

interesting case is the order Hymenochaetales (Agaricomycetes, Basidiomycota), 99 

which is dominated by wood decay fungi. Most species in this order are saprotrophic, 100 

but some are pathogens involved in major forest incidents since 1971 in different parts 101 
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of the world (Hepting 1971; Sahashi, et al. 2012). In particular, Pyrrhoderma noxium 102 

(syn. Phellinus noxius) (Zhou, et al. 2018) has a very wide host range, spanning more 103 

than 200 broadleaved and coniferous tree species (at least 59 families), and are the 104 

causative agents responsible for brown root rot disease in parts of Asia (Akiba, et al. 105 

2015; Chung, et al. 2015). A recent comparative and population genomics study of six 106 

genomes from this order and 60 P. noxium strains from Taiwan and Japan revealed that P. 107 

noxium possesses extraordinarily high diversity in its nuclear genomes (Chung, et al. 2017). 108 

 109 

P. noxium lacks clamp connections (Ann, et al. 2002) and displays a bipolar 110 

heterothallic mating system (Chung, et al. 2017) with a highly expanded A locus 111 

spanning a ~60-kb region. The availability of whole genome sequences of P. noxium 112 

populations prompted us to further understand the evolution of mitogenomes in this 113 

hypervariable species. In this study, we first assembled and compared the mitogenomes 114 

of P. noxium and five Hymenochaetales species. We demonstrated that core genes are 115 

largely in syntenic across these species while both introns and NCRs constitute the 116 

majority of P. noxium mtDNA. We then examined mitogenome evolution from two 117 

genetically independent lineages of P. noxium and discovered frequent rearrangement 118 

in NCRs. The main purpose of this study was to elucidate possible mechanisms driving 119 

mitogenome enlargement in P. noxium at a population level. We provided evidences of 120 

frequent mitochondrial exchange possibly in heteroplasmy stage during hyphal fusion 121 

and mating resulting in recombinant mitotype and expanding mitogenome. 122 

 123 

 124 

Materials and Methods 125 

 126 

De novo assembly or reconstruction of four Hymenochaetales mitochondrial 127 

genomes 128 

Sequencing data of Pyrrhoderma noxium, Pyrrhoderma lamaoense (syn. Phellinus 129 

lamaensis), Porodaedalea pini and Coniferiporia sulphurascens (syn. Phellinus 130 

sulphurascens) were described in Chung, et al. (2017). Mitochondrial genomes 131 

(mitogenomes) were assembled in 1-6 iterations using Organelle_PBA (v1.0.7; Soorni, 132 

et al. 2017) with PacBio reads until sequence circularity was detected. Partial 133 

mitochondrial DNA (mtDNA) sequence in the published assembly of each species or 134 
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conserved protein-coding gene was used as initial reference for the first run. Illumina 135 

sequencing data of Fomitiporia mediterranea (Floudas, et al. 2012) were obtained from 136 

Joint Genome Institute (JGI) database 137 

(https://genome.jgi.doe.gov/Fomme1/Fomme1.home.html). The F. mediterranea 138 

mitogenome was assembled using NOVOplasty (v2.6.7; Dierckxsens, et al. 2017) with 139 

P. pini’s mitogenome as the seed sequence. Circularity was assessed either by in-built 140 

function in the assemblers or subsequently by “check_circularity.pl” script distributed 141 

with sprai de novo assembly tool (v0.9.9.23; http://zombie.cb.k.u-tokyo.ac.jp/sprai). 142 

The consensus of assemblies were improved using pilon (v1.22; Walker, et al. 2014). 143 

The complete mitogenome of Schizopora paradoxa (Min, et al. 2015) is available in 144 

JGI database (https://genome.jgi.doe.gov/Schpa1/Schpa1.home.html) and was 145 

retrieved for further annotation and analysis. 146 

 147 

Annotation of mitogenomes 148 

Core genes in mitogenomes were annotated using MFannot web service 149 

(http://megasun.bch.umontreal.ca/cgi-bin/mfannot/mfannotInterface.pl) with genetic 150 

code table 4. Exon boundaries were further manually curated based on multiple 151 

sequence alignment of homologues from closely related species using muscle (v3.8.31; 152 

Edgar 2004) and RNA-seq alignments where available. tRNA genes were predicted by 153 

MFannot, tRNAscan-SE (v2.0; Lowe and Chan 2016) and aragorn (v1.2.38; Laslett and 154 

Canbäck 2004). Only tRNA positions supported by at least two programs were retained 155 

for further analysis. Putative open reading frames (ORFs) were predicted by NCBI 156 

ORFfinder (v0.4.3; Wheeler, et al. 2003) against exon-masked mitogenomes, and 157 

hypothetical proteins were searched against Pfam (Finn, et al. 2016) and NCBI protein 158 

nr database (https://www.ncbi.nlm.nih.gov/protein) for evidence of homing 159 

endonuclease (HE) and DNA/RNA polymerase (dpo/rpo) genes. Introns were assigned 160 

into subgroups using RNAfinder (v1.40; https://github.com/BFL-lab/RNAfinder). 161 

Putative homing endonuclease domains in introns were searched by PfamScan (v31; 162 

Finn, et al. 2016). Direct and palindromic repeats were searched using Vmatch (v2.3.0; 163 

http://www.vmatch.de) with parameters of “-seedlength 30 -l 30 -exdrop 3 -identity 80”. 164 

Tandem repeats were identified using Tandem Repeat Finder (v4.09; Benson 1999) 165 

with default parameters. Analysis of simple sequence repeats (SSRs) were performed 166 

by MISA (v2.0; Thiel, et al. 2003) with default parameters. 167 

 168 
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RNA sequencing 169 

The mycelia of P. noxium KPN91 were cultured on the PDA agar plates at 25 °C for 170 

about 3–5 days. Total RNA was extracted from mycelia homogenized in liquid nitrogen, 171 

following with TRIzol™ Reagent (catalog no. 15596018, Thermo Fisher Scientific, 172 

Inc.). 200 ng ploy-A enriched RNA was purified from total RNA by using Dynabeads 173 

mRNA purification kit (catalog no. 61006, Thermo Fisher Scientific, Inc.), and was 174 

used to conduct cDNA library preparation with Direct cDNA Sequencing kit (SQK- 175 

DCS108; Oxford Nanopore Technologies). The reads were sequenced with FLO-176 

MIN106 flow cell on a GridION, Oxford Nanopore and then basecalled by dogfish 177 

v0.9.3. Illumina RNA-seq reads of four species in this study (P. noxium, P. lamaoense, 178 

P. pini and C. sulphurascens) were downloaded and aligned to corresponding 179 

assemblies using STAR (v2.6.0a; Dobin, et al. 2013). Nanopore cDNA reads (P. 180 

noxium) were aligned using minimap2 (v2.6; Li 2018). Only reads aligned to 181 

mitogenome were retained for further analysis. 182 

 183 

Assembly and annotation of P. noxium isolates 184 

The sequencing data of a total of 59 P. noxium isolates were described in a previous 185 

study (Chung, et al. 2017). All of the mitogenomes were assembled using the same 186 

pipeline with F. mediterranea as described above except that the seed sequence was P. 187 

noxium KPN91 mitogenome. Annotation of core genes was searched with query of 188 

curated genes of KPN91 using GMAP (v2017-11-15; Wu and Watanabe 2005), 189 

followed by multiple sequence alignment using muscle (v3.8.31; Edgar 2004) to 190 

identify precise exon-intron boundaries. tRNA annotation was processed as described 191 

above. The four (three ‘large’ ranging 6.3–35.4 kb and a small 4.6–8.9 kb) regions were 192 

defined and characterised by their frequently rearrangements when compared to KPN91 193 

mtDNA reference (region 1: nad4-rnl, region 2: atp8-cox1, region 3: nad5-rns and 194 

region 4s: cox2-cob). 195 

 196 

Phylogenetic analysis 197 

The core genes phylogeny of six Hymenochatales species was carried out using  198 

concatenated amino acid alignments of 15 mitochondrial core genes by muscle (v3.8.31; 199 

Edgar 2004), and pruned by trimal strict plus mode (v1.4; Capella-Gutierrez, et al. 200 

2009). A maximum-likelihood phylogeny was computed using iqtree (v1.6.6; Nguyen, 201 

et al. 2015) with LG+F+I+G4 model and 100 bootstrap replicates. The same approach 202 
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was used to produce the intron phylogeny for P. noxium isolates, except that 203 

ModelFinder (Kalyaanamoorthy, et al. 2017) in iqtree was used to automatically 204 

determine the best-fit model. To validate the robustness of mitochondrial core genes 205 

phylogeny, four unpublished Hymenochaetales species available on JGI database 206 

(Onnia scaura, Phellinus ferrugineofuscus, Porodaedalea chrysoloma and 207 

Porodaedalea niemelaei) were used to replot the phylogeny. 208 

 209 

 210 

Results 211 

 212 

Assembly and annotation of six Hymenochaetales mitochondrial genomes 213 

There are two published mitogenomes in Hymenochaetales species, with genome size 214 

ranging from 57.5 kb in Schizopora paradoxa (Min, et al. 2015) to 163.4 kb in 215 

Pyrrhoderma noxium (Chung, et al. 2017). Such large differences in mitogenome sizes 216 

prompted us to assemble four more Hymenochaetales species using available Illumina 217 

or Pacbio long sequences: P. lamaoense, P. pini, C. sulphurascens and F. mediterranea. 218 

The four Hymenochaetales mitogenomes now range from 45.6 kb to 145.0 kb (table 1), 219 

again showing high variations. GC content are low (23.4–34.6%), consistent with the 220 

AT rich nature of fungal mitogenomes (Hausner 2003). Remapping of Illumina reads 221 

against the mitogenomes showed no heterozygosity, suggesting that mitogenomes are 222 

homozygous in these species with no evidence of heteroplasmy. All six species were 223 

predicted to contain 14 fungal core protein-coding genes, two ribosomal RNA genes 224 

and one ribosomal protein S3 gene (fig. 1, S1 and S2A). 25 tRNAs encoding 20 standard 225 

amino acids were shared across 6 species and positioned into 3–5 clusters, with the 226 

presence of 1–2 species-specific tRNA. All 17 core genes and tRNA clusters of six 227 

species are encoded on the same strand with an exception of a histidine tRNA in S. 228 

paradoxa (fig. S1E). Interestingly, in four Hymenochaetales species, nad5 starts (ATG) 229 

immediately from the last base of adjacent nad4L stop codon (TAA), which has been 230 

observed in various fungal mitochondria (Férandon, et al. 2013; Wang, Zhang, et al. 231 

2018).  232 

 233 

Coding contents are relatively conserved across the six Hymenochaetales species 234 

(average 22.5 kb), however, huge variations were observed in their intronic and 235 
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intergenic sequences. Prediction of open reading frames (ORFs) in intronic and 236 

intergenic regions resulted in 18–100 putative protein-coding sequences (table 1 and 237 

table S1). Majority of the ORFs did not show homology across various databases. The 238 

ORFs with confident protein domain profiles assigned were mostly homing 239 

endonuclease (HE, containing LAGLIDADG or GIY-YIG domain) and family B DNA 240 

polymerase (dpoB). P. noxium has the largest mitogenome among the six 241 

Hymenochaetales species, with 38.2% introns and 48.4% intergene sequences. The 242 

mitogenome of P. pini has an intron content of 17.5% and 65.7% intergene region. In 243 

contrast, P. lamaoense has the most reduced mitogenome with highest percentage of 244 

coding content (46.8%). We further investigated whether repetitive sequences 245 

contributed to the noncoding content of these mitogenomes. The total repeat content 246 

accounted for 2.9%–8.5% of mitogenomes, with only two large palindromic repeats (> 247 

500 bp) observed in P. pini. These repeats did not contribute to the majority of 248 

noncoding content as only 4.7%–12.2% of intergenic sequences were classified as 249 

repetitive. The invertron-like sequences are plasmids integrated into fungal or plant 250 

mtDNA, usually consisting of dpoB and DNA-dependent RNA polymerase between 251 

inverted repeats (Hausner 2012; Mardanov, et al. 2014). Although intact invertron-like 252 

sequences were not observed, we found at least one dpoB gene in each mitogenome 253 

suggesting possible ancient integration events. 254 

 255 

Gene synteny 256 

Species phylogeny inferred from 1,127 orthologous single copy genes placed species 257 

of similar genome sizes and primary habits together with S. paradoxa being the most 258 

diverged clade (Chung, et al. 2017). The mitochondrial phylogeny of six 259 

Hymenochaetales was inferred from concatenation of 15 core protein-coding genes (fig. 260 

2). Different from the nuclear phylogeny, C. sulphurascens was in the same clade with 261 

P. pini and F. mediterranea. The gene order of 17 core protein, noncoding genes and 262 

tRNA clusters were considerably conserved across five of the six Hymenochaetales 263 

species. For example, the largest synteny block started from cox1 and extended to 22 264 

genes (blue box). Greatest difference was found in S. paradoxa, which agrees with the 265 

nuclear phylogeny (Chung, et al. 2017). In the clade of P. noxium and P. lamaoense, 266 

nad4 and rnl gene were both relocated to downstream of t1 tRNA cluster. Furthermore, 267 

the location of t2 tRNA cluster and rps3-atp8 block were swapped in P. lamaoense. P. 268 

noxium and P. lamaoense both harboured a tRNA between nad4 and rnl. The two 269 
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tRNAs shared 88.9% identity in the 72-bp gene region, suggesting accumulation of 270 

mutations in a recently gained gene. Boundaries of intergenic spacers were similar 271 

between P. noxium and P. lamaoense but not across other species. Gene duplication 272 

events were only observed in t2 in P. pini and t5 tRNA clusters in F. mediterranea. 273 

 274 

Mitochondrial intron dynamics 275 

P. noxium mitogenome  contains most introns in six species, with 61 introns spreading 276 

in 9 genes. In contrast, C. sulphurascens mitogenome contains only one intron in cob 277 

gene. The largest reservoir of introns is P. noxium cox1 gene, which retains 23 group I 278 

introns and a group II intron (17th intron), accounting for 93.5 % of this gene. A total 279 

of 122 introns locating in 65 genetic sites were identified in six Hymenochaetales 280 

mitogenomes, with 39 sites were shared among species (fig. 3 and table S2). No introns 281 

were found in eight genes (atp6, atp8, atp9, nad3, nad4L, nad6, rns and rps3) whereas 282 

the cob gene contained at least one intron in every species. The majority of introns were 283 

of group I (114/122) and were classified into six subgroups (IA, IA3, IB, IC2, ID and 284 

I-derived). Of these, group IB introns accounted for 57.4% of total introns (70/122). 285 

Interestingly, the 13th intron of P. noxium cox1 gene (cox1_intron13) was predicted to 286 

have two separated complete intron cores (IB and ID) suggesting a twintron: an intron 287 

inserted by another intron (Deng, et al. 2018). 288 

 289 

One possible explanation for the prevalence of introns in these species is the presence 290 

of homing endonucleases (HEs), which are highly specific endonucleases playing an 291 

important role in intron homing and precise splicing in group I introns (Haugen, et al. 292 

2005; Lang, et al. 2007). We searched for protein domains and ORFs, revealing that 65 293 

introns each containing at least one LAGLIDADG or GIY-YIG domain. Nine of these 294 

introns did not have any predicted ORF suggesting loss of HE activity. Conversely, 12 295 

intronic ORFs showed no evidence of HE domain. In addition to group I introns, we 296 

found 3 out of 5 group II introns comprising a putative LAGLIDADG domain, which 297 

has been reported in several filamentous fungi but showed no activity in enhancing 298 

splicing itself. LAGLIDADG domain might be an invaded group I HEG in a group II 299 

intron (Toor and Zimmerly 2002; Mullineux, et al. 2010). Only a group II intron 300 

(PNOK_rnl_intron01) comprised an intact ORF with complete reverse transcriptase 301 

(RT) domain. 302 

 303 
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Out of 39 intron sites present in multiple species, 34 comprised introns belonging to the 304 

same subgroup suggest a preference of insertion (Swithers, et al. 2009). Alternatively, 305 

these introns may have already been inserted since their common ancestor; however, 306 

this may be less likely as the shared introns showed as low as 74.3% nucleotide identity. 307 

This scenario may be more likely in sites where introns are still found in more than 308 

three species. There are three such intron sites (cob_site5, cox1_site10 and cox1_site13) 309 

and phylogeny indicated two sites (cox1_site10 and cox1_site13) were concordant with 310 

the mitochondrial phylogeny, suggesting the intron was present since these species’ 311 

common ancestor (fig. S3). 312 

 313 

Population mitogenomics of P. noxium – general characteristics 314 

The mitogenomes of additional 58 P. noxium isolates from Japan and Taiwan region 315 

were assembled into single circular sequences using NOVOPlasty (table S3). The 316 

mitogenome size can differ by 22 kb ranging from 146,191 bp of Pn102  to 168,365 bp 317 

of Pn120. A strong correlation was observed in intergenic region and mitogenome size 318 

(R2 = 0.987, P < 0.001; fig. 4) but not exonic and intronic sequences (R2 = 0.0213 and 319 

R2 = 0.0203, respectively; fig. 4), suggesting that the expansion of mitochondria was 320 

mainly contributed by intergenic regions in P. noxium. 321 

 322 

Low intraspecific polymorphism in coding regions 323 

All 17 core genes were present in all isolates. Gene structures were highly conserved 324 

except for two protein-coding genes. Stop codon in the majority of isolates in the cox2 325 

gene was lost in 3 isolates with two possible changes (minor allele 1: KPN57 and Pn315, 326 

minor allele 2: Pn040). The prevalent allele encoded for a 765 bp cox2 gene with 5 327 

exons, and two minor alleles extended 972 bp and 1,008 bp in the last exon, respectively. 328 

In nad2 gene, a tandem repeat [(AGAAACTAA)3.8–7.8] located in the second exon 329 

varied the length of coding regions from 1,695 bp to 1,731 bp without interrupting the 330 

reading frame. Across 4,603 amino acid sites, only 13 and seven were parsimony-331 

informative and singletons, respectively (fig. S4). Number of tRNA ranged from 26–332 

27. A free-standing tRNA between nad4 and rnl was found to alternatively code for 333 

lysine and arginine in these species. Two SNPs were observed in the 72-bp exon region 334 

resulting in two different alleles. In 5 isolates (Pn081, Pn102, Pn329, KPN141 and 335 

KPN163), a point mutation in the anticodon period turns the lysine tRNA (anticodon: 336 

ctt) into an arginine tRNA (anticodon: cct), accompanying the translocation of 337 
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surrounding sequences (Fig. S7C). The lysine tRNA was lost in 4 isolates (Pn015, 338 

Pn035, Pn086 and Pn127) due to large fragment deletion (Fig. S7D), suggesting that it 339 

might not be an essential tRNA. 340 

 341 

Frequent gain and loss of introns 342 

Introns range from 57 to 61 in nine intron-containing genes in 59 P. noxium isolates 343 

(fig. S5). P. noxium KPN91, which harboured most introns, had an exclusive group II 344 

intron of rnl_intron01 with an intact RT domain, suggesting the intron was recently 345 

acquired. Completely loss of introns in some isolates were observed in five intron 346 

positions (cox1_intron04, cox1_intron06, cox1_intron07, rnl_intron02 and 347 

rnl_intron11). In contrast to the nuclear genome phylogeny, we constructed a 348 

phylogeny using the concatenated intronic sequences and revealed three lineages (fig. 349 

S6). The majority of Taiwanese and Ryukyu isolates were clustered together, while all 350 

eight isolates from Ogasawara island were part of the final group. The result was 351 

consistent with the inferences based on nuclear genomes (Chung, et al. 2017). Two 352 

Taiwanese isolates were clustered together with the Ogasawara isolates in the intron 353 

phylogeny with 100 bootstrap support (fig. S6). We identified three Taiwanese isolates 354 

(Pn050, Pn120 and Pn315) as a third lineage, showing a distinct pattern in cox1 intron 355 

4 to 8 with two introns possessing low identity to other strains and absence of intronic 356 

sequences in three sites (fig. 5 and S5). 357 

 358 

To analyse the intron dynamics in these three lineages, we first chose one species from 359 

Taiwan/Ryukyu (KPN91) and Ogasarawa (KPN232) lineage as a reference and 360 

calculated nucleotide identity of all introns against these references. Intron identity of 361 

pairwise comparisons between two references are on average 97.1%, with 11 introns 362 

identical to each other. The intron with the lowest pairwise identity was rnl_intron12 363 

with 41.8%, and a closer inspection revealed a unique double sized rnl_intron12. We 364 

plotted a heatmap of intron identity according to both references and revealed a mosaic 365 

pattern of intron distributions. With the double sized rnl_intron12, the introns of the 366 

two Taiwanese isolates that were clustered together to the Ogasawara lineage in the 367 

intron phylogeny resemble the introns of KPN323 more than that of KPN91 (Fig. 5). In 368 

contrast, strains belonging to the Taiwan/Ryukyu lineage have revealed striking 369 

differences amongst strains (fig. 5). Three modes were found: i) strains with introns 370 

that completely resemble the Taiwanese/Ryukyu reference, ii) strains with mosaic 371 
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intron patterns that resemble either Taiwan/Ryukyu or Ogasawara references, iii) 372 

strains with introns that were equally dissimilar to both references. These observations 373 

suggest that extensive rearrangement of introns have occurred in the Taiwan/Ryukyu 374 

lineage but less so in the Ogasawara lineage. 375 

 376 

Evidence of extensive shuffling between large intergene regions separated by gene 377 

clusters 378 

To understand the causes of large intergene that are present in P. noxium, we first 379 

defined three large (region 1: nad4–rnl 11.3–25.9 kb, region 2: atp8–cox1 15.3–35.4 380 

kb and region 3: nad3–rns 6.3–24.9 kb) and a small (region 4s: cox2-cob 4.6– 8.9 kb) 381 

intergenic regions. A close species P. lamaoense had only 11.3 kb in the regions we 382 

defined, comparing to an average of 66.2 kb in P. noxium. MtDNA alignment also 383 

showed no similarity with other species in this study, suggesting that these intergenic 384 

regions are P. noxium-specific (fig. S2B). 385 

 386 

Frequent intra- and inter-rearrangements between four regions were observed. We first 387 

sought if a correlation exists between the intron phylogeny and intergene. However, in 388 

the two distinct clades defined by the intron phylogeny, similar synteny was observed 389 

in isolates belonging to different clades (fig. S7A, B). To investigate the effect of 390 

rearrangement in mitogenome evolution, we took KPN91 as a reference and sought if 391 

any rearrangement event occurred in the four defined intergenic regions (fig. S8). The 392 

10 isolates in Ogasawara lineage had similar rearrangement pattern, and the intergene 393 

sizes were significantly shorter than that of Taiwan/Ryukyu lineage isolates (P < 0.01; 394 

fig. 6). Isolates from the Taiwan/Ryukyu were subsequently classified into two groups 395 

based on intergene rearrangement pattern against KPN91 (fig. S8). They were also 396 

significantly different in length (P < 0.001; fig. 6). The length of intergenic spacers in 397 

the isolates with rearrangement tended to be smaller than that of the isolates without 398 

rearrangement, resulting in a median difference of ~9.7 kb. Additionally, 5 isolates with 399 

intra-rearrangement in region 1 were accompanied with the translocation of a free-400 

standing tRNA between nad4 and rnl, suggesting that it was potentially a foreign gene 401 

(fig. S7C and D). 402 

 403 

 404 

 405 
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Discussion 406 

 407 

In our previous study, we reported four Hymenochaetales genomes and revealed the 408 

nature of hyperdiversity of nuclear genomes in two lineages of P. noxium in Taiwan 409 

and Japan areas (Chung, et al. 2015; Chung, et al. 2017). To understand the 410 

mitochondrial genomics in Hymenochaetales, we analysed six mitogenomes in this 411 

order. All mitogenomes can be circularized, indicating the high quality of these 412 

assemblies. All fungal mitochondrial core genes are present in these species, and the 413 

synteny are largely conserved according to their phylogenetic relationships. The 414 

overlapping start and stop codons of nad genes have been observed in not only fungi 415 

but also animals (Franco, et al. 2017; Wang, Shi, et al. 2018), presumably because of 416 

the mRNA transcription of these genes have remained coupled across independent 417 

lineages. Only tRNAs were found duplicated and lost, presumably due to the preference 418 

of mitochondrial recombination in these regions (Fritsch, et al. 2014). 419 

 420 

The six mitogenomes varied by at most 3.6-fold in length, from 45.6 kb in P. lamaoense 421 

to 163.4 kb in P. noxium. In Organelle Genome Resources NCBI, only six species are 422 

larger than P. noxium (Losada, et al. 2014; Mardanov, et al. 2014; Kanzi, et al. 2016; 423 

Nowrousian 2016). Gain of introns have been depicted as the main constituents of the 424 

enlargement of fungal mitogenomes (Losada, et al. 2014; Mardanov, et al. 2014; 425 

Salavirta, et al. 2014; Kanzi, et al. 2016). In the case of Hymenochaetales, three out of 426 

the six species hold an impressively high number of introns (table 1). In particular, cox1 427 

harbours up to 23 introns in these species which is consistent to previous surveys in 428 

fungal mitogenomes as the most intron-containing gene. 429 

 430 

Horizontal gene transfer (HGT) event have been implicated as the main causes and 431 

origins of intron gains in fungi (Hausner 2012; Wu, et al. 2015). We determined 39 out 432 

of 65 shared intron positions, however, only 14 and three intron sites were shared in 433 

more than two or three species, respectively. From these sites, we found only two 434 

examples of shared intron exhibiting same phylogenetic relationship as the species tree, 435 

implying an ancient transposition event. Additional evidence from comparative 436 

analysis of multiple species within an order will help reveal whether the retention of 437 

such introns has any selective advantage. 438 
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 439 

Intergenic regions constitute the majority of mitogenomes in all species in this study, 440 

consistent with previous findings in yeast mitogenomes where intergenic sequences 441 

played a role in genome expansion (Xiao, et al. 2017). The initial expansion of 442 

intergenic regions may be contributed by the integration of plasmid-like sequences 443 

since the few numbers of repetitive elements (Hausner 2003; Férandon, et al. 2013). 444 

Unlike the introns which need to be spliced precisely for mature mRNA, the integrated 445 

plasmid sequences are easily degenerated overtime due to the absence of selection 446 

pressure (Hausner 2003; Swithers, et al. 2009). Integration of invertron plasmid in 447 

mtDNA has been reported in many fungi species including Moniliophthora perniciosa, 448 

Agaricus bisporus, and Sclerotinia borealis (Formighieri, et al. 2008; Férandon, et al. 449 

2013; Mardanov, et al. 2014). We found at least one family B DNA polymerase located 450 

in intergenic regions in all six species (table 1), but no putative RNA polymerase or 451 

invertron-like repetitive elements, suggesting degenerated integrated-plasmid. 452 

 453 

Our previous investigation on population-scale sequencing of P. noxium nuclear 454 

genomes suggests that it is a hypervariable species. Hence, one of the aims of this study 455 

was to investigate the evolution history of P. noxium from the mitochondrial 456 

perspective. Surprisingly, the analysis of 59 isolates revealed different pace of evolution 457 

across coding, introns and intergenic regions. The coding regions unusually harbor low 458 

variation across the two lineages, suggesting strong purifying selection, i.e., arising 459 

substitutions were quickly purged from the population. Considering the much higher 460 

mutation rate in mitogenome than the nuclear genome (Jung, et al. 2012), additional 461 

regulatory mechanisms may exist in hypervariable species to reduce potential 462 

detrimental effects from the replication of mitogenome. 463 

 464 

A previous investigation of intraspecific variations on three species of yeast determined 465 

introns contributed the highest variance in genome size (Xiao, et al. 2017). Our intron 466 

analyses of two lineages of P. noxium revealed high similarity but extensive 467 

rearrangements of introns among strains of different clades. Based on current 468 

knowledge in ascomycetes, there are two possible scenarios that can account for such 469 

observations in a basidiomycete during hyphal fusion between strains of two mitotypes: 470 

intron homing or homologous recombination (Haugen, et al. 2005; Wu, et al. 2015; 471 

Leducq, et al. 2017). We observed few gain and loss of introns at population level so 472 
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recombination may be a more predominant process, which has been documented in 473 

various fungal species (Leducq, et al. 2017). Unfortunately, high similarity of intron 474 

sequences impedes further recombination-detection based analyses. Future 475 

investigations should focus on determination of mitochondrial inheritance mode and 476 

the frequency and mechanisms involved in intron rearrangements using artificial 477 

hybrids. 478 

 479 

For the first time in our investigation, large variations at intergenic regions are 480 

documented at an intraspecies level, even though it has been commonly observed 481 

between closely related fungal species (Burger, et al. 2003; Aguileta, et al. 2014; 482 

Himmelstrand, et al. 2014). We have observed contrasting differences in intergene 483 

length between strains of different lineages as well as within a lineage. These findings 484 

suggest that, when compared to closely related species, intergene variations are 485 

currently driving intraspecific mitogenomic variation in P. noxium and may eventually 486 

lead to larger intergene variations. Intriguingly, repeats do not seem to play a major role 487 

in shaping such variations and it remains to be determined whether homologous 488 

recombination will lead to extension of intergenic sequences. 489 

 490 

In conclusion, we have revealed for the first time that intergenic regions play a major 491 

role in shaping and extending the mtDNA in Basdiomycetes at inter- and intraspecies 492 

level. The extreme contrast between nuclear genome and coding region of mitogenome 493 

suggests strong purifying selection acting on these genes. Basidiomycetes can be 494 

excellent models in understanding mtDNA inheritance. A comprehensive sampling and 495 

detailed comparison across mitogenome will help delineate the relationship between 496 

mating and mitochondrial diversity. 497 

 498 

 499 

 500 

 501 

 502 

 503 

 504 

 505 

 506 
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 520 

Figure and table legends 521 

 522 

 523 

Figure 1: Genetic map of Pyrrhoderma noxium KPN91 mitogenome. 524 

The first base is defined as the start of rns gene. The ticks on the circle are separated by 525 

1 kb. The boxes adhered to the circle are genes and the half-sized boxes are predicted 526 

ORFs. The boxes at outside and inside of the circle indicates the genes encoding on 527 

positive and negative strand, respectively. Coloured regions are exons. In the inner 528 

circle, green tiles represent the tandem repeats and the black and red links represents 529 

the direct and palindromic repeats, respectively. The bold numbers indicated the four 530 

defined intergeneic regions (1, 2, 3 and 4s). The plot was generated using Circos 531 

software (Krzywinski, et al. 2009). 532 

 533 

Figure 2: Phylogenetic tree of mitochondrial protein-coding genes and gene 534 

synteny in six mitogenomes. 535 

The colored boxes represent different conserved gene blocks. The intergene length 536 

larger than 1 kb are labeled above the gene wedges. The arrows below the gene wedges 537 

indicate gene duplication. The bootstrap values were inferred with 100 replicates. 538 

 539 
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Figure 3: Shared intron positions and intron subgroups in six Hymenochaetales 540 

species. 541 

Details of intron properties refer to table S2. NA: not assigned to any subgroup. 542 

 543 

Figure 4: Correlation between mitogenome size and genome properties across 59 544 

Pyrrhoderma noxium isolates. 545 

Each dot represents an isolate. Details refer to table S3. 546 

 547 

Figure 5: Heatmap of intron identity against KPN91 and KPN323. 548 

The intron positions with all identity scores > 99 % against KPN91 are removed. The 549 

numbers above the chart indicate the intron identity between KPN91 and KPN323. The 550 

tiles on the right of the chart are the lineages defined by intron pattern and intronic 551 

phylogeny. The y axis is the order of intronic phylogeny (fig. S6). 552 

 553 

Figure 6: Intergene length distribution and rearrangement events between 554 

Ogasawara and Taiwan/Ryukyu lineages. 555 

(A) The intergene length between lineages and rearranged or non-rearranged intergene 556 

against KPN91 (fig. S8) are significantly different (**: P < 0.01, ***: P < 0.001). The 557 

dotted line represents KPN91 intergene length. (B) Rearrangement events in four 558 

defined regions between lineages in (A). Red arrows are mitochondrial core genes and 559 

green tiles are tRNA genes. Red links between mitogenomes are aligned regions with 560 

identity > 80%. The intergene boundaries are labelled under Pn113. The plot was 561 

generated with genoplotR package in R. 562 

 563 

 564 

 565 

 566 

 567 

 568 

 569 

 570 

 571 

 572 
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Table 1: General statistics of six mitogenomes. 574 

 575 

 576 
 577 

Table S1: Putative intronic and intergenic ORFs and pfam annotations. 578 

Table S2: Details of intron properties and HMM domain prediction. The protein 579 

domains were predicted against intron sequences directly, hence may not locate in ORF. 580 

Table S3: Length of different mitogenome properties of 59 Pyrrhoderma noxious 581 

isolates. 582 
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