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Editorial on the Research Topic:
 Mitochondrial Genomes and Mitochondrion Related Gene Insights to Fungal Evolution



Mitochondria are organelles of eukaryotic cells that provide the platform for efficient energy metabolism, Fe/S-cluster biosynthesis, amino acid metabolism, and moreover, they have been linked to apoptosis, senescence, virulence, and drug resistance (Olson, 2001; Osiewacz et al., 2010; Chatre and Ricchetti, 2014; Giordano et al., 2018; Medina et al., 2020).

They originated from an ancestral α-proteobacterial endosymbiont (Margulis, 1970). Several complementary and alternative hypotheses to this firstly endosymbiotic theory have been proposed (for review see Martin et al., 2015 and references therein), which usually indicate with modifications the endosymbiosis of an α-proteobacterium within an archaeon. However, the additional participation of lysogenic viruses to the archaeal progenitor (Bell, 2009) or phage-like infected α-protebacterial progenitors (Varassas and Kouvelis) may have also contributed to the genesis of the proto-eukaryote. Mitochondria are semi-autonomous organelles, since they carry their own mitochondrial (mt) genomes and the components for protein synthesis. However, mitogenomes do not encode for all molecules necessary for the function and structure of this organelle. Maintenance of the mitogenome requires nuclear encoded factors that drive DNA replication, repair and transmission (Freel et al., 2015). Expression of mitochondrial genes is assumed to be regulated at the post-transcriptional level requiring nuclear encoded general and gene specific factors that guide transcription, RNA processing, intron splicing, RNA stability and translation (Lipinski et al., 2010; Varassas and Kouvelis). Mitogenome expression is linked with nuclear gene expression, establishing extensive inter-compartmental crosstalk that can integrate organellar gene expression into the cellular context as influenced by physiological, developmental, and environmental cues. A limited number of studies have shown mitonuclear interactions and more specifically, nuclear mitochondrial compatibility and co-adaptation, probably, are key components in fungal evolution and adaptation (Giordano et al., 2018; Steensels et al., 2021). Recently, Clergeot and Olson showed a link of nuclear and mitochondrial loci that affect radial growth of Heterobasidion parviporum heterokaryons (agent of root rot and butt rot of conifers); the mt involved gene has been identified as a unidentified ORF (uORF) (Himmelstrand et al., 2014), correlated to mt plasmids integrated to the mt genome (Medina et al., 2020). Mitogenomes probably encode uORFs and, by definition, these have no known function and homologs. These genes potentially evolved by endogenous events and although these might be viewed as accessory elements (or not essential), uORFs may have lineage specific functions that allow for fungi to adapt to certain environmental conditions or act as key drivers of evolution for host-pathogen interactions (Monteiro-Vitorello et al., 1995; Inoue et al., 2002; Patkar et al., 2012; van de Vossenberg et al., 2018).

In general, fungal mitogenomes contain genes which encode products (RNAs or proteins) involved in translation (the small and large ribosomal subunit RNAs (rns and rnl) and a set of tRNAs), plus genes encoding protein components involved in the electron transport chain and oxidative phosphorylation. This includes parts of Complex I (subunits of NADH dehydrogenase: nad1 to nad6 and nad4L; except for members of the Taphrinomycota and Saccharomycetaceae and Saccharomycodaceae families of the Saccharomycetales), components of Complex III (cob) and Complex IV (cox1, cox2, and cox3), plus members of Complex V (ATP synthase components: atp6, atp8, and usually atp9) (Zardoya, 2020). Mitogenomes can also encode a ribosomal protein (rps3 or var1) and the RNA (rnpB gene) component for RNaseP (Lang, 2018). The above-mentioned genes are designated as the conserved elements of fungal mitogenomes, even though it was recently shown that one or more of these genes may be also absent, arbitrarily in fungi independent to their taxonomic position (Korovesi et al., 2018; Fonseca et al.). Mitogenomes also include many accessory genes and elements in their content, besides the uORFs mentioned above. For example self-splicing introns, intron encoded ORFs, uORFs and in some members of the Ascomycota mitochondrial ORFs have been detected that appear to encode putative N-acetyltransferases and amino-transferases (Wai et al., 2019). Variability in mitogenome size is in part due to intergenic spacers, duplications, proliferation of repeats, and insertions of plasmid components or other elements (Bullerwell and Lang, 2005; Himmelstrand et al., 2014; Medina et al., 2020) (Fonseca et al.; Hao). All the above elements render fungal mitogenomes greatly diverse in content and ranging in size from 12.055 to > 500 kb (James et al., 2013; Liu et al., 2020).

Mt protein and rRNA coding genes are, usually, interrupted by introns that based on the RNA secondary structure and their splicing mechanisms can be assigned to either group I or group II introns (Michel and Westhof, 1990; Lang et al., 2007; Prince et al.). Mitochondrial introns are potentially self-splicing but to achieve splicing competent configurations they need to recruit protein factors (reviewed in Prince et al.). Organellar introns can be mobile elements as they encode intron-encoded proteins (IEPs) that may catalyze the movement of an intron from an intron-containing allele to cognate alleles that lack introns, a process referred to as intron homing or retro-homing, if mediated by reverse transcriptase activity (Belfort et al., 2002). Mobile introns (and their ORFs) are often referred to as diversity generating elements and they can be the major sources of mitogenome size polymorphisms within a species (Li et al.; Valenti et al.; Yildiz and Ozkilinc). However, there are examples where size variation and expansion are linked to repeats and not introns (Hao). In some fungal lineages, expansion of the mitochondrial genome is linked to the expansion of intron numbers (Megarioti and Kouvelis, 2020; Mukhopadhyay and Hausner, 2021), offering a possibility of fine tuning mitochondrial gene expression by nuclear factors that are involved in the splicing of group I and II introns (Rudan et al., 2018; Mukhopadhyay and Hausner, 2021; Lin et al.; Yildiz and Ozkilinic).

Mt accessory elements, like intergenic regions, where promoters, GC-clusters and other repetitive elements are located, show greater diversity and evolve faster, compared to the mt coding genes, which remain under purifying selection (Raffaele and Kamoun, 2012; Kolondra et al., 2015; Li et al.; Yildiz and Ozlilinc). Accessory elements can contribute to mt gene shuffling and the variable mitogenome reorganization through promoting recombinational events (Zhang et al.; Hao). This makes comparative mitogenome analyses essential in deciphering their evolution and diversity. In addition, this comparative analysis has been valuable in resolving issues related to fungal taxonomy, population genetics and diagnostics. On a global scale, fungal mitogenomes might be too variable to provide resolution to address some of the deeper phylogenetic issues within the Mycota (Fonseca et al.). As mentioned above, mitogenome architecture (gene composition and synteny) is highly variable among the fungi due to recombination events. These events are promoted by potential hyphal fusion associated with the existence of potential heteroplasmy (Zhang et al.). Combined with repeats promoting intrachromosomal recombination events and the potential horizontal movements of mobile elements (GC clusters, group I and II introns, homing endonuclease genes) plus uniparental inheritance, phylogenies based on mitogenomes have to be interpreted with caution when trying to address deeper phylogenetic questions (Aguileta et al., 2014; Stoddard, 2014; Repar and Warnecke, 2017; Mayers et al., 2021; Fonseca et al.; Hao). With regards to fungal pathogens, mitogenomic approaches have established potential links with fungicide/drug resistance and mitogenome features that can be linked to adaptation to specific hosts (Cinget and Bélanger, 2020; Wai and Hausner, 2021). On the latter issue, Lin et al. observed that among Rhizoctonia solani anastomosis groups there was some correlation between mitogenome gene expression patterns and the plant host, offering potential insights into fungal pathogens that have adapted to different hosts.

This special issue provides a cross section of research highlighting the various aspects of comparative mitogenomics and the potential of mitonuclear interactions on fungal adaptation and evolution. Yet, it also shows the need for more work on this topic, starting from improvements in accurate mitogenome annotations to the application of omics and systems biology approaches in unraveling the complexities of mitonuclear interactions and regulatory processes.
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Monilinia fructicola and Monilinia laxa species are the most destructive and economically devastating fungal plant pathogens causing brown rot disease on stone and pome fruits worldwide. Mitochondrial genomes (mitogenomes) play critical roles influencing the mechanisms and directions of the evolution of fungal pathogens. The pan-mitogenomics approach predicts core and accessory regions of the mitochondrial genomes and explains the gain or loss of variation within and between species. The present study is a fungal pan-mitogenome of M. fructicola (N = 8) and M. laxa (N = 8) species. The completely sequenced and annotated mitogenomes showed high variability in size within and between the species. The mitogenomes of M. laxa were larger, ranging from 178,351 to 179,780bp, than the mitogenomes of M. fructicola, ranging from 158,607 to 167,838bp. However, size variation within the species showed that M. fructicola isolates were more variable in the size range than M. laxa isolates. All the mitogenomes included conserved mitochondrial genes, as well as variable regions including different mobile introns encoding homing endonucleases or maturase, non-coding introns, and repetitive elements. The linear model analysis supported the hypothesis that the mitogenome size expansion is due to presence of variable (accessory) regions. Gene synteny was mostly conserved among all samples, with the exception for order of the rps3 in the mitogenome of one isolate. The mitogenomes presented AT richness; however, A/T and G/C skew varied among the mitochondrial genes. The purifying selection was detected in almost all the protein-coding genes (PCGs) between the species. However, cytochrome b was the only gene showing a positive selection signal among the total samples. Combined datasets of amino acid sequences of 14 core mitochondrial PCGs and rps3 obtained from this study together with published mitochondrial genome sequences from some other species from Heliotales were used to infer a maximum likelihood (ML) phylogenetic tree. ML tree indicated that both Monilinia species highly diverged from each other as well as some other fungal species from the same order. Mitogenomes harbor much information about the evolution of fungal plant pathogens, which could be useful to predict pathogenic life strategies.

Keywords: pan-mitogenomics, mitogenome, evolution, Monilinia species, brown rot


INTRODUCTION

Fungi are one of the most remarkable and diverse kingdom, with approximately 720,256 species compared with other eukaryotic organisms worldwide (Blackwell, 2011; Badotti et al., 2017). Fungal genomics exhibit important data for studies of adaptive behavior and evolutionary research due to their highly dynamic and fast-evolving features. High-throughput sequencing technologies have allowed for sequencing of the tremendous number of fungal nuclear genomes across many species, with a total of 2,5991. However, relatively limited data is available for whole mitochondrial genomes. For instance, only 793 mitochondrial genomes have been announced by NCBI Organelle Genome Resources2. Mitochondrial genomes present valuable information to explain both adaptative traits and the evolution of pathogens. Fungal mitochondrial genes can be targeted for plant disease management (Medina et al., 2020) and provide specific markers for population studies, as well as species diagnosis (Santamaria et al., 2009). Furthermore, mitogenome data contribute to expand information of fungal phylogenetics (Chen et al., 2019; Nie et al., 2019; Li Q. et al., 2020). Fungal mitochondrial genomes consist of highly conserved proteins and RNA encoding genes related to respiration and translation processes (Aguileta et al., 2014; Franco et al., 2017). Moreover, the presence of mitochondrial-encoded ribosomal protein genes, such as rps3, and its homologs (var1 and S5) differs among fungal groups, and these genes may have been transferred to the nuclear genomes in different eukaryotic species (Bullerwell et al., 2000; Smits et al., 2007; Sethuraman et al., 2009; Korovesi et al., 2018; Yildiz and Ozkilinc, 2020). Furthermore, copy number, gene duplications, gain/loss of introns, and transposable and repetitive elements are the main factors causing mitogenome variations (Basse, 2010; Aguileta et al., 2014). Because of these factors, mitogenome sizes may vary within and among fungal taxonomic groups (Burger et al., 2003). Recent studies showed that homing endonucleases, such as GIY-YIG and LAGLIDADG families, play a significant role in shaping fungal genome structure and contribute to variations within and between species (Sandor et al., 2018; Kolesnikova et al., 2019; Yildiz and Ozkilinc, 2020).

Fungal mitogenomes have been evaluated for genomic features (Li Q. et al., 2020), comparative mitogenomics (McCarthy and Fitzpatrick, 2019), and pan-mitogenomics (Brankovics et al., 2018). The pan-genomic approaches, using a comparative genomics-based methodology to identify the core and accessory genomes or genomic regions, were applied on bacterial genomes at first (Tettelin et al., 2008). Core genomes tend to be conserved among strains, such as many housekeeping genes involved in translation, metabolism, and oligopeptide metabolism (McCarthy and Fitzpatrick, 2019). However, the accessory genome includes dispensable, variable, and “unessential regions,” which may not be present in all strains or isolates within a clade (Torres et al., 2020). Thus, genome content can vary in distinct populations of a single fungal species, and the inventory of the variation at the genomic level in different isolates is crucial to characterize the complete set of accessory genes (Stajich, 2017). Two-speed genome evolution is referred to indicate compartmentalization of the fungal genomes as shared and slowly evolving regions as well as variable and fast-evolving regions (Dong et al., 2015; Bertazzoni et al., 2018; Torres et al., 2020). Pangenomics approach has recently resolved different fungal nuclear genomes (Kelly and Ward, 2018; McCarthy and Fitzpatrick, 2019; Badet et al., 2020); however, only few studies focused on mitochondrial genomes. For instance, sequencing of mitogenomes of Aspergillus and Penicillium species were analyzed by presenting core and accessory genes through comparative mitogenome analyses (Joardar et al., 2012). The mitogenome of phytopathogenic fungus Fusarium graminearum was analyzed considering the pan-mitochondrial genomics concept (Brankovics et al., 2018).

Monilinia species include phytopathogenic fungi that belong to the Ascomycota division. They cause brown rot disease on many stone and pome fruits, which results in severe economic losses around the world. Monilinia laxa, Monilinia fructicola, and Monilinia fructigena are the prevalent pathogenic species of the Monilinia genus causing this disease (Holb, 2006, 2008). The complete mitogenome of M. laxa was characterized by our previous study for the first time and presented higher content of mobile introns in comparison to some of the other phytopathogenic species from closely related genera (Yildiz and Ozkilinc, 2020). Thus, we expected high mitochondrial diversity within this pathogenic species and its relative, causing the same disease. This study aimed to uncover mitochondrial variations, by pan-mitogenomic approach, of the 16 mitogenomes from the two prominent and most abundant species (M. fructicola and M. laxa) that are known to cause brown rot disease. Mitogenomes were annotated as well as phylogenetics, and evolutionary selections were evaluated based on the protein-coding regions of the mitogenomes. This provides an essential foundation for future studies on population genetics, taxonomy, and crop protection strategies from the perspective of mitogenomics.



MATERIALS AND METHODS


Fungal Isolates and DNA Extraction

Isolates of Monilinia species were selected from the collection of Dr. Ozkilinc. Original isolates were long term stored at −20°C on Whatman filter papers no 1. Isolates were obtained from infected peach fruits from different orchards in six cities of Turkey (Ozkilinc et al., 2020). Sixteen isolates from a large collection of Monilinia samples were selected. The list of selected fungal pathogens of M. fructicola and M. laxa species is represented in Table 1. Selected isolates were grown from their original stored cultures on potato dextrose agar media at 23°C in the dark. Mycelia were transferred to potato dextrose broth and incubated at room temperature on a rotary shaker at 150 rpm for 5–7 days for genomic DNA isolation (Yildiz and Ozkilinc, 2020). Total DNA extractions were carried out using a commercial kit for fungi/yeast genomic DNA isolation (Norgen Cat. 27300, Canada), following the manufacturer’s protocol. Concentration and purity of DNAs were assessed with a spectrophotometer (NanoQuant Infinite M200, Tecan) and a fluorometer (Qubit 3.0, Thermo Fisher Scientific, United States), then the DNAs were sent to an external service for Illumina-based library construction and short-read sequencing (Macrogen Inc., Next-Generation Sequencing Service, Geumcheon-gu, Seoul, South Korea).


TABLE 1. The list of selected fungal isolates from M. fructicola and M. laxa species.
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Genome Sequences and de novo Assembly

The whole-genome sequence libraries of the 16 Monilinia spp. isolates were constructed using Illumina platform with TruSeq Nano kit to acquire paired-end 2 × 151 bp with 350-bp insert size, provided by Macrogen Inc., Next-Generation Sequencing Service. Adapters and low-quality reads were removed from raw data by using Trimmomatic 0.36 (Bolger et al., 2014) with the parameters as followed previously (Yildiz and Ozkilinc, 2020). The reads were evaluated to control the quality of sequences by using FastQC (Andrews, 2010), and the quality-checked data were used for further analysis. The mitogenomes were assembled de novo and extracted from the complete genome data using GetOrganelle v1.6.2 (Jin et al., 2019) with K-mer value: 105, including the SPAdes v3.6.2 (Bankevich et al., 2012) assembly program. QUAST reports presenting contig sizes, N50, and L50 were checked for the assembled contigs, including possible mitogenomes (Gurevich et al., 2013). The obtained mitogenomes for each isolate were visualized using the Geneious 9.1.8 program (Kearse et al., 2012). Mitogenomes represented by more than one contig were mapped by referring to the other completed mitogenomes using Geneious 9.1.8 (Kearse et al., 2012).



Mitochondrial Genome Annotations and Gene Orders

Core protein-coding genes (PCGs), ribosomal RNA, transfer RNA, and introns were annotated using the online server MFannot (Beck and Lang, 2010) and Mitos WebServer (Bernt et al., 2013). Mold/Protozoan/Coelenterate mitochondrial genetic code four was used for the annotation of the mitogenomes. Annotation of rRNA and tRNA genes was checked by using RNAweasel (Beck and Lang, 2010) and tRNAscan-SE 2.0 (Lowe and Chan, 2016), respectively. Hypothetical proteins, including ORFs and LAGLIDADG, GIY-YIG homing endonuclease families, were detected in intergenic regions using ORFinder in NCBI and Sequence Manipulation Suite: ORFFinder (Stothard, 2000), as well as the product of possible protein sequences, were checked by smart-blast in NCBI. Possible predicted mitochondrial genes were confirmed by a basic local alignment search tool using a nucleotide blast (BLASTN) in NCBI. The previously annotated mitogenome of M. laxa isolate (Ni-B3-A2) (accession number: MN881998) was used as a reference to check the annotations. Annotated gene arrangements were analyzed by using MAUVE 2.3.1 software (Darling et al., 2010). Moreover, duplicate regions in mitogenomes of isolate M. fructicola were investigated by using the Geneious 9.1.8 program (Kearse et al., 2012).



Identification of Repetitive Sequences

The repetitive elements in the mitogenomes were determined by using Tandem Repeats Finder (Benson, 1999). The repetitive sequences and their motifs were compared within and between the species.



Pan-Mitogenomics Analysis to Predict Conserved and Variable Regions Within Species

The percentages of the conserved and variable regions of the mitogenomes within each species were determined using bioinformatics tools Spine and AGEnt (Ozer et al., 2014). Additionally, R programming language with a deviance function from the stats package (R Core Team, 2013) was applied to interpret the statistical analysis of whether the intragenic intron sizes have contributed to differentiation in mitogenome sizes within the species. Thus, a linear correlation between the mitochondrial genome size (as the dependent variable) and intron length (as the independent variable) was tested based on the null hypothesis of positive correlation expectation.



Estimation of Codon Usage and Evolutionary Selection Patterns in Mitogenomes of Monilinia Species

The non-synonymous (Ka) and synonymous substitution rates (Ks) were calculated for all PCGs by using DnaSP v6.10.01 (Rozas et al., 2017). Since all the coding regions were almost the same within the species, the evolution rate was estimated on the total data set from both species. The strength of selection was inferred by considering that if the calculated ratio is equal to, greater than, or less than 1 indicates neutral evolution, positive (diversifying) selection, or purifying (negative) selection, respectively. Ka/Ks values for all protein-coding regions were visualized with ggplot in R programming language (R Core Team, 2013). The Relative Synonymous Codon Usage (RSCU) was obtained using MEGA 7 software (Kumar et al., 2016) and determined for all coding regions. Furthermore, the nucleotide frequency of occurrence in each protein-coding gene (including the full length of the exons and introns) as well as in genes related to the ribosome (rnl and rns) was assessed for A/T and G/C asymmetry by using the following formulas:
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Phylogenetic Analysis Based on Amino Acid Sequences of Mitochondrial Protein-Coding Genes

Amino acid translation of the PCGs in the mitochondrial genomes of M. fructicola and M. laxa isolates were obtained based on the mitochondrial translation code data four using the Geneious 9.1.8 program (Kearse et al., 2012). The phylogenetic tree was constructed using a concatenated amino acid matrix of the 14 core mitochondrial genes and ribosomal protein of M. fructicola and M. laxa isolates. To strengthen the evolutional relationships between our data and other genera of the Helotiales, amino acid sequences of each of the PCGs and ribosomal protein were included from published mitochondrial genome data. Additional datasets were obtained from NCBI GenBank under the following accession numbers; KC832409.1 (Botrytinia fuckeliana), KJ434027.1 (Sclerotinia borealis), KT283062.1 (Sclerotinia sclerotiorum), KF169905.1 (Glarea lozoyensis), NC_015789.1 (Phialocephala subalpine), KF650572.1 (Rhynchosporium agropyri), KF650575.1 (Rhynchosporium secalis), KF650573.1 (Rhynchosporium commune), and KF650574.1 (Rhynchosporium orthosporum). The multiple protein sequences were concatenated by using the Geneious 9.1.8 program (Kearse et al., 2012) and aligned by ClustalW using MEGA software version 7 (Kumar et al., 2016). The maximum likelihood (ML) was constructed using RAxmlGUI v2.0 (Silvestro and Michalak, 2012) with 1,000 bootstrap replicates under BLOSUM62 substitutional matrix. The phylogenetic tree was visualized by FigTree v1. 4. program (Rambaut, 2012) and rooted at the midpoint.



RESULTS


Sequence Features of Mitogenomes of Monilinia Species

Most of the mitogenomes were extracted as one contig. However, the mitogenomes of five isolates (Yolkenari-1, Yildirim-2–10th, Ti-B3-A3-2, BG-B1-A17, and SC-B2-A4) were represented by four contigs. These contigs were mapped by using the other completed mitogenomes as reference. Statistics of QUAST reports for the assembled mitogenomes of 16 isolates of Monilinia species are provided in Table 2. After mapping, the mitogenome sizes ranged from 158,607 to 167,838 bp for M. fructicola and from 178,351 to 179,780 bp for M. laxa. Intraspecific length variations within isolates of M. fructicola were larger than the variations observed for the M. laxa isolates. An isolate of M. laxa (isolate code is MM-B2-A2) had the largest mitogenome size with 179,780 bp, while the isolate (coded as T-B1-A5) from M. fructicola species had the smallest mitogenome size with 158,607 bp. Total GC% content of all mitogenomes ranged between 30.0 and 31.1%.


TABLE 2. QUAST report for the 16 mitogenomes of Monilinia spp.
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Annotated Mitogenomes of Brown Rot Fungal Pathogens

The annotated mitogenome, with circular structure, of M. fructicola (BG-B1-A4) was chosen as representative sequence and submitted for the first time to the NCBI GenBank (accession number MT005827) (Figure 1 and Supplementary Table 1). Besides, all the mitogenomes were submitted to NCBI GenBank and the accession numbers were provided in the “Data Availability Statement” section at the end of the paper. On the other hand, the complete mitogenome of the isolate Ni-B3-A2 of M. laxa species was submitted to the NCBI GenBank with accession number MN881998 by our previous study (Yildiz and Ozkilinc, 2020). Mitogenomes of the 16 isolates of Monilinia species had the 14 PCGs responsible for mitochondrial oxidative phosphorylation system (OXPHOS) and ATP synthesis, including cytochrome c oxidase subunits 1, 2, and 3 (cox1-3), NADH dehydrogenase subunits 1–6 and 4L (nad1-6 and nad4l), ATP synthase subunits 6, 8, and 9 (atp6-8-9), and cytochrome b (cob or cytb). Furthermore, two ribosomal RNA genes for large and small subunits (rnl and rns), 32 transfer RNA (tRNAs), and a gene-encoding ribosomal protein S3 (rps3) were annotated. A set of 32 tRNAs of Monilinia isolates encoded for 20 essential amino acids were involved in the mitochondrial protein synthesis (Figure 1). However, alanine (Ala) and cysteine (Cys) amino acids were absent in the mitochondrial tRNAs of M. fructicola and M. laxa, respectively. Moreover, for both species, some of the tRNA genes encoding different anticodons corresponded to the same amino acids. For instance, four copies of arginine amino acid, which were encoded by TCT and TCG anticodons (Supplementary Table 2). The AT-rich content for tRNA codons was observed in both species (Supplementary Table 2). The mitogenomes of M. fructicola and M. laxa also contained some unidentified open reading frames, represented as ORFs encoding hypothetical proteins, and those ORFs were conserved within the species.
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FIGURE 1. (A) Annotated reference circular mitogenomes of M. fructicola, showing core conserved protein-coding genes (blue) with introns-encoded homing endonucleases (pink and turquoise), reverse transcriptase (black), orf (orange), two ribosomal subunits (green), rps3 (yellow), introns (gray), and tRNAs (red). (B) Length variation of 14 protein-coding genes, two ribosomal subunits, and rps3 among 16 mitogenomes of Monilinia pathogens.


The largest gene sizes among the mitochondrial PCGs in the isolates of M. fructicola were detected in cytochrome c oxidase (cox) subunits 1,2,3 and cytochrome b (cytb), ranging from 23.8 to 11 kb (Figure 1). The large-sized PCGs of M. laxa isolates were cox1,2,3, cytb, and nad5 genes, ranging from 15.3 to 11 kb. Gene lengths were similar within the species but varied between the species. However, atp8 and atp9 genes showed the same size for all the 16, regardless of the species (Figure 1 and Supplementary Table 1). An unknown sequence with 1,219-bp length was detected within the rnl gene, only in the mitogenomes of the isolates of M. fructicola. This unknown sequence was not matched with any sequence in the NCBI gene bank. Furthermore, another duplication of this unknown sequence was detected within the rnl of the isolate named Ti-B3-A2, which has one of the largest mitogenome among all. On the other hand, these sequences were not present in any of the isolates of M. laxa.



Skewness and Codon Usage Analysis

Nucleotide contents of the 16 mitogenomes were represented according to their AT and GC skew values (Figure 2). Many of the PCGs showed negative AT skews for both species, except for the genes of atp6, cox1, cox2, and cox3, which exhibited a positive AT skew (Figure 2). The AT skew of nad4l varied among species as positive and negative asymmetry for M. fructicola and M. laxa, respectively. The GC skews of the core PCGs for 16 mitogenomes showed positive asymmetry except for atp8 and nad3, which exhibited negative GC skews. Moreover, the GC skew of nad6 was positive for the isolates of M. fructicola but negative for the isolates of M. laxa. In addition, genes encoding ribosomal subunits (rnl, rns) and ribosomal protein (rps3) showed positive AT and GC skewness in all the mitogenomes of Monilinia samples (Figure 2).
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FIGURE 2. Graphical illustration showing the (A) AT- and (B) GC-skew in the mitochondrial genes of the 16 isolates of Monilinia spp.


Codon usage analysis for the 14 mitochondrial PCGs and rps3 indicated that the most frequently used codons are as shown in the Supplementary Table 3. Codon usage patterns were quite similar between the 16 mitogenomes. The total number of codons was the highest for Leucine (Leu), Isoleucine (Ile), Lysine (Lys), and Phenylalanine (Phe) amino acids in mitogenomes of Monilinia species (Supplementary Table 3).



Comparison of Gene Arrangements of the Annotated Mitogenomes

The Mauve alignment reflected a conserved synteny among the 16 mitogenomes, which were divided into 11 homologous regions and represented with different colored synteny blocks (Figure 3). Gene order in the mitogenomes of M. fructicola isolates 3 was conserved with the exception for the order of the rps3 gene, which differed in the isolate coded T-B1-A5 (Figure 3). Rps3 was found as a free-standing gene in the mitogenomes analyzed. Gene order in the mitogenomes of M. laxa isolates was conserved within the species (Figure 3).
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FIGURE 3. Gene order of 16 mitogenomes of Monilinia isolates is shown. Homologous regions are colored differently and numbered to follow the order.




Repetitive Sequences in the Mitogenomes of the Isolates of Monilinia species

Different repetitions were detected within the two species (Table 3). Isolates of M. fructicola presented two sequence motifs, which were (TAC)29 and (TC)18 located in the intergenic regions (Table 3). Among the eight mitogenomes of M. fructicola, 33–37 repeats were detected, and these repetitions covered 1.23–1.41% of the total mitogenome sizes. All the mitogenomes of M. laxa represented repetitive sequences in 59–60 bp in length comprising 1.60–1.69% of the total mitogenomes. The most longest repeats of more than 10 bp were (AT)17 in the mitogenome of M. laxa was detected previously (Yildiz and Ozkilinc, 2020). This repetition was found in the seven other isolates of the species. (AT)17 sequences were within an intron of the cytb gene, as reported previously (Yildiz and Ozkilinc, 2020).


TABLE 3. Information on repetitive motifs detected in the mitogenomes of 16 isolates of number Monilinia spp.
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Introns in the Mitogenomes of Monilinia Pathogens

Introns distributing within genic and intergenic regions, as well as mobile intron groups, were detected in all mitogenomes obtained from different isolates of two pathogenic species. The intron content of different genes varied in both species. In M. fructicola, the number of introns for each gene was Cox1 with 13 introns, cox2 with five introns, cox3 with seven introns, cytb with seven introns, nad2 and nad4 with one intron, nad5 with two introns, atp6 with two introns, and large and small ribosomal subunit with four introns. On the other hand, nad1, nad3, nad4l, atp8, and atp9 were found as intronless genes. Besides, some of the mitogenomes showed intron expansions within nad2 and nad5. The isolates Ti-B3-A2, Ti-B3-A3-2, and Yolkenari-1 presented an additional intron (total 1,459 bp in size) in the nad2 gene in comparison to the other samples. The nad5 gene in the mitogenomes of the two isolates (Ti-B3-A2 and Yolkenari-1) included two extra introns (total 3,568 bp in size) to compare other isolates of the same species (Figure 4).
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FIGURE 4. Intron size variations among 16 isolates of Monilinia spp.


For all the eight mitogenomes of M. laxa, a total of 34 intron locations were found in cox1 gene with six introns, cox2 gene with seven introns, cox3 gene with four introns, cytb gene with seven introns, nad5 gene with five introns, nad1 gene with one intron, as well as the nad2, nad4, atp6, and rnl genes with one intron. On the other hand, nad3, nad4l, atp8, atp9, and rns did not contain any intron. Furthermore, MM-B2-A4 had one extra intron within the rns gene encoding a small ribosomal subunit. The total number of introns were greater in the mitogenomes of M. fructicola than in the mitogenomes of M. laxa; however, the total intron lengths were larger in the mitogenomes of M. laxa (Figure 4). Introns in the mitogenomes of M. fructicola isolates covered 42.2% of the whole mitogenome, and within the non-coding regions (28%) and within coding regions (14.2%). The introns in mitogenomes of M. laxa isolates covered 38.9% of the whole mitogenome and were within the non-coding region (16.3%), and within coding sequences (22.6%).

For M. fructicola isolates, the most intronic sequence carrying gene was the cytb with 72.8%, and intron rich genes followed by cox1 (66.5%), cox2 (61.5%), and cox3 (53%). The most intronic content was found in the cox2 gene with 65.4% and followed by nad1 (65.2%), cytb (62.1%), and cox3 (53%) for M. laxa isolates. Besides, group I and group II mobile introns were detected in the mitogenomes of M. fructicola (Figure 1). Different LAGDIDADG and GIY-YIG elements encoding homing endonucleases were detected within genic and intergenic regions of the mitogenomes of M. fructicola. Each of these elements from group I was represented as a single copy. Representation of group I mobile introns was given in detail for one isolate of M. laxa in our previous study (Yildiz and Ozkilinc, 2020). Group I mobile introns encoding homing endonucleases were found as approximately 18.1% of the whole mitogenome of M. fructicola and 35.4% of the whole mt-genome of M. laxa. Moreover, three different sequences were annotated as group II introns in the mitogenomes of M. fructicola. These sequences were the same and located in the same positions within all mitogenomes of the isolates of M. fructicola. These sequences were annotated as encoding reverse transcriptase/maturase (Figure 1). Group II introns were not detected within the mitogenomes of M. laxa.



Pan-Mitogenomics

The core mitochondrial genes included 14 PCGs, rns, rnl, and rps3. Except for rnl, rns, nad2, and nad5, all core genes were found fully conserved within species. Genic and intergenic introns, mobile introns (group I and group II), and repetitive sequences considered accessory regions of mitogenomes. However, many of these accessory elements were conserved within the species. The conserved regions formed a large portion of the mitogenome (ranging between 94 and 98%), while the variable regions covered 1.19–5.6% of the whole mitogenomes of the M. fructicola isolates. The most accessory-rich mitogenomes were detected in the isolates coded Ti-B3-A2 and Yolkenari-1 within M. fructicola (Figure 5). The whole mitogenomes of the isolates of M. laxa conserved within the species with the exception that one isolate (called MM-B4-A2) carried 0.7% of the total genome as a variable, which was not shared with any other isolate within this species (Figure 5).
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FIGURE 5. Predicted percentage of conserved and variable regions of the mitogenomes within each species (A) M. fructicola and (B) M. laxa.


According to the linear model test, intragenic introns had a significant effect (P < 0.0001 for both species) on mitogenome length variation. R2 values explaining dependent (mitogenome length) and independent (intron length) variables were found as 0.9851 and 0.995 for M. fructicola and M. laxa, respectively.



Evolutionary Selection on Mitochondrial Genes of Monilinia Species

The evolutionary rates among the 16 mitogenomes from the two species showed that most of the genes were under negative (purifying selection) (Figure 6). The Cox3 gene indicated neutral selection (Figure 6). The cytb gene was under diversifying or positive selection, and the remaining genes were under purifying selection (Figure 6).
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FIGURE 6. The non-synonymous/synonymous mutation rates (Ka/Ks) were of the protein-coding regions and rps3 in the 16 mitogenomes from M. fructicola and M. laxa species.




Maximum Likelihood Analysis of Mitochondrial Protein-Coding Genes of Monilinia spp. and Other Genera From the Heliotales

The ML tree was obtained for the amino acid sequences of 14 PCGs and rps3 of the M. fructicola, M. laxa, as well as some other species from Heliotales (Figure 7). Since all the amino acid sequences were conserved within the species, isolates were clustered together for each Monilinia species. However, M. fructicola and M. laxa diverged from each other with the high bootstrap value. Both Monilinia species were also distinctly related with the other species from Heliotales (Figure 7).
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FIGURE 7. Maximum likelihood tree inferred from the dataset of amino acid sequences of the 14 core mitochondrial genes and ribosomal protein for Monilinia isolates used in this study and other species of the Helotiales obtained from the NCBI GenBank. Node numbers show bootstrap support values. Concatenated order follows as cox1, nad4, cob (cytb), atp9, nad2, nad3, cox2, nad4l, nad5, nad6, cox3, nad1, atp8, atp6, and rps3. Node numbers show bootstrap support values.




DISCUSSION

In this study, the complete mitogenomes of M. fructicola and M. laxa isolates were evaluated in-depth to understand variations within and between the species utilizing the pan-mitogenomic approach. The sizes of the 16 mitogenomes varied from 158,607 to 179,780 bp. The length of fungal mitogenomes is highly variable among the fungal species. It can range from 30 kb for the yeast Candida parapsilosis (Nosek et al., 2004) to 235 kb for Rhizoctonia solani (Losada et al., 2014). Based on the published data, mitogenomes of Monilinia pathogens seem to be quite large compared with other fungal mitogenomes. S. borealis, S. sclerotiorum, and Botrytis cinerea, closely related genera to Monilinia, presented mitogenomes of be 203, 128, and 82 kb in size, respectively (Mardanov et al., 2014). Mitogenome size differences are mainly related to the number and size of introns and repetitive elements that constitute the accessory part of the mitogenomes. Moreover, a variable number of genes of tRNAs, as well as loss/gain of some genes, such as nad and atp subunits, affect the mitogenome sizes (Aguileta et al., 2014; Franco et al., 2017; Li X. et al., 2020; Yildiz and Ozkilinc, 2020). In our study, the main factors that determined the differences in size of mitogenomes were introns, mobile intron groups, and repetitive sequences. Moreover, an unknown sequence and its duplicate was detected within the rnl gene within the isolates of M. fructicola and were not found in the mitogenomes of isolates of M. laxa. The origin and/or the duplication of this unknown sequence could be due to the mobility of mobile introns. Since this sequence was found within an rRNA-encoding gene, a group I intron-encoding RNA working as a ribozyme could be the source for this sequence. This further indicates that dynamism has been shaping the evolution and structure of the fungal mitogenomes continuously.

Fungal mitogenomes are known to have a high AT content, as confirmed in this study as well as in previous studies (Torriani et al., 2014; Franco et al., 2017). The high GC content of genomes was reported to affect the genome to evolve the advantage to maintain DNA stability in the high temperature, UV exposure, and fungicides (Musto et al., 2006; Marsolier-Kergoat, 2013). Furthermore, GC content has an important effect on evolutionary selection, recombination, gene conversion, and recombination in fungal plant pathogens (Stukenbrock and Dutheil, 2018). These considerations can be extended to mitogenomes as well.

Fungal mitogenomes have clustered with many tRNA genes with the different anticodons, indicating a strong preference for A or T, in the third position of codons. This strong preference using A/T has been defined in other species as wobble pairing and codon usage bias (Novoa and de Pouplana, 2012; Wei et al., 2014). However, having the decoders or iso-acceptors may cause mischarging (Pan, 2018), but this situation was not discussed or shown in any fungal mitochondrial genome.

Repetitive elements were 1.23–1.69% in the mitogenomes assessed in this study. The total number of these elements was found greater and more diverse in M. laxa than in M. fructicola. Expansion of repetitive elements may have caused replication slippage and the correction of mitochondrial replication process together with proofreading efficiency may differ among the species. It is known that repeat-rich areas evolve more rapidly than other genomic regions (Raffaele and Kamoun, 2012; Dong et al., 2015). If the repeat-rich regions locate within genic regions, changes in these elements may indicate evolutionary selections of certain traits such as resistance or host adaptation (Raffaele et al., 2010; Nardi et al., 2012). Furthermore, exploring repetitive elements in mitogenomes could be highly useful in population genetics analyses, and they could have an important role for the dynamic structure of mitogenomes. Besides, mitochondrial repetitive elements can be useful molecular markers to study population structures.

Core PCGs related to mitochondrial OXPHOS and ATP synthesis are usually essential for the organisms’ life and, thus, highly conserved within the mitogenomes. However, accessory regions could affect some traits, such as pathogenesis and virulence reference (Tettelin et al., 2008), and not be crucial for the survival of the organism. We observed a negative correlation between mitogenome size and virulence degree for these isolates (unpublished data by HÖ). It is well known that accessory regions in the nuclear genomes may change to adapt to evolutionary processes among the fungal isolates of the same species (Plissonneau et al., 2018; Badet and Croll, 2020). However, the effects of accessory regions of mitogenomes on different fungal traits have not been clarified. Mobile introns are another primary source of the size difference for mitogenomes that are highly found in both Monilinia species. Our previous study showed that M. laxa was the most intron-rich species compared with closely related species from other genera (Yildiz and Ozkilinc, 2020). These mobile introns included many different elements from group I in both species as well as group II introns in M. fructicola. Relatedness and phylogenetic signals of these elements within and between Monilinia species is another question that requires further investigations. Besides, these elements may have a contribution to certain traits such as virulence or fungicide resistance, and our ongoing studies have been directed to answer those questions.

Pan-mitogenomics approach identified that the core and accessory compartmentalizations occurred within M. fructicola species. Even though isolates of M. laxa carried many different introns, mobile elements, and repetitive sequences considered as an accessory part of the genomes, these sequences were mainly conserved among the mitogenomes within this species. Only one isolate of M. laxa diverged from the other M. laxa isolates with a unique region that was represented as a variable part for the mitogenomes of M. laxa. This approach indicates that introns, mobile groups, and repetition patterns are highly conserved and stable within the mitogenomes of M. laxa. In contrast, the mitogenomes of M. fructicola showed variability and dynamism within the species. This could be related to possible recombination and/or selection pressures on mitogenomes of M. fructicola.

A/T and G/C skewness varied among the PCGs as well as between the species for some genes. Interestingly, genes related to ribosomal RNA and protein synthesis were in positive G/C and A/T skewness, indicating the richness of G and A over C and T, respectively. GC compositions were also interpreted as related to transcription start sites in plants and fungi (Fujimori et al., 2005). The different skewness along the regions may also indicate diverse selection pressures on two species. This study indicated that most of the coding genes have been evolving under strong purifying selection between the species according to the Ka/Ks ratios. Diversely, cytb was under a positive selection signal between the species. Cytb gene is one of the target regions of respiratory inhibitors that have been intensively used against fungal plant pathogens. Positive selection signals on this gene could be related to different adaptation responses of the species against fungicide selection pressure, which will be discussed in our further study for these pathogens.

Amino acid sequences of the core mitochondrial PCGs and rps3 were fully conserved within M. fructicola and M. laxa species. Combined protein-coding data set based on ML phylogenetic indicated that these two species are highly diverged from each other as well as some from other fungal species from the Heliotales group. However, since one of the main variation contributors is the mobile introns, phylogenetic effects of these elements would be interesting. Mobile introns may shape evolutionary relationships differently in comparison with core PCGs as presented by Megarioti and Kouvelis (2020). Besides, mobile introns may reveal evolving lineages within each fungal species, and this will be investigated in a further study.

Considerable mitogenomic variations were observed within and between these two important pathogenic species within the Monilinia genus. Fungal mitochondrial genomes are still waiting for many hidden information on fungal traits and evolution. Pangenomic approach is successfully applicable for fungal mitogenomes due to relatively expanded accessory regions, as shown in this study. Since these organisms are important plant pathogens worldwide, resolving their mitogenomes may suggest new disease management strategies and predictions in evolutionary trajectories of the pathogens and the disease.
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In this study, the mitogenome of Hannaella oryzae was sequenced by next-generation sequencing (NGS) and successfully assembled. The H. oryzae mitogenome comprised circular DNA molecules with a total size of 26,444 bp. We found that the mitogenome of H. oryzae partially deleted the tRNA gene transferring cysteine. Comparative mitogenomic analyses showed that intronic regions were the main factors contributing to the size variations of mitogenomes in Tremellales. Introns of the cox1 gene in Tremellales species were found to have undergone intron loss/gain events, and introns of the H. oryzae cox1 gene may have different origins. Gene arrangement analysis revealed that H. oryzae contained a unique gene order different from other Tremellales species. Phylogenetic analysis based on a combined mitochondrial gene set resulted in identical and well-supported topologies, wherein H. oryzae was closely related to Tremella fuciformis. This study represents the first report of mitogenome for the Hannaella genus, which will allow further study of the population genetics, taxonomy, and evolutionary biology of this important phylloplane yeast and other related species.

Keywords: Hannaella, mitochondrial genome, protein coding gene, repeat sequence, gene rearrangement, phylogenetic analysis 3


INTRODUCTION

Hannaella is a basidiomycetous yeast genus belonging to the order Tremellales, phylum Basidiomycota. It was proposed to accommodate species closely related to the genera Derxomyces and Dioszegia, which belong to the Bullera sinensis clade of the Luteolus lineage of the Tremellales based on a series of molecular markers (Wang and Bai, 2008; Kaewwichian et al., 2015; Han et al., 2017). So far, about 12 species have been described in this genus, including Hannaella coprosmaensis, Hannaella dianchiensis, Hannaella kunmingensis, Hannaella luteola, Hannaella phyllophila, Hannaella phetchabunensis, Hannaella pagnoccae, Hannaella surugaensis, Hannaella sinensis, Hannaella siamensis, Hannaella zeae, and Hannaella oryzae (Landell et al., 2014; Kaewwichian et al., 2015; Han et al., 2017). These species are found widely distributed on the leaf surfaces of various plants, including rice, wheat, and fruit trees (Han et al., 2017). As an important phyllosphere-inhabiting yeast, H. oryzae was considered to play an important role in promoting plant growth and biocontrol. This genus is considered to be monophyletic in nature, and H. kunmingensis showed genotypic and phenotypic variability (Dayo-Owoyemi et al., 2013). Both the basidiomycetous and the ascomycetous yeasts have been found colonizing on phylloplane from various regions of the world (Glushakova et al., 2007; Landell et al., 2010; Molnarova et al., 2014). These basidiomycetous genera were found to be the most common phylloplane yeasts, including Sporobolomyces, Rhodotorula, Cryptococcus, Trichosporon, and Hannaella (de Azeredo et al., 1998; Kaewwichian et al., 2015). The mitochondrial genomic characteristics of representative species of the two phylloplane yeast genera (Cryptococcus and Trichosporon) have been published, which facilitated our understanding of phylloplane yeasts (Yang et al., 2012; Gomes et al., 2018; Yan et al., 2018). However, no mitochondrial genome has been published on the genus Hannaella or the family Bulleribasidiaceae. H. oryzae has been isolated from the phylloplane of various plants. The report of its mitochondrial genome will help us understand the genetic characteristics of this important phylloplane yeast.

Mitochondrial genomes are effective tools for analyzing the phylogenetic and genetic evolution of eukaryotes because they contain many available molecular markers (Burger et al., 2003; Bullerwell and Lang, 2005; Cheng et al., 2021). Besides, the arrangement of mitochondrial genes, their transfer RNA (tRNA) structure, their codon usage, and the dynamic changes of introns can also be used to infer the evolutionary status of eukaryotes (Li et al., 2018a; Wang et al., 2018, 2020b; Wu et al., 2021). With the rapid development of next-generation sequencing technologies in recent years, more and more mitochondrial genomes have been obtained (du Toit et al., 2017; Yang et al., 2018; Zhang et al., 2018; Wang et al., 2020c). However, the mitochondrial genomes of fungi are less studied than those of animals. So far, less than 130 basidiomycete mitochondrial genomes have been reported1, which limits our understanding of the “second genome” (mitochondrial genome) of fungi. Studies on the fungal mitogenomes have shown that fungal mitogenomes exhibited significant variations in gene order, introns, intergenic regions, genome size, and repetitive sequences (Zhang et al., 2016; Zhang S. et al., 2017; Zhang Y.J. et al., 2017; Fourie et al., 2018; Wang et al., 2020a; Li et al., 2021). Despite enormous variations in the fungal genome, the 15 protein-coding genes, including atp6, atp8, atp9, cob, cox1, cox2, cox3, nad1, nad2, nad3, nad4, nad4L, nad5, nad6, and rps3, have been detected in most basidiomycete mitochondrial genomes, which were considered to be core protein-coding genes (PCGs) in the basidiomycete mitochondrial genomes.

In the present study, the complete mitochondrial genome of H. oryzae was sequenced and assembled by next-generation sequencing technology. The content, organization, and structure of the mitochondrial genes were revealed. We compared the mitochondrial genome of H. oryzae with its closely related species to identify variations and similarities in the gene content, genome organization, and gene order. The dynamic changes of introns were also revealed in H. oryzae and other basidiomycete species. In addition, the phylogenetic relationships among various basidiomycete species based on combined mitochondrial gene sets were analyzed. The mitochondrial genome of H. oryzae will allow further study of the population genetics, taxonomy, and evolutionary biology of this important phylloplane yeast and other related species.



MATERIALS AND METHODS


Sample Collection, DNA Extraction, and Sequencing

The H. oryzae strain s11 was isolated from the surface of corn leaves collected in Sichuan, China, using the improved ballistoconidia-fall method as described by Kaewwichian et al. (2015). The morphological, biochemical, and physiological characteristics of the collected yeast strains were examined according to standard methods described by Kurtzman et al. (2011). The total genomic DNA was extracted using the method described by Wang and Bai (2008). H. oryzae was further identified based on the internal transcribed spacer (ITS) sequence and the mitochondrial cob gene. Whole-genome sequencing libraries were constructed using NEBNext Ultra II DNA Library Prep Kits (NEB, Beijing, China) with the extracted genomic DNA following the manufacturer’s instructions. Whole-genome sequencing was carried out on an Illumina HiSeq 2500 Platform (Illumina, San Diego, CA, United States). To verify the accuracy and integrity of our assembled genome, we further sequenced the genomic DNA using the Pacbio RSII platform (Pacific Biosciences, CA, United States). A 40-kb SMRTbell DNA library was prepared to perform the Pacbio sequencing.



De novo Assembly and Annotation of the H. oryzae Mitogenome

Illumina PCR adapter reads and low-quality reads from the paired-end reads were filtered using custom scripts. Clean reads were obtained after the quality control step. The mitogenome of H. oryzae was assembled by CANU v1.6 (Koren et al., 2017) using the Pacbio long reads. The assembled contigs were further polished using the paired-end Illumina reads with Pilon v1.22 (Walker et al., 2014). The obtained H. oryzae complete mitogenome was annotated according to the methods previously described (Li et al.,2020b,c). Briefly, the complete mitogenome of H. oryzae was firstly annotated based on the results of MITOS (Bernt et al., 2013) and MFannot (Valach et al., 2014). At this step, PCGs, ribosomal RNA (rRNA) genes, and tRNA genes were initially annotated. Open reading frames (ORFs) were modified or predicted with the NCBI Open Reading Frame Finder [ORFs less than 100 amino acids (aa) were excluded] (Coordinators, 2017) and annotated with BLASTp searches against the NCBI non-redundant protein sequence database (Bleasby and Wootton, 1990). tRNA genes were also predicted with tRNAscan-SE v1.3.1 (Lowe and Chan, 2016). The graphical map of the complete mitogenome was drawn with OGDraw v1.2 (Lohse et al., 2013).



Sequence Analysis

The base composition of the H. oryzae mitogenome was analyzed using DNASTAR Lasergene v7.12 software. Strand asymmetry of the H. oryzae mitogenome was assessed using the following formulas: AT skew = [A − T]/[A + T] and GC skew = [G − C]/[G + C] (Wang et al., 2017). The non-synonymous substitution rate (Ka) and the synonymous substitution rate (Ks) for the core PCGs in the four Tremellales mitogenomes were calculated using DnaSP v6.10.01 (Rozas et al., 2017). We used MEGA v6.06 (Caspermeyer, 2016) to calculate the overall mean genetic distances between each pair of the 15 core PCGs (atp6, atp8, atp9, cob, cox1, cox2, cox3, nad1, nad2, nad3, nad4, nad4L, nad5, nad6, and rps3) using the Kimura-2-parameter (K2P) model. The genome synteny of the closely related mitogenomes was analyzed using Mauve v2.4.0 (Darling et al., 2004). The introns of the cox1 gene in 33 basidiomycete species were classified into different position classes (Pcls) and named according to previously described methods (Zhang and Zhang, 2019).



Phylogenetic Analysis

In order to investigate the phylogenetic status of H. oryzae among the Basidiomycota phylum, we constructed a phylogenetic tree of 33 species based on the combined mitochondrial gene set (15 core PCGs + two rRNA genes) (Li et al., 2018d). The individual mitochondrial gene was first aligned using MAFFT v7.037 (Katoh et al., 2019). Then, these alignments were concatenated in SequenceMatrix v1.7.8 (Vaidya et al., 2011). In order to detect potential phylogenetic conflicts between different genes, we carried out a preliminary partition homogeneity test. Phylogenetic trees were constructed using both Bayesian inference (BI) and maximum likelihood (ML) methods. Best-fit models of evolution and partitioning schemes for the gene set were determined according to PartitionFinder 2.1.1 (Lanfear et al., 2017). BI analysis was performed with MrBayes v3.2.6 (Ronquist et al., 2012). The RAxML v 8.0.0 software (Stamatakis, 2014) was used for ML analysis.



Data Availability Statement

The newly sequenced H. oryzae mitogenome was deposited in the GenBank database under the following Accession No.: MH732752.



RESULTS


Protein-Coding Genes, RNA Genes, and Codon Analysis in the H. oryzae Mitogenome

The complete mitochondrial genome of H. oryzae was assembled into a circular DNA molecule with a total size of 26,444 bp (Figure 1). The GC content of the H. oryzae mitogenome was 38.98% (Supplementary Table 1). Both the GC skew and the AT skew of the H. oryzae mitochondrial genome were positive. Fifteen conserved PCGs were detected in the H. oryzae mitogenome, including 14 core PCGs for energy metabolism and one rps3 gene (Supplementary Table 2). Eight introns were detected in the mitogenome of H. oryzae distributed in seven host genes, including cox1, atp6, rnl, atp9, nad3, nad1, and nad5. The cox1 gene contained two introns, while the other six genes each contained one intron. All these introns belonged to group I, which could catalyze their own splicing. One intronic ORF (orf195) was found in the H. oryzae mitochondrial genome, which encoded LAGLIDADG homing endonuclease. Of the 42 genes detected in the H. oryzae mitogenome, 19 were on the direct strand and the other 23 were on the reverse strand.
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FIGURE 1. Circular map of the mitochondrial genome of Hannaella oryzae. Genes are represented by different colored blocks. Colored blocks outside each ring indicate that the genes are on the direct strand, while colored blocks within the ring indicate that the genes are located on the reverse strand. The inner grayscale bar graph shows the GC content of the mitochondrial sequences. The circle inside the GC content graph marks the 50% threshold. The graphical map of the complete mitogenome was drawn with OGDraw v1.2 (Lohse et al., 2013).


The mitogenome of H. oryzae contained two rRNA genes, namely the small subunit ribosomal RNA (rns) and the large subunit ribosomal RNA (rnl) (Supplementary Table 2). Twenty-three tRNA genes were detected in the H. oryzae mitogenome, encoding for 19 standard amino acids. The H. oryzae mitogenome lacked a tRNA gene that encoded for amino acid cysteine. Interestingly, we found that all four species from the order Tremellales lacked the tRNA gene to transfer cysteine. We detected about 40 bases of homology to Cys-tRNAs in the four mitogenomes. In addition, the H. oryzae mitogenome contained two tRNAs with the same anticodons coding for methionine and proline (Supplementary Figure 1). However, these two tRNAs varied in length and base composition, indicating frequent gene mutations in tRNA genes. The H. oryzae mitogenome also contained two tRNAs with different anticodons that coded for leucine and serine. The mitogenome of H. oryzae lost a tRNA gene with different anticodons that coded for arginine. The length of individual tRNAs ranged from 71 to 85 bp, which was mainly due to the variations in length of the extra arm. A ribonuclease P RNA gene (rnpB) was found in the H. oryzae mitogenome with a length of 211 bp.

The sizes of the five mitogenomes varied greatly, ranging from 24,874 to 35,058 bp. Correlation analysis showed that the intronic regions had the greatest impact on the size variations of Tremellales and Trichosporonales mitogenomes, with Pearson’s correlation coefficient of 0.907 (P < 0.05; Supplementary Figure 2). The results suggested that the intronic region was the main factor promoting the size variations of mitogenomes in Tremellales and Trichosporonales.



Intron Evolution of H. oryzae Mitogenome

Introns were considered as the main factors leading to variations of the mitogenome size in Tremellales, Trichosporonales, and other basidiomycetes. So the dynamic changes of the introns in H. oryzae and other basidiomycetes were analyzed in depth in the present study. The cox1 gene was found to be the largest host gene of introns in basidiomycetes (Ferandon et al., 2010). Introns in the cox1 gene could be divided into different Pcls according to the insertion sites in the coding region. The introns from the same Pcls were considered homologous introns with high sequence similarities (Ferandon et al., 2010). Introns belonging to different Pcls were considered to be non-homologous and contained low sequence similarities. In the present study, a total of 246 introns of the cox1 gene were detected in the 33 basidiomycete species we tested, seven of which belonged to group II and the others belonged to group I (Figure 2). The 239 group I introns could be classified into 31 Pcls, 26 of which were reported in previous studies (Ferandon et al., 2010), while the other five were novel Pcls found in the 33 basidiomycetes. Among these Pcls, Pcl P386 was the most widely distributed, distributed in 21 of 33 basidiomycete species. Pcls P615 and P709 were also common Pcls in basidiomycetes, both of which existed in 16 of the 33 basidiomycete species. Pcls P196, P221, and P941 were found only in one of the 33 basidiomycete species, which were considered as rare introns in basidiomycetes. Eight introns were detected in the cox1 gene of five species from Tremellales and Trichosporonales. Cryptococcus neoformans and Tremella fuciformis lost introns in the cox1 gene, while the cox1 gene of Cryptococcus gattii contained the most introns among Tremellales and Trichosporonales, indicating that species in Tremellales and Trichosporonales had experienced intron loss/gain events during evolution. In addition, H. oryzae was found to contain two novel intron Pcls at sites 103 and 425 aa (Supplementary Table 3). No homologous introns were found in the four closely related species and other basidiomycete species, indicating that H. oryzae had undergone a unique intron origin.
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FIGURE 2. Position class (Pcl) information of cox1 introns in 33 basidiomycete species. The phylogenetic tree on the left was constructed using the Bayesian inference (BI) and maximum likelihood (ML) methods based on a combined mitochondrial gene set (Bayesian posterior probabilities and bootstrap support values are shown in Figure 5). Pcls are named according to previously described methods (Zhang and Zhang, 2019). Species IDs for the mitogenomes used in the intron analysis are provided in Supplementary Table 4. Asterisk indicates the presence of the Pcl in the species and an en dash indicates the absence of any Pcl in the species. The number at the bottom indicates the frequency of occurrence of the Pcl in the 33 basidiomycete species.




Variations, Genetic Distance, and Evolution Rate of Core Genes

Of the 15 core PCGs detected in the four Tremellales mitogenomes, 12 PCGs were found to vary in length among the four species, except for atp8, atp9, and nad4L (Supplementary Figure 3). Nine genes of the H. oryzae mitogenome had unique lengths among the four Tremellales mitogenomes, including the cob, cox1, cox3, nad2, nad3, nad4, nad5, nad6, and rps3 genes. The GC contents of the core PCGs in the four Tremellales mitogenomes also varied, indicating frequent base variations in the core PCGs of the Tremellales mitogenomes. Among the 15 core PCGs detected, atp9 contained the highest GC content in all four Tremellales mitogenomes. The AT and GC skews of most of the core PCGs were negative in the four mitogenomes. The GC skews of the 15 core PCGs in the H. oryzae mitogenome were negative. The rps3 gene contained a positive AT skew in the H. oryzae mitogenome.

Of the 15 core PCGs detected, the rps3 gene had the highest mean K2P genetic distance among the four Tremellales mitogenomes, followed by nad3 (Supplementary Figure 4). The mean genetic distance of atp9 in the four mitogenomes was the smallest among the 15 core PCGs, indicating that this gene was highly conserved across the mitogenomes. nad4L contained the highest mean Ks among the 15 core PCGs detected, while atp9 had the lowest rate. The highest Ka was observed in the rps3 gene, while nad4L exhibited the lowest Ka value among the 15 PCGs detected. The Ka/Ks values for all 15 PCGs were less than 1, indicating that these genes were subject to purifying selection.



Comparative Genome Analysis

The mitogenome size of H. oryzae was the second smallest among all published Basidiomycota mitochondrial genomes (see text footnote 1), only higher than that of the basidiomycete yeast C. neoformans (Yan et al., 2018; Supplementary Table 1). The mitogenome size of H. oryzae was smaller than that of mushroom-forming species, such as Pleurotus spp. (Li et al., 2018a), Ganoderma spp. (Li et al., 2018d, 2019c), Coprinopsis cinereal (Stajich et al., 2010), and Agaricus bisporus (Ferandon et al., 2013), and its closely related species, T. fuciformis (MF422647); smaller than that of the ectomycorrhizal fungi Tricholoma matsutake (Yoon et al., 2016), Lactarius spp. (Li et al., 2019b), Russula spp.(Li et al., 2018c), and Cantharellus spp. (Li et al., 2018b); and also smaller than that of the basidiomycete yeast C. gattii (Yadav et al., 2018). The GC content of the H. oryzae mitogenome was relatively high (38.98%), which was only lower than that of Rhodotorula mucilaginosa (40.43%) (Gan et al., 2017), among all the published Basidiomycota mitochondrial genomes detected. There were seven, seven, two, and four introns detected in the mitogenomes of T. fuciformis, C. gattii, C. neoformans, and Trichosporon asahii, which contained five, six, one, and four introns, respectively. However, eight introns were detected in the mitogenome of H. oryzae, but only one of them contained intronic ORF, suggesting that the mitogenome introns of H. oryzae were undergoing constriction.



Gene Rearrangement Analysis

The gene arrangement in the mitogenomes of five closely related species in Tremellales and Trichosporonales was highly variable (Figure 3). Of the 18 genes detected in the five closely related species, including the 15 core PCGs, two rRNA genes, and one rnpB gene, the relative positions of the 16 genes varied among the five mitogenomes. The gene arrangements of C. gattii and C. neoformans were highly conserved between the two species. However, at the class level, the arrangement of the mitochondrial genes was highly variable. H. oryzae contained a unique gene arrangement in the order Tremellales, indicating that gene rearrangements have occurred during the evolution of H. oryzae, involving protein-encoded genes, rRNA genes, and the rnpB gene.
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FIGURE 3. Comparison of the conserved gene order among the mitochondrial genomes of the five closely related species in Tremellales and Trichosporonales, including Cryptococcus gattii, Cryptococcus neoformans, Hannaella oryzae, Tremella fuciformis, and Trichosporon asahii. Fifteen core protein-coding genes (PCGs) and two rRNA genes were included in this analysis. Genes are represented by different colored blocks.


The genome collinearity analysis showed that the five mitogenomes of Tremellales and Trichosporonales could be divided into 18 homologous regions (Figure 4). The relative positions of these homologous regions were highly variable among the five Tremellales mitogenomes. Out of the 18 homologous regions, the relative positions of 17 homologous regions varied among the five mitogenomes. The relative positions of the homologous regions were identical between C. gattii and C. neoformans.
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FIGURE 4. Collinearity analysis of the mitochondrial genomes of the five closely related species in Tremellales and Trichosporonales, including Cryptococcus gattii, Cryptococcus neoformans, Hannaella oryzae, Tremella fuciformis, and Trichosporon asahii. Eighteen homologous regions were detected among the five mitogenomes. The sizes and the relative positions of the homologous regions varied among the mitogenomes. The genome synteny of the closely related mitogenomes was analyzed using Mauve v2.4.0 (Darling et al., 2004).




Phylogenetic Analysis

We obtained identical and well-supported tree topologies using both BI and ML methods based on the combined mitochondrial gene set (15 core PCGs + two rRNA genes) (Figure 5). All major clades of the trees were well supported [Bayesian posterior probability (BPP) = 1.00, bootstrap (BS) = 100]. Based on the phylogenetic analyses, the 33 Basidiomycota species could be divided into seven major clades corresponding to the orders Ustilaginales, Agaricales, Polyporales, Russulales, Cantharellales, Tremellales, and Trichosporonales (Supplementary Table 4). The four species from Tremellales could be divided into two groups: one group was composed of two species in the Cryptococcus genus and the second group was composed of H. oryzae and T. fuciformis. H. oryzae was identified as a sister species to T. fuciformis. The results showed that the combined mitochondrial gene set was suitable as a reliable molecular marker for the analysis of the phylogenetic relationships among Basidiomycota species.
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FIGURE 5. Molecular phylogeny of 33 Basidiomycota species based on both Bayesian inference (BI) and maximum likelihood (ML) analyses of 15 core protein-coding genes and two rRNA genes. Support values are Bayesian posterior probabilities (BPP; before the slash) and bootstrap (BS; after the slash). The species and the NCBI accession numbers for the genomes used in the phylogenetic analysis are provided in Supplementary Table 4.




DISCUSSION

As the “second genome” of eukaryotes, the mitochondrial genome plays an important role in regulating the growth and development, energy metabolism, aging, and stress resistance of eukaryotes (Bhargava and Schnellmann, 2017; Scheede-Bergdahl and Bergdahl, 2017). With the development of the next-generation sequencing technology, more and more mitochondrial genomes have been obtained, which has promoted our understanding of the origin, evolution, and taxonomy of eukaryotes (du Toit et al., 2017; Yang et al., 2018; Zhang et al., 2018). However, compared with animals, the mitochondrial genomes of fungi were less studied, especially that of Basidiomycota. It is estimated that there are more than 30,000 species of Basidiomycota in nature. However, up to now, less than 100 complete mitochondrial genomes of Basidiomycota are available in the public database (see text footnote 1). Only four mitochondrial genomes of basidiomycete yeasts were reported. This report of the mitochondrial genome of the important phylloplane yeast H. oryzae will broaden our understanding of basidiomycete mitochondrial genomes. The mitochondrial genome size of H. oryzae is the second smallest among all published Basidiomycota mitochondrial genomes, smaller than those of many mushroom-forming fungi (Stajich et al., 2010; Yadav et al., 2018), ectomycorrhizal fungi (Li et al., 2018b, 2020c), and that of its related species, T. fuciformis. However, the GC content of the H. oryzae mitogenome is the second highest among all published Basidiomycota mitochondrial genomes, indicating its unique mitogenome characteristics. Comparative mitogenomic analysis showed that the intron region had the greatest effect on the variations of the mitochondrial genome size of Tremellales, followed by the intergenic region and the protein-coding region, which was consistent with previous studies (Li et al., 2018b). Introns of the Tremellales cox1 gene were found to have undergone intron loss/gain events, which resulted in the size and organization variations of the Tremellales mitogenomes. In addition, the cox1 gene of H. oryzae contained two novel introns, which showed different origins from the known introns in basidiomycetes. Interestingly, we did not find any intron homologous to the introns of the H. oryzae cox1 gene in the NCBI database by BlastN search. More mitochondrial genomes need to be obtained to reveal the origin of the introns in H. oryzae or other basidiomycete species. Mitochondrial genes of H. oryzae were found on both strands as compared with the ascomycete mitochondrial genes, which are usually on the same strand (Aguileta et al., 2014).

It was reported that the mitochondrial genome of eukaryotes was obtained from a common alpha-proteobacterium ancestor (Lang et al., 1999). As evolution progresses, most mitochondrial genes were transferred to the nuclear genome, which was considered to have many advantages (Adams et al., 2002; Adams and Palmer, 2003). However, most fungi retain 14 conserved protein-coding genes for energy metabolism and one rps3 gene, which were called the core PCGs of the fungal mitogenome (Ye et al., 2020). In this study, these core PCGs were found to have high variation rates in the length and base composition even among the closely related species. Nine genes of H. oryzae were found to have unique lengths in the five closely related species, indicating the unique evolutionary characteristics of H. oryzae. Of all core PCGs, atp9 was found the most conserved among the five closely related species we studied. The genetic distance of the rps3 gene was the largest among the five closely related species we examined, which was consistent with the report in other literature (Li et al., 2018b, 2020c). Interestingly, we found that the atp8 gene in Tremellomycetes and Ustilaginomycetes had 12 nucleotides missing compared with that in Agaricomycetes species; the effect of the base variation of PCGs on the energy metabolism of species needs to be examined. In addition, we found that the core PCGs of the five closely related species in Tremellales and Trichosporonales were subject to purifying selection.

The arrangement of mitochondrial genes can serve as an important reference for revealing the evolutionary position of species (Li et al., 2018a; Zheng et al., 2018). Mitochondrial gene arrangement has been extensively studied in animals, and several models have been proposed to explain the rearrangement of mitochondrial genes in animals (Boore, 1999; Perseke et al., 2008). Compared with animals, the arrangement of fungal mitochondrial genes is highly variable (Hamari et al., 2001; Aguileta et al., 2014; Li et al., 2018a), and the gene rearrangement of the fungal mitochondrial genome has not been fully understood. Previous studies have shown that the accumulation of repetitive sequences in the fungal mitogenome has caused the fungal mitogenome rearrangement (Aguileta et al., 2014). In the present study, we found that the arrangement of mitochondrial genes was highly variable in the five closely related species, and the mitogenome of H. oryzae contained a unique gene order. In addition, the gene order varied at different taxonomic levels and is highly conserved between two species of the Cryptococcus genus. However, large-scale gene rearrangements have been observed at the class level, suggesting that Tremellales species undergo large-scale rearrangement events during evolution. Mitochondrial genes are also widely used as important molecular markers in the study of evolution, phylogeny, and population genetics (Bronstein and Kroh, 2018; Dai et al., 2018; Doyle et al., 2018; Li et al., 2020a). In this study, we divided 33 Basidiomycota species into seven clades based on a phylogenetic tree with high support for 15 core PCGs and two rRNA genes. Because there are few morphological features for fungi to be identified, this leads to confusion in fungal taxonomy and affects the phylogenetic research and utilization of fungi. The introduction of the mitochondrial genome will promote the understanding of fungal taxonomy and genetic evolution and can be used as a reliable tool for the analysis of fungal phylogeny (Li et al., 2018c, 2019a). More fungal mitochondrial genomes need to be uncovered to reconstruct the phylogenetic tree of fungi and to clarify the phylogenetic status of the Basidiomycota species.
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Supplementary Figure 1 | Putative secondary structures of the 23 tRNA genes identified in the mitogenome of H. oryzae. All genes are shown in order of occurrence in the mitogenome of H. oryzae, starting from trnS.

Supplementary Figure 2 | Pearson correlation analyses between mitochondrial genome sizes and different mitochondrial components of five closely related species in Tremellales and Trichosporonales.

Supplementary Figure 3 | Variation in the length and base composition of each of 15 core protein-coding genes (PCGs) among the mitochondrial genomes of the four closely related species in Tremellales. (A) PCG length variation; (B) GC content of the PCGs; (C) AT skew; (D) GC skew.

Supplementary Figure 4 | Genetic analysis of 15 core protein-coding genes conserved in the four closely related species in Tremellales. K2P, the Kimura-2-parameter distance; Ka, the mean number of non-synonymous substitutions per non-synonymous site; Ks, the mean number of synonymous substitutions per synonymous site.


FOOTNOTES

1https://www.ncbi.nlm.nih.gov/genome/browse#!/organelles/
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Mitochondrial genes and genomes have patterns of inheritance that are distinctly different from those of nuclear genes and genomes. In nature, the mitochondrial genomes in eukaryotes are generally considered non-recombining and homoplasmic. If heteroplasmy and recombination exist, they are typically very limited in both space and time. Here we show that mitochondrial heteroplasmy and recombination may not be limited to a specific population nor exit only transiently in the basidiomycete Cantharellus cibarius and related species. These edible yellow chanterelles are an ecologically very important group of fungi and among the most prominent wild edible mushrooms in the Northern Hemisphere. At present, very little is known about the genetics and population biology of these fungia cross large geographical distances. Our study here analyzed a total of 363 specimens of edible yellow chanterelles from 24 geographic locations in Yunnan in southwestern China and six geographic locations in five countries in Europe. For each mushroom sample, we obtained the DNA sequences at two genes, one in the nuclear genome and one in the mitochondrial genome. Our analyses of the nuclear gene, translation elongation factor 1-alpha (tef-1) and the DNA barcode of C. cibarius and related species, suggested these samples belong to four known species and five potential new species. Interestingly, analyses of the mitochondrial ATP synthase subunit 6 (atp6) gene fragment revealed evidence of heteroplasmy in two geographic samples in Yunnan and recombination within the two new putative species in Yunnan. Specifically, all four possible haplotypes at two polymorphic nucleotide sites within the mitochondrial atp6 gene were found distributed across several geographic locations in Yunnan. Furthermore, these four haplotypes were broadly distributed across multiple phylogenetic clades constructed based on nuclear tef-1 sequences. Our results suggest that heteroplasmy and mitochondrial recombination might have happened repeatedly during the evolution of the yellow chanterelles. Together, our results suggest that the edible yellow chanterelles represent an excellent system from which to study the evolution of mitochondrial-nuclear genome relationships.

Keywords: DNA barcoding, speciation, biogeography, heteroplasmy, nuclear-mitochondrial incongruence, yellow chanterelles


INTRODUCTION

Fungi are important components of natural ecosystems. Many fungi also play significant roles in human and animal health, agriculture, biotechnology, and forestry. Some of these fungi grow in a mutually beneficial relationship with the root tips of plants, forming mycorrhizal associations. In these mycorrhizal fungi, their mycelia help plants obtain essential minerals, nitrogen and water from the soil and contribute to the plants’ nutrition, disease resistance and drought tolerance (Brundrett, 2004). In return, plants provide their fungal partners with carbohydrates for their growth and reproduction. In forest ecosystems, one of the most common fungal-plant root associations (called mycorrhiza) involves the Basidiomycetes. Many of these basidiomycete fungi also produce conspicuous fruiting bodies—mushrooms. Some of these mushrooms, such as the chanterelles, are harvested as a source of highly prized food for humans.

Mitochondria are the powerhouse of all eukaryotes, responsible for generating the universal cellular energy currency ATP through oxidative phosphorylation. In fungi, previous studies have shown that mitochondria play many other roles, including aging in eukaryotes (Stojkovic et al., 2017), and virulence (Verma et al., 2018) and resistance to antifungal drugs in fungal pathogens (Vielba-Fernandez et al., 2018). In addition, mitochondrial genomes provide excellent materials for population and evolutionary studies. This is especially true in fungi where diverse patterns of mitochondrial inheritance have been observed, from uniparental to biparental inheritance (Zhou et al., 2010; de la Providencia et al., 2013; Xu and Li, 2015; Fourie et al., 2018; Mendoza et al., 2020). However, aside from a few model organisms, our knowledge about the mechanisms of fungal mitochondrial genomes and their inheritance is very limited (Basse, 2010; Wilson and Xu, 2012; Xu and Wang, 2015). In general, in contrast to the Mendelian inheritance of nuclear genes and genomes, the mitochondrial genes and genomes are inherited uniparentally with a preference for the maternal parent, with little or no evidence of recombination in most fungi, animals, and plants (Birky, 1995). As a consequence, all copies of the mitochondrial DNA (mtDNA) of an individual are typically identical to each other and to one of the parental mitochondrial genomes, a condition known as homoplasmy (Ling et al., 2011). Homoplasmy could be achieved through processes that prevent mtDNA transmission from one of the two parents, including no contribution from one parent due to fertilization mechanisms, targeted elimination of mtDNA from one parent through mitophagy, and/or the restriction-modification system (Shibata and Ling, 2007; Sato and Sato, 2011).

In filamentous fungi, the cells at the junctions of mating where the two parental homokaryons meet may be heteroplasmic, with each mated cell containing mtDNA from both parents [e.g., in the button mushroom Agaricus bisporus (Xu et al., 1996)]. In Baker’s yeast Saccharomyces cerevisiae, the zygotes are almost universally heteroplasmic. However, in the human yeast pathogen Cryptococcus neoformans, heteroplasmy is only found in the zygotes when sex-determining genes are knocked out (Yan and Xu, 2003; Sun et al., 2020). In most instances of observed heteroplasmy, the heteroplasmic cells are typically transient, with rapid segregation of parental mtDNA genotypes into homoplasmic progeny cells to form homoplasmic mycelia and fruiting bodies (Birky, 2001; Barr et al., 2005; Wilson and Xu, 2012; Xu and Wang, 2015). However, while most reported heteroplasmy in fungi were from laboratory crosses, heteroplasmy has also been found in natural strains in a few basidiomycete fungi. For example, in our ongoing investigation of population genetics on edible basidiomycete mushrooms in southwestern China, over 87% of Thelephora ganbajun samples showed evidence of heterozygosity in the mitochondrial genes cox1 or cox3, representing the first evidence of stable heteroplasmy in natural populations of basidiomycete fungi (Wang et al., 2017). In addition, we found clear evidences of phylogenetic incompatibility between two mitochondrial genes (atp6 and cox3) among geographic populations of another basidiomycete mushroom, an Russula virescens ally (Cao et al., 2013). At present, the dynamics of heteroplasmy and recombination, while critical for advancing our knowledge of mitochondrial evolution, has not been critically investigated (Li et al., 2018).

The basidiomycete Cantharellus cibarius and related species are broadly found in the northern hemisphere, from Europe to North America and Asia (Buyck et al., 2014). These mushrooms can form symbiotic ectomycorrhizal relationships with many plants and are often found in mossy coniferous and birch forests. They are among the most prominent wild edible mushrooms in the northern hemisphere. Recently, phylogenetic analyses based on the translation elongation factor 1 (tef-1) has identified that the following 21 species C. altipes, C. tenuithrix, C. lilacinopruinatus, C. ferruginascens, C. amethysteus, C. lewisii, C. lateritius, C. confluens, C. spectaculus, C. roseocanus, C. flavus, C. phasmatis, C. isabellinus, C. tomentosus, C. avellaneus, C. tabernensis, C. appalachiensis, C. decolorans, C. texensis, C. cinnabarinus, were phylogenetically related to C. cibarius (Buyck and Hofstetter, 2011; Foltz et al., 2013; Buyck et al., 2014). However, most of these species appear to be geographically specific. For example, C. cibarius sensu stricto is only found in Scandinavia and northern Japan (Ogawa et al., 2018). Therefore, the idea that Europe and the warm-temperate and subtropical parts of North America have species of Cantharellus in common, has been progressively abandoned. Consequently, it’s increasingly recognized that the use of European species names of Cantharellus for those found in North America and Asia is likely incorrect, especially for those closely related to C. amethysteus and C. cibarius (Redhead et al., 1998; Buyck and Hofstetter, 2011). At present, while updates on Cantharellus taxonomy have progressed relatively quickly in western Europe and North America, that in Asia remains very fragmented. However, recent studies have reported several new chanterelles from China (Shao et al., 2011; Tian et al., 2012; Shao et al., 2014, 2016a, b; An et al., 2017; Jian et al., 2020), Japan (Suhara and Kurogi, 2015; Ogawa et al., 2018), Korea (Antonin et al., 2017; Buyck et al., 2020), Malaysia (Eyssartier et al., 2009; Buyck et al., 2014), India (Das et al., 2015; Buyck et al., 2018), and Iran (Parad et al., 2018). Recently, a large-scale survey of wild edible mushrooms in local markets in Yunnan province, southwestern China, revealed that there was at least one cryptic species within this group of species in this region (Zhang et al., 2021). This study analyzed 96 samples using sequence information at both the tef-1 locus and the internal transcribed spacer (ITS) regions of the ribosomal RNA gene cluster. However, a very conservative cutoff for species delimitation was used in new species estimation in this study (Zhang et al., 2021). Another study identified that most of the edible yellow chanterelles old in the Yunnan local markets belonged to C. Yunnanensis based on both morphological and tef-1sequences, and not the traditionally assumed C. cibarius (Shao et al., 2021). Unfortunately, the rRNA gene cluster often fail to distinguish closely related species in Cantharellus due to unreadable sequence chromatographs and/or limited DNA sequence variations. Sequence information from other genes as well as more extensive sampling is needed to obtain a better understanding of the evolutionary history of Cantharellus and better insights on dispersal routes and speciation events in the Northern Hemisphere (Olariaga et al., 2017).

Chanterelle is the common name for mushrooms in the genus Cantharellus and in other morphologically related genera. The edible yellow chanterelles are among the most popular edible wild mushrooms in the world and include C. cibarius and related species. There are specialized companies that commercialize fruit bodies of chanterelles of different sizes and presentations, e.g., as fresh, frozen, dry, or salted, with geographic specifications. Morphologically, species in yellow chanterelles are very similar to each other and all species are harvested as food and some of them are globally traded. The combined global commercial value of yellow chanterelles has been estimated at more than one billion US dollars annually (Watling, 1997; Wang and Hall, 2004). One of the main global centers of production and harvesting of edible yellow chanterelles is Yunnan Province in Southwestern China. Due to its highly variable climate and diverse topography, Southwestern China (mainly Yunnan Province) is recognized as one of the world’s 34 biodiversity hotspots (Myers et al., 2000). Relevant to this study, Yunnan is also one of the world’s most important areas for wild mushroom harvesting and trading. For example, of the 2,000 or so wild edible mushroom species in the world, over 900 are found in Yunnan (Yang, 2002; Feng and Yang, 2018). Based on ITS barcoding, our recent survey identified a high species diversity of wild mushrooms in local markets, including a large number of putative new taxa (Zhang et al., 2021). Some of these mushrooms are very important to both the local and regional economy. Most of these species are ectomycorrhizal, contribute significantly to the health of trees and forest ecosystems. Examples of these economically important ectomycorrhizal mushrooms around the globe include Boletus edulis, Thelephora ganbajun, Tricholoma matsutake, Russula virescens, Russulavinosa and C. cibarius etc.

In this study, we analyzed the DNA sequence variation in the mitochondrial atp6 gene fragment for a total of 363 mushroom samples of edible yellow chanterelles. Our analyses found that two nucleotide sites within this gene fragment contained sequence heterogeneity within two individual fruiting bodies and that all four possible genotypes at these two sites were found in several geographic populations from Yunnan. Similarly, three additional heterozygous loci were found in another fruiting body collected in a different geographic population. Interestingly, seven out of all eight possible haplotypes at these three nucleotide sites were found in our samples, consistent with recombination. Finally, the phylogenetic distributions of two polymorphic nucleotide sites (sites 101 and 109) within the atp6 gene fragment were compared with sequence variation at the DNA barcode tef-1 for edible yellow chanterelles in Yunnan and Europe.



MATERIALS AND METHODS


Mushroom Sampling, DNA Isolation and Gene Sequencing

In this study, we obtained 219 fruiting bodies with macro-morphological characteristics similar to C. cibarius and related species from 24 counties in Yunnan province. The sampled areas in Yunnan spanned about 480 km from east to west and about 550 km from north to south. In addition, we obtained 144 yellow chanterelle samples from local markets in five countries (Finland, France, Hungary, Portugal, and Russia) in Europe. These 363 samples were all included in the study. The geographic coordinates and the sample size from each site are presented in Table 1.


TABLE 1. Distribution and diversity of tef-1 sequence types for yellow chanterelles across southwestern China and Europe.
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DNA extraction, PCR, sequencing, and sequence alignment all followed those of Wang et al. (2017). These samples were first analyzed based on their sequences at the tef-1 gene, the preferred DNA barcode for Cantharellus (Buyck and Hofstetter, 2011; Antonin et al., 2017; Olariaga et al., 2017). In our study, DNA sequences at the nucleartef-1gene were used to confirm phylogenetic affiliations of all our specimens (see below). In addition, the mitochondrial atp6 gene sequences were obtained for 327 specimens. The primer pairs, tef-1-S (5′ ACCAGAACGACGCCGCTCAA 3′) and tef-1-A (5′ TTGTCGCCGTGCCAACCAG 3′), ATP6-S (5′ AACACCGGGTACATTTCT 3′) and ATP6-A (5′ TACTTACGGCGATTTCTA 3′) were used to amplify and sequences the tef-1 and atp6 gene fragments, respectively.



mtDNA Heterozygosity

We observed mtDNA heterozygosity, shown as double peaks at specific nucleotide sites in the chromatograms of the atp6gene, in several specimens. We investigated whether the observed mtDNA heterozygosity was due to nuclear mt paralogs (numts) or the presence of more than one allele in the mitogenome within each of these specimens. To distinguish these two possibilities, we used two approaches. In the first, we confirmed the nucleotide sequence similarity between our sequences and that of the sequenced genome of C. cibarius/sample MG75 (GenBank number: QOWL00000000.1) through Basic Local Alignment Search Tool (BLAST). [Note: Based on its tef-1 sequence, sample MG75 likely belongs to C. tuberculosporus.] The second approach was through copy number assessment using a technique called absolute quantification PCR (AQ-PCR) (Leong et al., 2007).

In the second approach, for samples with evidence of heterogeneity at the atp6 gene, we determined their relative abundances in the fruiting bodies between the two combinations, one combination with peaks (TT) and the second combination with peaks (CA) respectively (Figure 1A) using AQ-PCR. Their abundances were compared with that of a nuclear gene, β-tubulin (tub). Since chanterelle mushrooms are diploids, each cell contains two haploid nuclei and multiple mitochondrial genomes. Thus, there would be two copies of each nuclear gene such as tub within each cell while multiple copies of mitochondrial genes. In this case, the relative copy numbers of the two atp6 alleles can be compared with the copy number of tub to determine within each sample whether the atp6 alleles are located in the nuclear genome or the mitochondrial genome. Our specific protocols are described as follows.
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FIGURE 1. (A) Heterozygous sites of mitochondrial gene atp6 and (B) copy numbers of higher peak and lower peak sequences relative to the reference nuclear tub gene in samples DL7-6 and LF-13 from Yunnan.


To detect the relative copy numbers of the two atp6 alleles, we first amplified the atp6 gene fragment using primers ATP6H1 (5′ TGTAGCTAGAGCTTTCTCTTTAGGAGT 3′) and ATP6H2 (5′CCACTTGTAAATAATTTAGTTAAAAGACC3′). Similarly, the nuclear reference gene β-tubulin was amplified using primers TUB1 (5′CAGGAGGGTATGGATGAG3′) and TUB2 (5′TAACTGGAGGGGAGAATG3′). The amplified products containing the DNA targets were excised from 1% agarose gel under UV illumination and purified, then confirmed by sequencing to ensure the unique polymorphism is included in each atp6 products. Furthermore, the concentration of the amplified products was measured with a spectrophotometer, using the average molecular weight of the product and Avogadro’s constant. The copy number per unit volume was then calculated by comparing to a standard curve.

To establish the standard curve for gene copy number in a sample, both the tub and atp6 genes were first cloned separately using the PMD18-T cloning vector kit (CAT. 6011, TaKaRa, JAPAN) according to the manufacturer’s instructions. The recombinant vector was transformed into competent Escherichia coli cells and 25 μL of transformed culture was spread onto LB plates containing ampicillin (75 μg/ml) and X-gal/IPTG (CAT. R1171, ThermoFisher, United States). Transformed (white) colonies were picked and processed for plasmid isolation. Plasmid purification was done using a Plasmid Mini kit (CAT. TP01100, GENERAL BIOSYSTEMS, China). The presence of the insert in the recombinant clones was confirmed by restriction digestion. The cloned circular plasmid was quantified using a spectrophotometer and linearized with restriction enzyme Hind III (CAT.ER0501, ThermoFisher, United States). The stock solutions of linearized plasmid DNAs were serially diluted to obtain a standard series from 109 to 10 copies per μL with each step differing by 10 folds. Then, standard curves were built using 6 serial dilutions of each of the three plasmid DNA containing three different DNA fragments, atp6-TT, atp6-CA and tub. For AQ-PCR, the corresponding standards series was run under the same conditions and the copy numbers of each gene in each specimen was calculated using the following formula (Godornes et al., 2007):
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6.022 × 1023 (molecules/mole) Avogadro’s number

660 Da: the average weight of a single base pair.

After the standard curves are established, we used quantitative-PCR (qPCR) to determines the actual copy numbers of target genes by relating the Ct values of each gene in each specimen to the standard curves (Xue et al., 2014). Each qPCR reaction was performed three times using the CFX96® system (Bio-Rad, United States) that contained the AceQ qPCR TaqMan Master Mix (without ROX) (CAT.Q112, Vazyme, China), 10 uM of dual labeled hydrolysis probe (Probe-TT: FAM-TTTAGTTGCTGGTCACACATTACT-MGB for the TT combination at nucleotide sites 101 and 109 of atp6, probe-CA: FAM-TCTAGTTGCAGGTCATACATTATT-MGB for the CA combination at nucleotide sites 101 and 109 of atp6, and probe-TUB:FAM-AGCACATACACGGCATCCTGG-BHQ1 at tub locus), and 10 uM each of forward and reverse primers. During each round of PCR, the target and reference sequences were simultaneously amplified by AmpliTaq® Gold DNA Polymerase. This enzyme has a 5′ nuclease activity that cleaves probes that are hybridized to each amplicon sequence. When an oligonucleotide probe is cleaved by the AmpliTaq Gold DNA Polymerase 5′ nuclease activity, the quencher is separated from the reporter dye, and thus increasing the fluorescence of the reporter dye. Accumulation of PCR products can be detected in real time by monitoring the increase in fluorescence of each reporter dye at each PCR cycle. Ct, slope, PCR efficiency, correlation coefficient (R2) and percentage of variance in copy numbers were calculated by using the default settings of Bio-Rad CFX Manager Version 3.1 (Bio-Rad, United States).



Data Analysis


Species Identification

Because of the relatively high heterogeneity of the primary fungal DNA barcode ITS within individual samples of C. cibarius and related species, high quality ITS sequences are often not available for species identification within this species complex (Buyck et al., 2020; Zhang et al., 2021). Instead, as in previous studies (Buyck et al., 2011; Buyck and Hofstetter, 2011), the tef-1 gene was used as the DNA barcode to determine the taxonomic placements of our Cantharellus specimens. However, at present, a tef-1 sequence-based new species identification system is not yet available. Because the systematics and taxonomy of Asian Cantharellus remains largely unresolved, for this study, we chose tef-1 sequence variations among samples within each of several closely related known species to establish a cutoff value for defining putative phylogenetic species limits.

To establish the cutoff value, we first retrieved all known tef-1 sequences of C. cibarius and related species from GenBank. The following 13 known species within C. cibarius and related species were found to contain tef-1 sequences from three or more specimens each: C. anzutake, C. tabernensis, C. appalachiensis, C. tenuithrix, C. ferruginascens, C. cinnabarinus, C. cibarius s.s., C. tuberculosporus, C.texensis, C.decolorans, C. amethysteus, C. lateritius, and C. lewisii. The distributions of these eight species have been well-documented and their morphological features and phylogenetic placements are known (Buyck et al., 2014). These sequences were used to identify the range of intraspecific tef-1 sequence variation and establish a conservative sequence-based cutoff value for putative phylogenetic species identification within the yellow chanterelles. Here, the highest intraspecific variation within these eight species was chosen as our cutoff value to define species limits. Subsequently, tef-1 sequence variations between our samples and those published previously for the known species of the yellow chanterelles were compared to the cutoff value. Specifically, we consider any specimen with a greater divergence than the cutoff from all known species and from each other in our sample as a potential new phylogenetic species. In contrast, specimens with tef-1 sequence divergence lower than the cutoff value were considered as belonging to the same species.

For each of our specimens, DNA sequences obtained from both forward and reverse primers of the tef-1 gene were assembled using the SeqMan sequence analysis software (DNASTAR, Inc.). All tef-1 sequences obtained for our specimens and those from GenBank representing the diversity of species within the yellow chanterelles were aligned by using MAFFT 6.0 (Misawa et al., 2002) and checked manually by BioEdit 7.0.9 (Hall, 1999). Ambiguous positions at the two ends of each gene fragment were excluded from the analysis. For the tef-1 dataset, maximum likelihood (ML) and Bayesian inference (BI) analyses were performed using RAxML 7.2.6 (Stamatakis, 2006) and MrBAYES3.1.2 (Huelsenbeck and Ronquist, 2001). The best partition schemes and evolutionary models were selected using MrModeltest v2.3. ML analyses were run with all parameters set to the default settings. GTR+G was used as the most appropriate model and the bootstrap analysis run with 1,000 replicates. BI analysis consisted of four simultaneous Markov chain Monte Carlo (MCMC) chains was run over 5 × 106 generations with trees sampled every 100 generations when the average standard deviation of split frequencies was lower than 0.01. By omitting the first 25% of trees as burn-ins using the “sump” and “sumt” commands, a majority rule consensus tree was generated. The percentage of sequence divergence for each specimen from all other specimens and known species were calculated and used to define the taxonomic placements of each of our specimens.



Haplotype Inference of tef-1 and atp6 Genotype Distribution

In this study, like most other mushrooms, we consider each individual mushroom as derived from a mating event between two genetically different homokaryons. Thus, each mushroom is a heterokaryon, with each cell having two different haploid nuclei and each locus having two alleles. In the case of single nucleotide polymorphisms (SNPs), each nucleotide site in each individual specimen may be homozygous for a specific nucleotide or heterozygous, containing two different nucleotides. In the sequenced tef-1 fragment, there are multiple SNP sites within many specimens. To better infer the relationships among specimens, we also inferred the tef-1 haplotypes for each specimen using the Bayesian method implemented in the program PHASE 2.1 (Stephens and Donnelly, 2003). The inferred haplotype sequences were then imported into MrBAYES 3.2 to analyze the relationships among alleles from within the same and different mushroom fruiting bodies, theatp6 sequence of each sample was assigned to one of the five atp6 genotypes at the two polymorphic nucleotide sites (positions 101 and 109): heterozygous genotype with both CA and TT or homozygous genotypes CA, TA, CT, or TT. For specimens containing haplotypes with ambiguous phylogenetic placements, we also cloned their tef-1 alleles and sequenced each cloned allele separately, following the protocol described for obtaining pure sequences of atp6 and tub. The generated phylogenetic relationships were analyzed together with their geographic origins to identify geographic patterns of (putative) species distributions.





RESULTS

In this study, we analyzed a total of 363 mushroom specimens of the yellow chanterelles from 30 geographic locations in six countries. 24 of the locations were in Yunnan province in China while the remaining six were in Europe. The six European geographic locations had at least 10 specimens in each, with a range of 10 to 65. Among the 24 geographic locations from Yunnan, the sample sizes ranged from 1 to 23; with four having only one specimen each, 12 having 2 to 9 specimens each, and eight having 10 or more specimens each (Table 1). Each of these specimens were analyzed for its nuclear tef-1 and mitochondrial atp6 sequences. Below we describe the patterns of sequence variation among these specimens, with an emphasis on mitochondrial DNA polymorphisms.


tef-1 Genotyping of the 363 Yellow Chanterelle Specimens

Our sequence analyses identified that out of the 303 aligned nucleotide sites among the 363 tef-1 sequences, 123 sites were polymorphic. These 123 SNPs resolved the 363 specimens into 47 tef-1 sequence types (STs) (Peakall and Smouse, 2012). Among the 47 STs, 24 were each shared by more than one specimen each while the remaining 23 were found only once each. The most frequent ST was sequence type16, shared by 104 specimens from seven geographic populations. The second most frequent ST was sequence type45, shared by 75 specimens from 15 geographic populations. Among the 30 geographic samples, 23 contained more than one ST each while the remaining seven had only one ST in each local population. However, four of the seven geographic samples with only one ST each had only one specimen each, with the remaining three geographic samples each having two to five specimens. Samples from two geographic locations from Jianchuan and Shizhong contained most tef-1 STs, both including seven STs each (Table 1).



Phylogenetic Reconstruction and Phylogenetic Species Recognition

For phylogenetic analyses, we retrieved the tef-1 sequences of C. cibarius and those closely related species as revealed based on previous studies (Buyck and Hofstetter, 2011; Foltz et al., 2013; Buyck et al., 2014). Specifically, except C. confluens which didn’t have any tef-1sequence deposited in GenBank, all known species of chanterelles were included in our comparisons. In addition, C. anzutake, C. tuberculosporus, and C. yunnanensis, which were recently described as very closely related species to C. cibarius s.s. and some of our Yunnan samples (Ogawa et al., 2018; Shao et al., 2021), was also included in the comparisons. In total,115 tef-1 sequences were included in our phylogenetic analyses, with 47 sequences representing the 47 unique STs found in our current samples while the remaining 68 sequences were retrieved from NCBI to represent the diverse species within or closely related to C. cibarius s.s.

The ML and BI analyses of tef-1 dataset yielded identical tree topologies for the 115 tef-1 sequences. The tree inferred from BI analysis is shown in Figure 2. As shown in Supplementary Table 1, among the 21 known reference species, C. anzutake showed the highest value (0.8%) of intra-specific variation of tef-1 sequences. Thus, 0.8% sequence variation at tef-1 locus was chosen as the cutoff value for our putative phylogenetic species identification using tef-1 sequences within this group of chanterelles. Taking this value as a threshold, the largest interspecific genetic distances between C. tenuithrix, C. phasmatis, and C. flavus (0.1%) were all lower than 0.8%. Furthermore, these three species formed a single clade in our tef-1 phylogeny. Two of these species, C.phasmatis and C. flavus, were shown to share a more recent common ancestor than with the recently described species from the southern United States C. tenuithrix (Foltz, 2011). Therefore, based on the 0.8% tef-1 sequence divergence criteria to define putative phylogenetic species, C. tenuithrix, C. phasmatis, and C. flavus would be combined as one species/species complex. Similarly, genetic distance between C. ferruginascens and C. lilacinopruinatus was 0.1%. Indeed, both C. ferruginaseens and C. lilacinopruinatus are characterized by having a white stipe with similar pileus margin and hymenophore (Olariaga and Salcedo, 2008). Thus, these two species could be combined as one species too. The same applies to C. roseocanus and C. cibarius, which were recently separated from each other as distinct species (Foltz, 2011; Thorn et al., 2017). Thus, our criterion of requiring greater than 0.8% sequence divergence at the tef-1 locus represents a conservative cutoff value that minimizes the number of potential new species in our collection. Based on this conservative criterion, there are likely nine putative species in our samples. Among these nine putative species, two (Cantharellus sp.1 and Cantharellus sp. 4) clustered with known species C. tuberculosporus and C. cibarius, respectively. Two others, Cantharellus sp. 6 and Cantharellus sp. 8, have <0.8% of genetic distance with the phylogenetically related species C. amethysteus and C. lewisii, respectively. The remaining five had genetic divergences from known species at a much higher than the 0.8% cutoff value, thus likely representing new putative phylogenetic species (Figure 2, Supplementary Tables 1, 2). Among the proposed new putative species, two (Cantharellus sp. 2 and 5) were only based on one sample each, while the other three were each based on more than one samples. Thus, to formally establish these putative species as new species, more samples need to be collected and analyzed, especially for sp. 2 and 5, in their natural habitats. Regardless of the final number of species, these results suggest a significant number of undescribed species and genotypic diversity in our analyzed yellow chanterelles.
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FIGURE 2. tef-1 phylogenetic tree of the C. cibarius species complex. For each tef-1 sequence type (ST) in our samples, the name or abbreviation (full name can be found in Supplementary Table 2) represents the county/community from where the sample was obtained, the number after represents the ST code assignment; the last number represents the total number of samples belonging to the specific ST.




Evidence for Heteroplasmy Within Mitochondrial atp6

We successfully obtained atp6 sequences from 327 of the 363 specimens. When we examined the atp6 sequence chromatographs, two specimens, DL7-6 and LF-13 (both belonging to Cantharellus sp. 9), were found to have double peaks at sites 101 and 109, while another specimen SY6-4 had double peaks at sites 62, 95, and 132, consistent with heterozygosity at these sites. At all sites, the lower peaks were significantly higher than the baseline noise levels at neighboring homozygous sites within the chromatograph (Figure 1A). To exclude the possibility of cross-contamination, we re-sampled DNA from additional tissues of these three specimens and amplified and sequenced the atp6 gene fragment again to confirm. For controls, genomic DNA from two other samples (ZD12-13 and YM3-30, both are in Cantharellus sp. 1) that initially did not show any double peaks in their atp6 chromatographs were also re-extracted and re-sequenced. Our sequence analyses confirmed the double peaks at the same nucleotide sites in the additional tissues of DL7-6, LF-13, and SY6-4, but no evidence of heterozygosity was found in specimens ZD12-13 and YM3-30. Our results excluded the possibility of sample contamination as a cause for the observed double peaks in specimens DL7-6, LF-13, and SY6-4. In both the original chromatographs and the new chromatographs, the remaining 301 nucleotides of the sequenced atp6 gene fragment each had only one nucleotide in specimens DL7-6, LF-13, and SY6-4, with no evidence of heterozygosity. Below, we systematically analyzed the distribution and variation patterns of heterozygosity at these sites (101 and 109). The three heterozygous sites found in specimen SY6-4 were separated from sites 101 and 109 in the following phylogenetic analyses of atp6 gene sequences.

Comparisons using BLAST showed that both nucleotide sequences with the higher and lower peaks were most similar to the atp6 gene from Cantharellus cibarius sample MG75 (GenBank number: QOWL00000000.1). The sequence identity of the atp6 haplotype with the higher peaks to atp6 gene of sample MG75 was 94% (E-value is 5e-099), and that with the lower peaks was 95% (E-value is 1e-101). The results are consistent with both sequences (one has the combination of the high peaks TT and the other has the combination of low peaks CA) are homologous sequences from the mitochondrial genome.

Our copy number analyses confirmed that both the TT allele and the CA allele of the atp6 gene are more numerous than the nuclear tub gene in both specimens DL7-6 and LF-13. Figure 1B summarized the copy numbers of the CA and TT haplotypes and of the nuclear tub gene from specimens DL7-6 and LF-13. Specifically, in specimen DL7-6, the CA and TT allele copy numbers were 10.9- and 69.9-fold higher than tub. Similarly, in specimen LF-13, the CA and TT allele copy numbers were significantly higher than that of tub gene, at 2.7- and 57.1- folds of tub. The differential ratios of the two alleles of atp6 gene both within each specimen and between the two specimens are also consistent with their non-nuclear nature (Sandor et al., 2018).



Distribution of atp6 Genotypes Along the tef-1 Phylogeny

The phylogenetic distributions of atp6 haplotypes at the two nucleotide sites (sites 101 and 109) were mapped onto the Bayesian tree constructed based on the tef-1 dataset (Figure 3). The results showed that the four different haplotype combinations (CA, CT, TA, and TT) at these two sites were broadly distributed throughout the tef-1 sequence-based phylogenetic tree. For example, among the European samples of the yellow chanterelles, three haplotypes CA, CT, and TT were found at these two nucleotide sites. Similarly, in multiple clades of specimens from Yunnan, three to four haplotypes out of all four possible haplotypes were found at these two atp6 nucleotide sites. Specifically, except for two clades Cantharellus sp. 2 and Cantharellus sp. 5 (both with just one sample each, Figure 2), other seven putative phylogenetic species recognized by tef-1 sequences have two or more different atp6 haplotype combinations. Within Cantharellus sp. 1 and Cantharellus sp. 9, all four haplotypes at the two sites were found, consistent with recombination within this mitochondrial gene fragment in the population. However, if true, during subsequent evolution and diversification, multiple parallel mutations and/or reversions at the two sites must have occurred to account for the observed patterns of distribution. However, given the low sequence diversity among the samples at atp6 gene fragment, we believe that the chance of parallel mutation or reversal at exactly these two sites in multiple clades is extremely small. The second possibility is that mitochondrial recombination is frequent within and among contemporary populations of the yellow chanterelles throughout their distribution range, a single recombination event from the heteroplasmic parent followed by segregation could have generated all four possible genotype combinations at these two sites. However, this second possibility requires most of the proposed species to hybridize with each other to generate recombinant mitochondrial genotypes. The third possibility is that the ancestor of the yellow chanterelles was heteroplasmic and recombined to produce four haplotypes between these two polymorphic nucleotide sites. These recombinants and heteroplasmic individuals then diversified among descendent lineages but with incomplete lineage sorting, resulting in some lineages maintaining the heteroplasmic state while others containing one to four of the four possible haplotypes.
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FIGURE 3. Bayesian tef-1 haplotype cladogram showing the broad distributions ofatp6 genotypes at two polymorphic nucleotide sites. Termina branch colors represent the different atp6genotypes at the two polymorphic sites; For each tef-1 haplotype in our samples, the name or abbreviation (full name can be found in Supplementary Table 2) represents the county/community from where the sample was obtained, the number after “H” represent the haplotype assignment; the last number represents the total number of samples belonging to the specific haplotype from each geographic location and for each unique atp6 genotype. Only representative sequences of unique haplotypes from each geographic location and unique atp6 genotypes are shown.
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FIGURE 4. The tanglegram between tef-1 and atp6 phylogenies. The full name can be found in Supplementary Table 2.


To further investigate evidence of recombination among polymorphic nucleotide sites within the mitochondrial atp6 gene, we measured the degree of association between alleles at seven polymorphic nucleotide sites within this DNA fragment using the program Multilocus 1.3 (Agapow and Burt, 2001). The analyses were conducted for both the total samples and samples from individual phylogenetically distinct clusters as revealed by the tef-1 phylogeny. Only clades with >5 samples were analyzed. Because IA can be influenced by the number of polymorphic loci and samples, we standardized the IA value by the rBarD value for comparisons among populations. The null hypothesis for IA is that there is random association (recombination) among alleles at different loci, a p value of <0.05 would indicate that the null hypothesis should be rejected. Phylogenetic incompatibility (PrC) is another indicator of recombination at the population level, the lack of phylogenetic incompatibility implies no recombination (Agapow and Burt, 2001). Results of IA and PrC tests showed that while random recombination was rejected in all samples, evidence for recombination was found in both the total sample as well as in Cantharellus sp. 9 and C. tuberculosporus (Table 2). Specifically, they showed clear evidence of phylogenetic incompatibility (Table 2). Overall, our results are consistent with non-random recombination in the mitochondrial genome of several distinct clades within the yellow chanterelles.


TABLE 2. Association among SNPs at the atp6 gene for C. cibarius and related species across southwestern China and Europe.
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Using the same seven non-heteroplasmic sites within the atp6 gene fragment, we constructed the phylogenetic relationships of all clone-corrected samples and compared it with that constructed using tef-1 SNPs. The phylogenetic comparisons revealed evidence for phylogenetic in congruences between the two gene trees among most phylogenetic species. An example is strain SY6-4 that showed distinctly incongruent phylogenetic placements between the tef-1 and atp6 phylogenies. The results further support recombination and hybridization within and between several clades within the yellow chanterelles.




DISCUSSION


Species and Genetic Diversity

In this study, 363 fruiting bodies of the edible yellow chanterelles were obtained from Yunnan, Southwestern China and five countries in Europe. Phylogenetic analyses of our tef-1 sequence types and closely related sequences from GenBank identified that while many of our samples belonged to two known species C. cibarius (most of our European samples) and C. tuberculosporus (many of our Yunnan samples), our specimens belonged to seven additional putative phylogenetic species.

Previous studies have shown that the broad application of the name C. cibarius to chanterelles found in North America and other areas outside of Europe were inaccurate. As a result, several new species have been described (Buyck and Hofstetter, 2011). The phylogenetic analyses of our samples from Southwest China along with representative samples of C. cibarius and related species from other parts of world indicated that the Yunnan and European samples contained a total of nine putative phylogenetic species. However, due to the lack of ITS, tef-1, and other gene sequences in public databases for several known species in this group of mushrooms, we are unable to confidently finalize the phylogenetic species status of the four clades. Indeed, though ITS shows higher resolution for species identification after cloning step (Ogawa et al., 2018), the difficulties in the direct amplification and sequencing of this gene, as well as the shortage of ITS data in the public database due to its high frequency of heterogeneity in many Cantharellus samples, have made ITS not an ideal barcode locus for this group of fungi (Xu, 2016). Instead, tef-1 has been recognized as the DNA barcode for C. cibarius and related species (Olariaga et al., 2017).

By constructing the tef-1 phylogenetic tree with the reference sequences representing the few current known species within the edible yellow chanterelles, we made several novel observations. First, several known species distinguished based on morphological characters showed no or very limited difference between each other at the tef-1 gene fragment. Indeed, the lack of a clear barcode gap at the tef-1 gene among several groups of morphological species suggest that additional genes or whole-genome sequences should be used to confirm the genetic uniqueness of these species (Xu, 2020). Second, most of the samples from Yunnan had distinct tef-1 sequences from those from other parts of the world. For example, most of the samples from Yunnan belonged to one clade that clustered with C. anzutake, C. tuberculosporus, and C. yunnanensis (Ogawa et al., 2018; Shao et al., 2021; Zhang et al., 2021). However, until recently, the common chanterelles in Yunnan province were called C. cibarius, the species found only in Europe (Liu et al., 2009; Wang et al., 2009). The known species C. tuberculosporus and C. yunnanensis showed very low interspecies genetic distance (0.3%) from each other, and with only 0.8% between C. yunnanensis and C. anzutake. According to the cutoff value we established for species delimitation in this study, the three species could be combined into one monophyletic species. Thus, our analyses indicate that the name C. cibarius is a misnomer when applied based on morphological characteristics to chanterelles in Yunnan, a conclusion similar to what was found recently through morphological investigations (Shao et al., 2021). With such a stringent criterion, several specimens from Zhongdian (Cantharellus sp. 7) and Nanhua (Cantharellus sp. 2) in Yunnan most likely belonged to novel species. Further comparisons using morphological characteristics and additional DNA sequences are needed to confirm their genetic uniqueness and cryptic speciation.



Persistent Heteroplasmy and Ancient Mitochondrial Recombination

We found evidence for heteroplasmy and recombination within the mitochondrial gene atp6 in our samples of C. cibarius and related species. The identification of heterozygous nucleotide sites at the atp6 locus in samples DL7-6 and LF-13 is consistent with heteroplasmy. In laboratory crosses, heteroplasmy is a pre-requisite for mitochondrial recombination (Basse, 2010). Furthermore, according to the tef-1 phylogeny, although the two heteroplasmic specimens DL7-6 and LF-13 belonged to the same tef-1 clade, the four atp6 haplotypes as observed from the yellow chanterelles had wide geographic and phylogenetic distributions, indicating that recombination was likely ancient. For recombination to occur, heteroplasmy must have been present in the ancestor to drive the recombination event. However, during subsequent evolution and diversification, most lineages may have lost heteroplasmy and/or some of the recombinant atp6 genotypes. The exceptions are two specimens DL7-6 and LF-13 that maintained their heteroplasmy.

Advances in DNA sequencing and polymorphism detection technology have documented the presence of recombinant mtDNA for a wide range of eukaryotic taxa. In the Baker’s yeast Saccharomyces cerevisiae, there is a large body of data showing evidence of heteroplasmy and recombination in laboratory crosses. However, mitochondrial heterogeneity was always transient, with the offspring of the zygote becoming completely homozygous within 20 mitotic cell divisions (Hermann and Shaw, 1998). A few other studies have also provided evidence of mtDNA recombination in natural populations of certain fungal species, such as Armillaria gallica (Saville et al., 1998), Cryptococcus gattii (Xu et al., 2009), Agaricus bisporus (Xu et al., 2013) and recently, Thelephora ganbajun (Wang et al., 2017). However, there has been no report showing evidence of potential stable heteroplasmy and broad mitochondrial recombination over repeated speciation events in nature.

In the human pathogenic yeast C. neoformans, a progeny population with diverse mitochondrial genotypes created due to biparental mitochondrial inheritance was found to show greater phenotypic variation than that with a uniparental mitochondrial inheritance (Yan et al., 2007). Mitochondrial genomes are commonly inherited uniparentally in the majority of sexual eukaryotes. As a result, these genomes are considered effectively asexual that may be prone to Muller’s Rachet, an irreversible accumulation of deleterious mutations (Lynch, 1996; Xu, 2005). Interestingly, our analyses identified signatures of heteroplasmy and mtDNA recombination in the yellow chanterelles, suggesting these organisms may have an effective mechanism to prevent Muller’s Rachet from operating in their mitochondrial genomes (Matsumoto and Fukumasa-Nakai, 1996; Xu, 2007).

At present, the selective pressure responsible for the maintenance of heteroplasmy and mitochondrial recombination in the yellow chanterelles is not known. In the human pathogenic yeast C. neoformans, high temperatures and UV exposure have shown to be capable of changing mitochondrial inheritance from uniparental to biparental (Yan et al., 2007), which also included mitochondrial heteroplasmy and the generation of mitochondrial recombinants. The high altitudes in Yunnan where these mushroom samples are from may be exposed to significant UV irradiations or other stress factors that favor mitochondrial heteroplasmy and recombination as an adaptive response to reduce the rate of accumulation of deleterious mutations in the mitochondrial genomes in these species. Indeed, evidence for mitochondrial recombination have been found in several other mushroom species (e.g., T. ganbajun and a Russula virescens ally) in the same geographic regions (Cao et al., 2013; Wang et al., 2017). Further investigations of the relationships between environmental factors and mitochondrial genetic variations are needed to determine the extent of mitochondrial recombination and the potential adaptive significance of such recombination in these mushrooms.



Comparison Between Mitochondrial and Nuclear Genetic Polymorphisms

In our analyses, there were overall lower sequence divergences among clades at the atp6 locus than those at tef-1 locus. This result is consistent with what has been reported in many other fungi that showed lower rates of evolution in the mitochondrial genome than that in the nuclear genome (Sandor et al., 2018, Sandor et al., 2020). Indeed, distinct genotypes and lineages identified based on the nuclear tef-1 sequences were often found to share the same atp6 sequences. However, the lower sequence diversity for mitochondrial genes than nuclear genes in these mushrooms doesn’t mean that the mitochondrial genomes in these fungi are static. Contrary, the mitochondrial genome size variation among strains in the same or closely related species can be very large (up to ±25% of the mean genome size), usually much greater than the nuclear genome size variation within many fungal species (Sandor et al., 2018; Wang and Xu, 2020; Zhang et al., 2020). The mitochondrial genome size variations in fungi were mainly due to differences in the number and size of introns and mobile genetic elements (Sandor et al., 2018; Wang and Xu, 2020; Zhang et al., 2020). Indeed, in our initial screening for mitochondrial genetic markers for analyzing the yellow chanterelles, polymorphisms in intron distributions were found in several genes, including cox1, cox2, cox3, nad1, nad5, cob, and rnl (Supplementary Table 3 and unpublished data). Unfortunately, such intron distribution polymorphisms in these genes limited the success of our direct PCR and sequencing efforts for these specimens. Consequently, these gene fragments were not selected as markers to further investigate the mitochondrial genetic polymorphisms in our study.

We would like to mention that while the low rate of evolution at the mitochondrial atp6 gene may be responsible for some of the haplotype sharing, an alternative explanation is recent hybridization among some of the lineages. Indeed, our analyses revealed evidence of incongruence between the nuclear tef-1 phylogeny and the mitochondrial atp6 phylogeny, consistent with hybridization among lineages. Analyses of whole-genome sequences, including both the nuclear and mitochondrial genome sequences at the population level, is needed in order to distinguish these two possibilities.
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Mitochondria are the major energy source for cell functions. However, for the plant fungal pathogens, mitogenome variations and their roles during the host infection processes remain largely unknown. Rhizoctonia solani, an important soil-borne pathogen, forms different anastomosis groups (AGs) and adapts to a broad range of hosts in nature. Here, we reported three complete mitogenomes of AG1-IA RSIA1, AG1-IB RSIB1, and AG1-IC, and performed a comparative analysis with nine published Rhizoctonia mitogenomes (AG1-IA XN, AG1-IB 7/3/14, AG3, AG4, and five Rhizoctonia sp. mitogenomes). These mitogenomes encoded 15 typical proteins (cox1-3, cob, atp6, atp8-9, nad1-6, nad4L, and rps3) and several LAGLIDADG/GIY-YIG endonucleases with sizes ranging from 109,017 bp (Rhizoctonia sp. SM) to 235,849 bp (AG3). We found that their large sizes were mainly contributed by repeat sequences and genes encoding endonucleases. We identified the complete sequence of the rps3 gene in 10 Rhizoctonia mitogenomes, which contained 14 positively selected sites. Moreover, we inferred a robust maximum-likelihood phylogeny of 32 Basidiomycota mitogenomes, representing that seven R. solani and other five Rhizoctonia sp. lineages formed two parallel branches in Agaricomycotina. The comparative analysis showed that mitogenomes of Basidiomycota pathogens had high GC content and mitogenomes of R. solani had high repeat content. Compared to other strains, the AG1-IC strain had low substitution rates, which may affect its mitochondrial phylogenetic placement in the R. solani clade. Additionally, with the published RNA-seq data, we investigated gene expression patterns from different AGs during host infection stages. The expressed genes from AG1-IA (host: rice) and AG3 (host: potato) mainly formed four groups by k-mean partitioning analysis. However, conserved genes represented varied expression patterns, and only the patterns of rps3-nad2 and nad1-m3g18/mag28 (an LAGLIDADG endonuclease) were conserved in AG1-IA and AG3 as shown by the correlation coefficient analysis, suggesting regulation of gene repertoires adapting to infect varied hosts. The results of variations in mitogenome characteristics and the gene substitution rates and expression patterns may provide insights into the evolution of R. solani mitogenomes.

Keywords: Rhizoctonia solani, mitogenome, expression pattern, evolution, positive selection


INTRODUCTION

The basidiomycetous fungus Rhizoctonia solani Kühn [teleomorph Thanatephorus cucumeris (Frank) Donk] is a worldwide prevalent soil-borne plant pathogen. It causes diseases in many economically important crops (including rice, corn, soybeans, potatoes, wheat, cabbage, lettuce, sugar beets, and tomatoes), ornamental plants, and forest trees (Ogoshi, 1987; Gonzalez Garcia et al., 2006; Yang and Li, 2012; Molla et al., 2020).

The multinucleate R. solani isolates are grouped in the taxa within the Rhizoctonia species complex (Carling, 1996). These R. solani isolates are classified into 14 distinct anastomosis groups (i.e., AG1-AG13 and AGBI), and AG1 consists of four primary intraspecific subgroups of AG1-IA, AG1-IB, AG1-IC, and AG1-ID (Pannecoucque and Höfte, 2009; Yang and Li, 2012). Among AG1-AG13, strains are generally capable of fusing hyphae only in each AG, while strains from AGBI are capable of fusing hyphae with strains from 14 AGs (Sneh et al., 1991; Gonzalez Garcia et al., 2006). Meanwhile, the binucleate Rhizoctonia sp. isolates are classified in other taxa within the complex (Carling, 1996), which include 21 AGs (AG A-U).

In recent years, R. solani pathogenesis has been studied at the genomic and transcriptomic level, including AG1-IA that causes sheath blight in rice (Oryza sativa), corn (Zea mays), and soybeans (Glycine max; Zheng et al., 2013; Nadarajah et al., 2017; Xia et al., 2017; Yamamoto et al., 2019; Lee et al., 2021; Li et al., 2021a), AG1-IB that infects lettuce (Wibberg et al., 2015; Verwaaijen et al., 2017), AG3 that infects potatoes (Cubeta et al., 2014; Patil et al., 2018; Zrenner et al., 2020), and AG8 that infects wheat (Hane et al., 2014).

Mitochondrial genomes evolve independently of the nuclear genomes, and comparative mitogenome analysis sheds light on mitochondrial evolution (Gray, 2012). The relatively small size and mostly uniparental inheritance of fungal mitochondria also makes them ideal candidates for evolution, fungicide insensitivity, population genetics, and taxonomy studies (Bullerwell and Lang, 2005). So far, more than 800 complete fungal mitogenomes are available in the NCBI database1, providing a rich picture of their prevailing features, ancestral characteristics, and evolutionary trends. About 16% of these mitogenomes are in Basidiomycetes, including AG1-IB 7/3/14 and AG3 mitogenomes (Wibberg et al., 2013; Losada et al., 2014). The partial mitogenomes of AG1-IA and AG8 have also been reported (Zheng et al., 2013; Hane et al., 2014). The AG3 mitogenome revealed the expansion of mobile elements in R. solani and the synteny among AG1-IA, AG1-IB, and AG3 mitogenomes (Losada et al., 2014). Recently, multi-, bi-, and uninucleate Rhizoctonia mitogenomes have been reported (Li et al., 2021b). However, lack of complete mitogenomes of AG1-IA and AG1-IC that can infect cabbage and soybeans (Fu et al., 2014; Misawa and Aoki, 2017) prevents our understanding of the diversity of mitogenomic characteristics in R. solani. A comparison of mitogenomes in Basidiomycota could provide valuable insight into the origin and evolution of their complex mitogenomic features.

In fungal biology, mitochondria play a significant role in fungal virulence and adaptation (Ingavale et al., 2008; Chatre and Ricchetti, 2014; Calderone et al., 2015; Sun et al., 2019). Previous studies show that mutations in the mitogenome of the tree pathogen Cryphonectria parasitica weaken its virulence (Monteiro-Vitorello et al., 1995), and the mitochondrial cytochrome C from the animal pathogen Aspergillus fumigatus is critical for its virulence (Grahl et al., 2012). For the human opportunistic pathogen Cryptococcus neoformans, the changes in its mitochondria morphology by fission and fusion could dramatically influence its virulence (Chang and Doering, 2018). Meanwhile, the mitochondria of C. neoformans play a key role in hypoxia adaptation (Ingavale et al., 2008). Moreover, lineage-specific adaptations in mitochondria have been found to be associated with hosts in another opportunistic pathogen, Candida albicans, and the mitochondrial proteins influence C. albicans respiration (Sun et al., 2019) that is required for its growth, morphogenesis, and virulence. Many chemicals can efficiently inhibit respiration in C. albicans while not damaging the mammalian host (Duvenage et al., 2019), which may be a strategy to develop a target for antifungals in the future studies.

The fungal mitogenomes may be a powerful system to measure adaptation at the molecular level. The estimation of substitution rates may provide evidence of adaptive evolution that possibly affects only a few amino acids at a few time points (Yang and Nielsen, 2002). To measure the selection pressure on amino acid replacement mutation of protein-coding genes, the method of calculating the non-synonymous/synonymous substitution rate ratio (dN/dS) is widely used (Nielsen and Yang, 2003). Based on eight mitogenomes of the Synalpheus species of non-eusocial and eusocial groups, the comparative analyses of synonymous substitution rates and selection signals provide direct evidence of eusociality impacting genome evolution (Chak et al., 2021). The discovery of several positively selected sites in eusocial lineages may represent adaptation (Chak et al., 2021). For host specificity of R. solani AG strains, the examination of substitution rates in mitogenomes may help to reveal their adaptability to hosts.

Additionally, the expression of R. solani nuclear genes during host infection enhances our discovery of pathogenic factors, including candidate effectors (Zheng et al., 2013). The interactions between AG1-IA and rice, AG1-IB and lettuce, as well as AG3 and potatoes have been explored (Zheng et al., 2013; Verwaaijen et al., 2017; Xia et al., 2017; Zrenner et al., 2020), providing an avenue to investigate the expression of mitochondrial encoded genes and their roles during infection process. A schematic of varied gene expression patterns during infecting different hosts may provide clues to understand fungal adaptation to hosts.

Here, in exploring the evolution and host adaptation in R. solani by performing comparative analysis of mitogenomes, we reported three complete mitogenomes of R. solani AG1-IA RSIA1, AG1-IB RSIB1, and AG1-IC, providing a resource for revealing mitogenome characteristics. We also investigated the phylogenetic analysis and selection pressure analysis on amino acids, which may indicate significant sites contributing to adaptation, and examined the varied expression patterns of encoded genes from mitogenomes of AG strains with host specificity during infection, which may further provide knowledge about host adaptation in R. solani.



MATERIALS AND METHODS


Sampling and DNA Extraction

The R. solani AG1-IA RSIA1, AG1-IB RSIB1, and AG1-IC strains were provided by Prof. Erxun Zhou at South China Agricultural University. The strains were grown in potato dextrose broth medium at 28°C, and the genomic DNA was extracted using a modified CTAB method (Ciampi et al., 2008). All the Rhizoctonia mitogenomes used in this study were listed in Supplementary Table 1, including the previously reported mitogenomes of AG1-IB 7/3/14 (Wibberg et al., 2013), AG3 (Losada et al., 2014), AG4 (Zhang et al., 2021), AG1-IA XN, R. cerealis RW, and four Rhizoctonia sp. strains, JN, LY, SM, and YR (Li et al., 2021b). The hosts of five complete mitogenomes were listed in Table 1.


TABLE 1. Statistics of mitochondrial genomes of Rhizoctonia solani species.
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Mitogenome Assembly and Annotation

For the sequenced PacBio RS long reads of AG1-IA RSIA1, AG1-IB RSIB1, and AG1-IC strains, we used LoRDEC v0.5 (Salmela and Rivals, 2014) with parameters of “-k 19 -s 3” for read correction based on Illumina short reads with insert size of ∼180 bp. Then we used Canu v1.2 (Koren et al., 2017) with default parameters for genome assembly, which generated the complete three mitogenomes of AG1-IA, AG1-IB, and AG1-IC. We examined the circular map of the mitogenomes and improved the sequences using Pilon v1.17 (Walker et al., 2014) with default parameters.

From the mitogenome sequences, we predicted and annotated the 15 typical protein-coding genes (seven subunits of NADH dehydrogenase, three cytochrome c oxidase subunits, three ATP synthase subunits, one apocytochrome b, and one ribosomal protein) and other protein-coding genes (LAGLIDADG homing endonucleases and GIY-YIG endonucleases) by the pipeline as follows. First, we aligned the mitogenome sequences against amino acids in the NCBI NR database using BLASTPX with an E-value cutoff of 1e-10, which detected candidate reference genes from the NR database. Then, we used Exonerate v2.2.0 (Slater and Birney, 2005) with the “protein2genome” model to predict genes by aligning mitogenome sequences against these candidate reference genes. We found that some Exonerate-predicted genes may be incomplete without considering the start and/or stop codons. For each predicted gene, we wrote an in-house Perl script to check and improve the prediction by scanning its up-/down-stream genomic sequences to identify the start and stop codons. For each gene region, Exonerate may predict multiple candidate genes because of multiple NR reference genes being used for alignment analysis. All candidate genes were aligned to NR reference genes again using BLASTP, which could be useful for manual examination of the length and E-value for each predicted gene. For multiple predicted genes from the same genomic region, we manually selected the one with the low BLASTP E-value and with similar length compared to the NR reference genes. Finally, the annotation of selected genes was inferred from NR reference genes. For tRNA genes, we used tRNAscan-SE v1.3.1 (Lowe and Eddy, 1997) with translation table 4 for gene discovery and removed candidate tRNAs with types of “Undet” (i.e., without anticodons). The reported rRNA sequences in the SILVA database (Quast et al., 2013) were used as reference genes for rRNA annotation by performing BLASTN analysis.

We used the same method to annotate the encoding genes of the previously reported AG1-IB 7/3/14, AG3, AG4, AG1-IA XN, R. cerealis RW, and four Rhizoctonia sp. mitogenome sequences (JN, LY, SM, and YR). The AG4 mitogenome was included in the reported sequence deposited in NCBI with the accession number of JADHEA010000014.1 (Zhang et al., 2021; Supplementary Table 2). We found that there was one base deletion in the rps3 gene (Supplementary Figure 1), preventing the prediction of the rps3 gene in AG4 (Supplementary Table 3). As we could not be sure that the AG4 rps3 was a real pseudogene or had an error in assembly sequence, we did not include AG4 rps3 for comparative analysis. For the other six mitogenomes, we found that there were 17, 4, 1, 1, and 1 gap regions (i.e., “Ns” in assemblies) in XN (accession number: MT887631.1), LY (accession number: MT887629.1), SM (accession number: MT887628.1), YR (accession number: MT887627.1), and RW (accession number: MT887630.1) mitogenomes, respectively. The Rhizoctonia sp. JN (accession number: MT887626.1) mitogenome did not have a gap sequence, but its length (∼126 kb) was ∼35 kb less than that of Rhizoctonia sp. LY (∼161 kb), preventing the confirmation of complete mitogenome of Rhizoctonia sp. JN. The incomplete mitogenomes may prevent the prediction of genes (such as the incomplete rps3 in RW strain). However, the complete sequences of 14 typical proteins (cox1-3, cob, atp6, atp8-9, nad1-6, and nad4L) were identified in 12 Rhizoctonia mitogenomes. To perform comparative analysis of endonucleases, only five complete mitogenomes of AG1-IA RSIA1, AG1-IB RSIB1, AG1-IC, AG1-IB 7/3/14, and AG3 were used (Table 1 and Supplementary Table 4).

We used the de novo method to identify repeat sequences in Rhizoctonia mitogenomes. The repeat library was constructed based on the mitochondrial genome sequences using RepeatScout v1.0.5 (Price et al., 2005). This library was used to identify repeat sequences using RepeatMasker v4.0.52.



Comparative Mitogenomic Analysis

Based on amino acid sequences of genes from five complete mitogenomes of R. solani strains, we used OrthoFinder 0.7.1 (Emms and Kelly, 2015) to detect their orthologous genes. The sequence alignment of the rps3 gene was done by MUSCLE v3.8.31 (Edgar, 2004). The positively selected signals in rps3 genes were detected using CODEML implemented in PAML v 4.8a (Yang, 2007), as described in the previous study (Lin et al., 2015). For the rps3 gene with positively selected signals, we used PSIPRED (Buchan and Jones, 2019) and RoseTTAFold (Baek et al., 2021) to predict its protein structure.

The KaKs_Calculator 1.2 estimated dN and dS values using model-selected and model-averaged methods based on a group of models (Zhang et al., 2006). As in the description in the KaKs_Calculator study (Zhang et al., 2006), different substitution models considered different evolutionary features, resulting in different estimates, and for protein-coding sequences, the use of many features may lead to more reliable evolutionary information. We used the 10 methods (NG, LWL, MLWL, LPB, MLPB, GY-HKY, YN, MYN, MS, and MA) implemented in the KaKs_Calculator to estimate dN, dS, and dN/dS values for protein-coding genes in Rhizoctonia mitogenomes. We used their mean values to represent the increasing or decreasing trends of the dN, dS, and dN/dS values for the comparative analysis.

To perform phylogeny analysis for 32 mitogenomes from Basidiomycetes (Supplementary Table 1), we selected amino acids from 14 typical protein-coding genes (cox1, cox2, cox3, cob, atp6, atp8, atp9, nad1, nad2, nad3, nad4, nad4L, nad5, and nad6) and performed MUSCLE alignment. Then these sequences were concatenated for the following analysis. The ProtTest v3.4 (Darriba et al., 2011) with parameters of “-all-distributions -F -AIC -BIC” identified the best model of LG + I + G + F for constructing the maximum-likelihood phylogeny. Then we used Mega v6.06 (Tamura et al., 2013) to build the maximum-likelihood phylogenetic tree with bootstrap value of 1,000.



Transcriptomic Analysis

For AG1-IA, its gene expression analysis was investigated using RNA-seq after rice infection at 10 h (10-h), 18, 24, 32, 48, and 72-h (Zheng et al., 2013). The RNA-seq data before and after infecting different crops (i.e., rice, corn, and soybeans) of different AG1-IA strains that were isolated from rice, corn, and soybeans have been reported (Xia et al., 2017). For three strains of AG3, their interaction with potato sprouts after infection of three and 8 days were investigated by transcriptomic analysis (Zrenner et al., 2020). For the reported RNA-seq data, we analyzed data from each study independently. We calculated the gene expression FPKM (fragments per kilo base per million mapped reads) values following the protocol (Pertea et al., 2016) using HISAT2 (Kim et al., 2019), StringTie (Pertea et al., 2015), and Ballgown (Frazee et al., 2015) software. Based on the expression values, we used the R function of fviz_cluster that was implemented in the factoextra package to detect gene clusters and used the R function cor to calculate the Pearson correlation coefficient between genes.



Gene Expression Analysis via Real-Time Quantitative Reverse Transcription PCR (RT-qPCR)

A total of 15 genes were selected for RT-qPCR analysis. First-strand cDNA was synthesized from total RNA using HiScript II Q RT Supermix for qPCR with a gDNA wiper (Vazyme R223-01, Nanjing, China). RT-qPCR was performed using the AceQ qPCR SYBR green master mix (Vazyme Q111-02/03, Nanjing, China). The qPCR reactions were performed in a final volume of 10 μL containing 5 μL of 2 × AceQ qPCR SYBR green master mix, 0.25 μL of 10 μM of each primer, 4.25 μL of ddH20, and 0.25 μL of cDNA. Reactions were carried out at 95°C for 5 min, followed by 40 cycles of 95°C for 10 s, 60°C for 30 s, and melting curve analysis from 60°C to 95°C at 1°C increments (qTOWER3G, Jena German). Primers for qPCR were designed based on our predicted gene sequences by NCBI primer blast, and the parameters were modified to suit the RT-qPCR conditions (Supplementary Table 5). The 18S gene was used as an internal control. Fold changes were determined by the 2–Δ Δ Ct method. All qPCR reactions were run in triplicate.




RESULTS


General Characteristics of R. solani Mitogenomes

Here we reported three complete mitogenomes of R. solani AG1-IA, AG1-IB, and AG1-IC, with the sizes of ∼152-168 kb (Table 1), and performed a comparative analysis with two published complete mitogenomes of R. solani AG1-IB and AG3 (Wibberg et al., 2013; Losada et al., 2014). Among the five complete mitogenomes, the smallest size was ∼152 kb in AG1-IA and the largest size was ∼235 kb in AG3 (Table 1). We found highly conserved sequences in the two AG1-IB mitogenomes of RSIB1 and 7/3/14 strains. These mitogenomes consisted of an essential set of 15 typical protein-coding genes (three cytochrome c oxidase subunits: cox1, cox2, cox3; the apocytochrome b: cob; three ATP synthase subunits: atp6, atp8, atp9; seven subunits of NADH dehydrogenase: nad1, nad2, nad3, nad4, nad4L, nad5, nad6; and one ribosomal protein: rps3), LAGLIDADG homing endonucleases and GIY-YIG endonucleases (ranging from 12 in AG1-IB and 36 in AG1-IA), and the small and large ribosomal RNA subunits (rns, rnl), and tRNAs (Table 1, Figure 1, and Supplementary Table 4). All protein-coding genes were clustered into 15, 14, 3, and 1 orthologous groups for 15 typical protein-coding genes, LAGLIDADG homing endonucleases, GIY-YIG endonucleases and DNA polymerase, respectively (Figure 1B). Most groups contained single-copy genes from each mitogenome, excluding three LAGLIDADG groups and one GIY-YIG group that each contained multiple-copy genes (Figure 1C). For example, the RSMOG01 group contained only one cox1 in each strain, while the RSMOG16 group contained LAGLIDADG homing endonucleases ranging from 3 in AG1-IB 7/3/14 to 18 in AG1-IA. Compared to other strains, AG1-IA contained more LAGLIDADG homing endonucleases that were mainly encoded in the intron regions of rnl, cox1, and nad4L (Figure 1A and Supplementary Table 4).


[image: image]

FIGURE 1. Characterization of mitogenomes in Rhizoctonia solani. (A) Maps of six mitogenomes. The genomic positions of genes and repeat sequences were shown. Many protein-coding genes contained multiple exons that were connected by broken lines. (B) Orthologous groups of protein-coding genes in mitogenomes. (C) Four groups contained multiple genes. (D,E) Distribution of repeat sequences and GC contents in Rhizoctonia mitogenomes. In the MATERIALS AND METHODS section (Mitogenome assembly and annotation), we described selecting Rhizoctonia mitogenomes for comparative analysis. The R functions (ggplot and stat_cor with the Pearson correlation coefficient method implemented in ggplot2 and ggpubr packages, respectively) were used to draw the (D,E).


Among these mitogenomes, there were 27,239 (17.86%), 54,190 (32.17%), 49,669 (30.52%), 50,748 (28.96%), and 100,785 (42.73%) bp of repeat sequences in AG1-IA, AG1-IB, AG1-IB 7/3/14, AG-IC, and AG3, respectively (Supplementary Tables 6–10), with the lowest and highest ratios in AG1-IA and AG3, respectively. The genomic size of AG3 was 83,310 bp larger than that of AG1-IA (Table 1), while the repeat sequences of AG3 were 73,546 bp larger than those of AG1-IA, indicating that repetitive sequences contribute to the large size of the AG3 mitogenome. The comparison of genomic sizes and ratios of repeat sequences suggested their positive correlations (R = 0.81, P = 0.0015), i.e., longer genomic sizes containing more repetitive sequences (Figure 1D).

However, the relationship between GC contents and genomic sizes was not similar to that between repeat sequences and genomic sizes (Figure 1E). Although AG3 had the largest genomic size, its GC content was larger than 33.7% of the GC content in AG1-IA and was lower than 36.5% for AG-IB (Table 1). The distribution of GC content among mitogenomes may suggest the different sequence preferences in mitogenomes.



Mitochondrial Phylogenetic Relationships Between R. solani and Other Fungi in Basidiomycota

Based on the complete mitogenome of R. solani, we explored their phylogenetic relationships with other fungi. A phylogeny for 32 fungal strains in Basidiomycota and one strain in Ascomycota as an outgroup was constructed, which represented 26, 2, and 3 Basidiomycetes strains in three subphyla of Agaricomycotina, Pucciniomycotina, and Ustilaginomycotina, respectively (Figure 2A). Rhizoctonia strains were in Agaricomycotina. The seven multinucleate R. solani strains (AG1-IA RSIA1 and XN, AG1-IB RSIB1 and 7/3/14, AG1-IC, AG3, and AG4) were parallel with a clade containing two binucleate Rhizoctonia strains (Rhizoctonia sp. LY and R. cerealis RW) and three uninucleate Rhizoctonia strains (Rhizoctonia sp. SM, JN, and YR; Li et al., 2021b). These Rhizoctonia lineages were in the Cantharellales order, plus the Cantharellus cibarius lineage formed one large clade that was parallel with another clade containing 12 lineages in four orders (Agaricales, Corticiales, Russulales, and Polyporales). Outside the branches of these 25 lineages, there was one branch for Serendipita indica in the Sebacinales order (in Agaricomycotina).
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FIGURE 2. Phylogenetic relationships between Rhizoctonia solani and other fungi in Basidiomycota. (A) The mitogenome phylogeny of 33 fungal strains. The Candida parapsilosis in Ascomycete was used as the outgroup. The maximum-likelihood bootstrap values were shown. The sizes of mitogenomes were shown with different colors for strains from different orders. The newly reported complete mitogenomes were marked in bold. (B) Distribution between sizes and GC content from 33 fungal mitogenomes. (C) Positive relationship between GC content and mitogenomic sizes for Agaricomycotina mitogenomes. (D) Distribution of GC content in Rhizoctonia mitogenomes with and without repeat sequences.


From the phylogeny, mitochondrial genomic sizes varied from 29 kb (Jaminaea angkorensis strain; in Microstromatales, Ustilaginomycotina) to 235 kb (AG3; in Cantharellales, Agaricomycotina). We found that five strains from Pucciniomycotina and Ustilaginomycotina had mitochondrial genomic sizes of less than 41 kb (Supplementary Table 1), excepting the Sporisorium reilianum strain of ∼90 kb in size (in Ustilaginales, Ustilaginomycotina). However, the mitochondrial genomic sizes were obviously increased in strains from Agaricomycotina, a separate clade in Basidiomycota, especially for R. solani strains in Cantharellales and Phlebia radiata strain in Corticiales, with sizes larger than 150 kb (Figure 2 and Supplementary Table 1).

Considering both GC content and mitogenomic sizes, we found that in Pucciniomycotina and Ustilaginomycotina, most mitogenomes had small sizes but had high GC content (>31%). In Agaricomycotina, the GC content was quite different, ranging from 22.8 to 39.66% (Figures 2B,C and Supplementary Table 1). A positive relationship (R = 0.73, P = 2.7e-05) between GC content and mitogenomic sizes are shown for Agaricomycotina strains, i.e., strains with higher genomic sizes with higher GC content (Figure 2C). Meanwhile, the repeat sequences in the mitogenomes had little effect on GC content (Figure 2D). Moreover, in Basidiomycota fungi, high mitochondrial GC content was found in pathogens (including Phakopsora sp. in Pucciniomycotina, Malassezia sp., and Sporisorium sp. in Ustilaginomycotina, and Rhizoctonia sp. in Agaricomycotina; Figure 2 and Supplementary Table 1).



Changes in Non-Synonymous and Synonymous Substitution Rates (dN and dS) of R. solani Mitogenomes

Although the R. solani phylogeny formed one branch in the mitochondrial phylogeny (Figure 2A), the AG1-IC and other AG1 strains were separated by the AG3 strain, which may reflect the sequence changes in mitogenomes. We used the KaKs_Calculator to calculate the dN and dS values for the concatenated sequences of 15 typical protein-coding genes and found that all dN, dS, and dN/dS values were lower than 0.03000, 0.25000, and 0.18000, respectively (Figure 3 and Supplementary Table 11). For each pair of mitogenomes, the AG1-IC and AG3 mitogenomes had the highest dN values (i.e., 0.02339∼0.02934, mean 0.02583), while AG1-IB and AG3 had the lowest dN values (i.e., 0.01418∼0.01735, mean 0.01536). Similar results were found for dS values, i.e., the highest dS values were found for AG1-IC vs AG3 and the lowest dS values were found for AG1-IB vs AG3. The mitogenome pairs of AG1-IC and other R. solani mitogenomes showed the higher substitution rates than those from mitogenome pairs without AG1-IC (Figure 3 and Supplementary Table 11), supporting the phylogenetic topology for R. solani mitogenomes (Figure 2A).
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FIGURE 3. The dN, dS, and dN/dS values for each pair of Rhizoctonia solani mitogenomes. (A) The box plots displayed the values estimated by 10 methods implemented in the KaKs_Calculator. The analysis was done based on concatenated sequences of 15 typical protein-coding genes. (B) The mean of the estimated values shown in (A).




Discovery of Positively Selected Sites in Rhizoctonia rps3 Genes

For each of 15 typical genes, we calculated their dN/dS values and found that all of them were less than one, including the rps3 genes (Figures 4A,B). The amino acid (aa) sequences of rps3 in four strains (AG1-IB RSIB1 and 3/7/14, AG1-IC, and AG3) were 283 aa, and one more aa was found in AG1-IA strains (RSIA1 and XN), as well as 56 more aa were found in Rhizoctonia sp. strains (LY, SM, JN, and YR). The sequence alignment showed that they shared sequence identities larger than 89%, suggesting the conserved sequences in Rhizoctonia rps3 genes. However, with the CODEML method in PAML (Yang, 2007), we detected 14 positively selected sites (Figure 4C). Among them, five sites (“RPHA” and “A” in AG1-IA) were closely linked with each other (aa position: 84–89), with one amino acid (“L” in AG1-IA) flanking these positively selected sites; meanwhile, for the 27 aa downstream of these sites, other positively selected sites were found, including “P,” “I,” and “NTT” in AG1-IA (Figure 4C). These changed sites represented five types of different sequences in AG1-IA, AG1-IB, AG1-IC/AG3, SM, and other strains (LY, JN, and YR), respectively, which were related to their phylogenic topology (Figure 2A). The secondary structure of the rps3 gene showed that the contiguous sites with positively selected signals were in the helix and coil regions (Supplementary Figure 2A). For these sites, we marked them in the predicted protein structure (with RoseTTAFold confidence of 0.46) as well (Supplementary Figure 2B).
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FIGURE 4. Detection of positively selected sites in rps3. (A) The dN/dS values for each pair of rps3 genes from mitogenomes. The dN/dS values were calculated by 10 methods implemented in the KaKs_Calculator. (B) The mean of the estimated values shown in (A). (C) Display of positively selected sites in rps3 genes. The 14 positively selected sites were detected by the CODEML program in PAML, including three sites (in blue) with P > 95% and three sites (in red) with P > 99%.




Expression Patterns of Genes in R. solani Mitogenomes During Host Infection

From RNA-seq for fungi-host interactions (i.e., interactions between AG1-IA and rice, soybeans, corn; AG1-IB and lettuce; AG3 and potatoes; Zheng et al., 2013; Xia et al., 2017; Zrenner et al., 2020), we analyzed the expression patterns of mitochondrial genes, which may suggest their roles during host infection. Based on gene expression FPKM values, 51 and 27 expressed genes from AG1-IA and AG3 mitogenomes, respectively, were all clustered into four clusters (Figures 5A,B and Supplementary Tables 12,13). Not all of each functional group of genes cytochrome c oxidase subunit, ATP synthase subunit, NADH dehydrogenase subunit, LAGLIDADG endonuclease, and GIY-YIG endonuclease were clustered into the same groups. For example, cox1, cox2, and cox3 from AG1-IA were clustered into three groups. The gene clusters showed different expression patterns after infecting hosts.
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FIGURE 5. The expression patterns of genes from Rhizoctonia solani mitogenomes. (A,B) The distribution of gene clusters from AG1-IA and AG3. (C) The heatmap of AG1-IA genes after infecting rice at 10, 18, 24, 32, 48, and 72 h.


We further explored gene expression during rice infection, which displayed varied gene expression peaks (Figure 5C). The peaks for cox1, cox2, and cox3 from AG1-IA mitogenome were at 24 (i.e., 24 h), 10, and 18-h, respectively, although they all had functional cytochrome c oxidase subunits. Similarly, the peaks for atp6 and atp9 were at 48 and 32-h, respectively, and atp8 was not expressed during rice infection. Meanwhile, LAGLIDADG endonucleases and GIY-YIG endonucleases represented expression peaks after host infection. For example, mag2 (a LAGLIDADG endonuclease) displayed an expression pattern similar to that of nad6, with the peak at 32-h; mag6 (a GIY-YIG endonuclease) showed a peak at 18-h. Similarly, peaks for different genes from AG3 mitogenomes during potato infection were found as well (Supplementary Figure 3).



Correlations Between Expressed Genes in R. solani Mitogenomes During Host Infection

For the expressed genes (including 15 typical proteins, LAGLIDADG endonucleases, and GIY-YIG endonucleases), we calculated the Pearson correlation coefficient to measure their expression similarity. With the Pearson correlation coefficient value cutoff of 0.6, we identified 76 and 8 positive correlations between each pair of genes in AG1-IA and AG3, respectively (Supplementary Tables 14,15). Among these genes, cox1, cob, nad1, nad2, nad6, rps3, and LAGLIDADG endonucleases in RSMOG16 orthologous group (11 genes in AG1-IA: mag10, mag12, mag13, mag14, mag20, mag23, mag26, mag28, mag30, mag32, mag36; three genes in AG3: m3g4, m3g10, and m3g18; Supplementary Table 4) were found in both AG1-IA and AG3. To view their relationships clearly, we chose the network to display these correlated pair of genes. The different topologies for these correlations were shown in AG1-IA and AG3 (Figure 6), with only two conserved correlations (i.e., nad2-rps3 and nad1-mag28/m3g18). In the neighboring genes nad2 and rps3 there were some repeat sequences; however, these repeat sequences from AG1-IA and AG3 mitogenomes were not similar sequences detected by BLAST alignment. Because the correlation coefficient was inferred from gene expression during varied host infection (i.e., rice infection for AG1-IA and potato infection for AG3; Supplementary Tables 12,13), there were different network topologies for expressed genes (Figure 6), which showed their different expression profiles in AG1-IA and AG3 mitogenomes, possibly indicating the different roles for these genes after AG1-IA and AG3 mitogenomes separated from the same ancestor.
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FIGURE 6. Correlation coefficients between each pair of genes encoded in mitogenomes. (A) The correlations for genes in AG1-IA. (B) The correlations for genes in AG3.





DISCUSSION

It has been proposed that mitochondria evolved from free-living bacteria via symbiosis within a eukaryotic host cell (Margulis, 1970). With that in mind, we compared examples of GC content variations in the bacterial kingdom with those we have observed in some of our fungal mitogenomes. In bacteria, the high genomic GC content is proposed to be associated with high rates of DNA damage and environmental factors (Wu et al., 2012; Weissman et al., 2019), and it is suggested to be maintained in some species by mutation pressure (Hildebrand et al., 2010). Considering both GC content and mitogenomic sizes, the Agaricomycotina clade is of interest. A comparison of mitogenomes between Rhizoctonia and other non-pathogens in Agaricomycotina showed that Rhizoctonia had a higher GC content, and a comparison of mitogenomes between Rhizoctonia and other plant pathogens that were separated early in Basidiomycota showed that Rhizoctonia had more repeat sequences. The results may indicate the divergent evolution of Basidiomycota mitogenomes. The high GC content in mitogenomes of Rhizoctonia that have broader host ranges may have evolved under pathogenic environmental pressure.

The comparative analysis of five complete R. solani mitogenomes showed the natural existence of varied mitogenomic characteristics in sizes, endonuclease genes (both LAGLIDADG and GIY-YIG endonucleases), and repeat sequences. The repeat sequences and endonucleases are the major contributors to the size variations. At least 12∼36 endonucleases were encoded in these mitogenomes (Table 1), and there were 73,546 bp (31.18%) repeat sequences in the AG3 mitogenome, more than those in AG1-IA (Supplementary Tables 6,10). In fungal mitogenomes, multiple repeat sequences are the main cause of size expansion in mitogenomes (Losada et al., 2014; Li et al., 2015). The genes encoding endonucleases are considered mobile genetic elements that invaded introns and intergenic sequences, and they have been found to play an important role in causing mitogenome size variation (Kolesnikova et al., 2019).

LAGLIDADG and GIY-YIG endonucleases have been found in fungal mitogenomes belonging to orders in all fungal phyla (Belfort et al., 2002; Megarioti and Kouvelis, 2020). These endonucleases possess special conserved amino acid motifs and are encoded in the intron regions of fungal mitogenomes (Stoddard, 2014). The LAGLIDADG endonuclease has the ability to recognize 18–22 bp target sequences (Belfort and Roberts, 1997; Chevalier et al., 2005). These endonucleases may originate from free-standing open reading frames, and endonucleases and their intron hosts may have co-evolved through recombination and horizontal gene transfer (Megarioti and Kouvelis, 2020). Yeast endonucleases have been found to drive recombination of protein-coding genes (Wu and Hao, 2019). Currently, only five complete mitogenomes in R. solani have been reported. With the increasing release of genomic data, the evolution of endonucleases in R. solani will be explored in the future studies.

Meanwhile, the expression peaks of endonucleases during host infection were identified (Figure 5C), such as the high expression of mag3 (a GIY-YIG endonuclease, located within the intergenic region between atp6 and rns) and mag33 (a LAGLIDADG endonuclease, located within the intergenic region between nad4 and rps3) at 10-h after rice infection. The expression patterns of mag31 (a LAGLIDADG endonuclease) and rps3 containing the intron host of mag31 were different, i.e., with expression peaks at 72 and 32-h, respectively, indicating that endonuclease and its inserted gene were expressed independently. These expression peaks may suggest the significant roles of endonucleases during host infection and independent roles for invasive endonucleases/introns and rps3 genes. As fungal mitochondria acting as organelles to provide energy for cell functions, their encoded genes displayed varied expression peaks after infection, indicating significant cooperation among these genes.

The analysis of interspersed repeat sequences in the AG3 mitogenome suggested that the stable secondary structures exhibited by repeats may comprise catalytic RNA elements (Losada et al., 2014). None of the repeat sequences were shared between AG3 and AG1-IB 7/3/14 or between AG3 and other fungal mitogenomes in Basidiomycota, suggesting the unique evolutionary phenomenon of repeat acquisition in R. solani (Losada et al., 2014). The mitochondrial repeat sequences had been considered as putative elements for recombination or regulation (Ghikas et al., 2006). For both complete AG1-IB mitogenomes (AG1-IB RSIB1 and 7/3/14 in Figure 1A), their repeat sequence contents vary from each other, and these differences resulted in the size variation between AG1-IB and AG1-IB 7/3/14 mitogenomes (Supplementary Tables 7,8). Meanwhile, in the AG1-IA mitogenome, the repeat sequences may affect the expression of genes because similar repeat sequences nearby the each pair of genes (rps3-nad2 and nad1-mag28) with positive correlations in expression were found. However, the influence of repeat sequence on gene expression in mitogenomes is required to further evaluate.

Non-synonymous and synonymous substitution rates (dN and dS) were different for each pair of R. solani mitogenomes (Figure 3), which may affect the phylogenetic placement of AG1-IC in the phylogeny (Figure 2A) because it was far from AG1-IB branches. The conflict between mitochondrial (Figure 2A and Supplementary Figure 4) and nuclear DNA (data not shown) phylogenies was identified for AG1-IC lineage. In the phylogenetic tree of nuclear genomes, AG1-IC was most closely related to AG1-IB, and they formed a clade parallel with AG1-IA. In our previous RNA-seq analysis, we found that among AG1 strains, AG1-IB and AG1-IC had the most and least frequent polymorphisms, respectively (Yamamoto et al., 2019), which was consistent with our mitogenomic analysis, i.e., the comparison of sequences between AG1-IC and other strains with high substitution rates (Figure 3).

Positive selection signals in fungal mitochondrial rps3 genes have been reported previously (Lin et al., 2015, 2017; Kang et al., 2017; Wang et al., 2020; Zhang et al., 2020; Huang et al., 2021; Wu et al., 2021). Together with rps3, genes encoding ribosomal subunits with positive AT and GC skewness are identified in the mitogenomes of brown rot fungal pathogens (Yildiz and Ozkilinc, 2021). In our results, we detected several sites in R. solani rps3 genes representing positively selected signals. These sites may be the hot spot region in the R. solani mitogenomes and they may contribute to host adaptation.

Mitochondrial DNA has been popularly used to design markers for study of genetic diversity (Galtier et al., 2009), such as the study in medicinal fungus Cordyceps militaris (Zhang et al., 2017). However, to our knowledge, the used of DNA markers to investigate intraspecific genetic diversity of Rhizoctonia sp. are mainly designed from nuclear genomes (Das et al., 2020). With the increase in publication of Rhizoctonia mitogenomes from different AGs, the design of mitochondrial DNA markers for identification of pathogens will become possible. Meanwhile, our mitochondrial phylogeny including AG1-IA, AG1-IB, AG1-IC, AG3, AG4, and other Rhizoctonia strains that adapt to different hosts will acting as a phylogenetic marker to investigate host adaptation between AGs.

Additionally, the expression of mitogenome encoded genes may offer clues to understand host adaptation for R. solani strains in the future studies. Although the 15 typical protein-coding genes were highly conserved in the strains, their expression in AG1-IA and AG3 during rice and potato infection were quite different (Figures 5, 6 and Supplementary Figure 3). The AG1-IA has many plant hosts, including rice, corn, soybeans, barley, potatoes, and cabbage, while AG3 hosts are potatoes and tobacco (Yang and Li, 2012). The host infection process requires energy provided by mitochondria. To adapt to different host infection, gene regulation in mitochondria may be very complex. The different correlation coefficient maps in AG1-IA and AG3 showed the more complex relationships between genes in AG1-IA (Figure 6). Even for AG1-IA strains, the atp8 gene from rice isolated strains was not expressed during rice infection, while the atp8 gene from soybeans or corn isolated strains was expressed during rice infection (Supplementary Table 12). These gene repertoires may be difficult to explain currently, but the strain-specific phenomena of gene expression patterns were very interesting.

Gene expression is a fundamental life process, which is essential for fungal growth, metabolism, virulence, and response to environments. The comparison of expression patterns between RNA-seq and RT-qPCR analyses (Supplementary Figure 5) suggested the complex expression and regulation for genes, although similar patterns were found for several genes (such as cob, rps3, mag28, and mag4). Those highly expressed genes in rice infection (Figure 5), such as the cox2 with an expression peak at 10-h, may play a significant role at the beginning of AG1-IA pathogenesis and may act as candidate targets for disease control. A comparison of amino acids between AG1-IA cox2 and human cox2 (i.e., MT-CO2) showed highly conserved sequences, with E-value of 2e-72 and identity of 46%. The sequence mutations in human MT-CO2 have been reported to be related to serious diseases (Rahman et al., 1999; Heidari et al., 2020), suggesting that there may be also some potential key pathogenic factors in the R. solani mitogenome. The CRISPR gene-editing technology could facilitate genetic alterations in fungal genomes and enable study of gene function (Liu et al., 2015; Muñoz et al., 2019), in relation to changes in fungal growth, morphology, and virulence. Gene editing may also accelerate our understanding of the role of mitochondrial genes.
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Global Characterization of Fungal Mitogenomes: New Insights on Genomic Diversity and Dynamism of Coding Genes and Accessory Elements
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Fungi comprise a great diversity of species with distinct ecological functions and lifestyles. Similar to other eukaryotes, fungi rely on interactions with prokaryotes and one of the most important symbiotic events was the acquisition of mitochondria. Mitochondria are organelles found in eukaryotic cells whose main function is to generate energy through aerobic respiration. Mitogenomes (mtDNAs) are double-stranded circular or linear DNA from mitochondria that may contain core genes and accessory elements that can be replicated, transcribed, and independently translated from the nuclear genome. Despite their importance, investigative studies on the diversity of fungal mitogenomes are scarce. Herein, we have evaluated 788 curated fungal mitogenomes available at NCBI database to assess discrepancies and similarities among them and to better understand the mechanisms involved in fungal mtDNAs variability. From a total of 12 fungal phyla, four do not have any representative with available mitogenomes, which highlights the underrepresentation of some groups in the current available data. We selected representative and non-redundant mitogenomes based on the threshold of 90% similarity, eliminating 81 mtDNAs. Comparative analyses revealed considerable size variability of mtDNAs with a difference of up to 260 kb in length. Furthermore, variation in mitogenome length and genomic composition are generally related to the number and length of accessory elements (introns, HEGs, and uORFs). We identified an overall average of 8.0 (0–39) introns, 8.0 (0–100) HEGs, and 8.2 (0–102) uORFs per genome, with high variation among phyla. Even though the length of the core protein-coding genes is considerably conserved, approximately 36.3% of the mitogenomes evaluated have at least one of the 14 core coding genes absent. Also, our results revealed that there is not even a single gene shared among all mitogenomes. Other unusual genes in mitogenomes were also detected in many mitogenomes, such as dpo and rpo, and displayed diverse evolutionary histories. Altogether, the results presented in this study suggest that fungal mitogenomes are diverse, contain accessory elements and are absent of a conserved gene that can be used for the taxonomic classification of the Kingdom Fungi.

Keywords: mitochondrial genome, homing endonuclease, intron, size variation, comparative genomics


INTRODUCTION

The Kingdom Fungi is one of the most diverse and globally distributed groups of eukaryotes. Fungi evolved a wide morphological, physiological, and ecological heterogeneity that allowed them to perform vital functions in both terrestrial and aquatic ecosystems (Walker and White, 2005; James et al., 2020; Li et al., 2021). The global fungal diversity is estimated between 2 to 5 million species, that are further classified into 12 phyla: Ascomycota, Basidiomycota, Entorrhizomycota, Chytridiomycota, Monoble-pharidomycota, Neocallimastigomycota, Mucoromycota, Zoop agomycota, Blastocladiomycota, Aphelidiomycota, Crypto mycota/Rozellomycota, and Microsporidia (James et al., 2020; Li et al., 2021).

Estimations indicate that only ∼10% of the fungal diversity has been described, with the subkingdom Dikarya containing ∼97% of all known species, further distributed into the phyla Ascomycota, Basidiomycota, and the recently added Entorrhizomycota (James et al., 2020; Li et al., 2021). Ascomycota alone encompasses ∼70% of all Dikarya diversity (Schmidt-Dannert, 2016), suggesting that most groups of fungi are still underrepresented. Thus, integrative studies to identify and describe new species, as well as those applying large phylogenies and sequencing of genomes (both nuclear and mitochondrial), are still needed to better understand the evolution, biology, and phylogeny of this highly important group of organisms.

Eukaryotes and prokaryotes are in constant interaction, and the most ancient symbiosis we know about led to the emergence of mitochondria (Carvalho et al., 2015). Mitochondria are bi-membranous cytoplasmic organelles responsible for a vast range of functions. Their central function is the production of energy, via oxidative phosphorylation and adenosine triphosphate (ATP) synthesis (Kulik et al., 2021). Mitochondria also produce metabolic precursors of macromolecules, such as proteins and lipids, and metabolic by-products, such as ammonia and reactive oxygen species (Spinelli and Haigis, 2018). In addition, these organelles are involved in apoptosis, homeostasis maintenance, and stress response (Grahl et al., 2012; Verma et al., 2018; Zardoya, 2020). It is proposed that mitochondria originated from the endosymbiosis of an ancestral free-living Alphaproteobacteria, which was permanently integrated into the host cell (Carvalho et al., 2015; Muñoz-Gómez et al., 2017). Mitochondria contain their own genome (mitochondrial DNA – mtDNA or mitogenome), with independent replication and inheritance. Throughout evolutionary history, most of the mitochondrial early genes have been transferred to the nuclear genome. As a result, most mitochondrial proteins are encoded by the nucleus, translated by ribosomes in the cytosol, and subsequently transferred into the mitochondria. Therefore, extant mtDNA contains mainly protein-coding genes that play central roles in oxidative phosphorylation (Verma et al., 2018). The mitogenome and the nuclear genome are in constant communication, during which the mtDNA is responsible for the stability of the nuclear genome and proper cell functioning. The mitogenome also depends on the nuclear genome to maintain its functionality, integrity, and stability (Kaniak-Golik and Skoneczna, 2015; Kulik et al., 2021).

The architecture of mitogenomes can vary among eukaryotes. In fungi, mitogenomes can be linear or circular. Circular mitogenomes are by far the most common, while linear mitogenomes are mainly described in yeasts, such as Saccharomyces cerevisiae (Ascomycota) (Williamson, 2002; Formaggioni et al., 2021). Typical fungal mitogenomes such as those belonging to Ascomycota and Basidiomycota (Dikarya Subkingdom) usually display a core genome with 14 conserved protein-coding genes (atp6, 8, and 9; cob; cox1– 3; and nad1– 6, 4L), the ribosomal genes rnl and rns, and from 20 and 31 tRNA genes (Zardoya, 2020; Kulik et al., 2021). The genomes belonging to subkingdom Dikarya also have the ribosomal protein gene rps3 that is lacking in some taxa, such as the genus Candida (Freel et al., 2015; Formaggioni et al., 2021). Mitogenome length is also quite variable among fungal taxa, ranging from 12 to 272 kbp in Rozella allomycis and Morchella crassipes, respectively (James et al., 2013; Liu et al., 2020). This plasticity in mtDNA is related to factors like the length and number of introns, intergenic regions, repetitive DNA, plasmid insertions, segment duplications, Open Reading Frames (ORFs) without defined function (uORF), and homing endonuclease genes (HEG) (Fonseca et al., 2020; Zardoya, 2020; Araújo et al., 2021; Kulik et al., 2021).

The presence of accessory DNA elements, such as introns, HEGs, and uORFs are directly correlated to the modulation of mtDNA (Fonseca et al., 2020; Araújo et al., 2021). In fungal mitogenomes, group I and group II introns can be identified. The classification of these introns is based on sequence conservation, secondary structure configuration, and helix shape (Hausner et al., 2014). Group I introns are the most frequent and can encode HEGs families like LAGLIDADG and GIY-YIG, which are related to transposition of sequences in different regions of the mitogenome (Hafez and Hausner, 2012; Kulik et al., 2021). Group II introns differ from type I in structure, sequence, and splicing mechanism. The distribution of introns among different species is considered irregular, and the same introns and their associated HEGs can be identified in mitogenomes that are considered evolutionarily distant (Hausner, 2003; Lang et al., 2007; Hausner et al., 2014; Zardoya, 2020).

In spite of the diversity of size and genes, mitogenomes can be a key tool to investigate phylogenetic relationships by exhibiting a low recombination rate, diverse patterns of inheritance, and by displaying a mutation rate different from the nuclear genome (Rubinoff and Holland, 2005; Mendoza et al., 2020). Additionally, the high number of copies inside the cytoplasm of the cell facilitates the amplification and sequencing of partial or complete mitogenomes (Kulik et al., 2021). Nonetheless, the sequencing of mitogenomes from a larger number of fungal species is necessary to assess the presence of a universal marker to understand the evolution of major fungal lineages (Kulik et al., 2015; Smith, 2015; Avin et al., 2017).

Considering the increasing number of fungal mitogenomes available in genomic databases in the last few years due to exponential growth of high-throughput sequencing (HTS), we observed a discrepancy regarding the diversity of fungal taxa represented. As fungi display a great diversity of species with a broad range of ecological functions, we selected the Kingdom Fungi as a model to better understand the macroevolutionary patterns underlying mitogenome diversity. We characterized the fungal mitogenomes according to genome size, content, and sequence homology to better understand the mechanisms involved in the observed sequence diversity among fungal mtDNAs. We also correlated the genetic code with mitogenome topology, genome size, and gene composition of core and accessory elements. Some species of the 12 fungal phyla are overrepresented; meanwhile, at least four phyla have no representative in genomic databases. In addition, we found a high variation in mitogenome length in fungi. This variation may be due to the variable abundance of accessory (introns, HEGs and uORFs) and protein-coding regions. Our analyses showed that no gene is universally conserved in fungal mitogenomes, suggesting that mitochondrial gene content can vary widely without disrupting organelle function. The data explored herein provides a significant addition to our understanding of the diversity and evolution of fungal mitogenomes.



MATERIALS AND METHODS


Bibliographic Survey for Fungal Mitogenomes Studies

A literature review was carried out to obtain information on the number and objective of studies published with fungal mitogenomes until December 2020. The search was performed with the keywords “((fungi[Title/Abstract]) OR (fungal[Title/Abstract])) AND ((mitochondria[Title/Abstract]) OR (mitochondria[Title/Abstract])) AND genomic” in the PubMed database. The abstract of each study was evaluated and classified by year of publication and by topic: characterization of mitogenomes (description of a new mitogenome, comparative analyses) or biotechnological (study of mitogenomes in industrial or antifungal processes). The Supplementary Table 1 presents all data from the resulting articles.



Inclusion Criteria of Mitogenomes

A total of 788 mitogenomes were available for download in the NCBI database1 on December 4th, 2020. In our analyses, we selected representative and non-redundant mitogenomes based on the threshold of 90% identity using the CD-HIT software (Li and Godzik, 2006). This threshold was defined after a comparison of the results obtained with 70, 80, and 90–99% similarity among the genomes (Supplementary Table 2). Two mitogenomes (NC_003061.1 and NC_003060.1), classified in NCBI as complete but with less than 2 kbp in size, were removed. Another 22 mitogenomes of poor quality containing many gaps (more than 20% of N bases) were also removed from our analyses. The selected mitogenomes (n = 685) were used in all subsequent analyses. Identification of fungal species, taxonomic classification, and accession numbers for the mitogenomes are provided in Supplementary Table 3.



Mitochondrial Genome Annotation

We verified each species’ page in NCBI Taxonomy Browser2 to assess the proper mitochondrial genetic code for protein-coding gene annotation. Mitogenomes were annotated using Mfannot3 to standardize the process and to allow a fairer comparative analysis. Mfannot program was selected for its greater specificity in the annotation of fungal mitochondrial genes that has already been used in other studies of mitogenome characterization (Chen et al., 2019; Fonseca et al., 2020; Araújo et al., 2021). Mitogenomes that did not display genes considered essential (rns, rnl, rps3, atp, cox and nad families, and cob) were manually curated. A gene was considered absent when it did not show nucleotide similarity above 50% when compared to all mitochondrial genes deposited in the NCBI database4. All annotations are available in Supplementary File 1.



Annotation of uORFs

With the annotation files generated by Mfannot, we extracted the sequences annotated as “ORFs” and translated them into amino acids using the corresponding mitochondrial genetic code for each species. These protein sequences were then submitted to the Batch CD-Search interface of NCBI’s Conserved Domain Database5 to identify known protein domains in the unidentified open reading frames.

Sequences that did not exhibit similarity with known domains were considered as uORFs and clustered into a single file. Sequences that presented identity above 80% with HEGs, DNA-polymerase (dpo), and RNA-polymerase (rpo), were clustered into different files for further analyses. Furthermore, we estimated the coding potential of all annotated ORFs (with and without known protein domains) using the CPC2 software (Kang et al., 2017). The ORF sequences classified as rpo or dpo were aligned with MAFFT (Katoh et al., 2019). The selection of the best nucleotide substitution model was performed using MEGA X software (Kumar et al., 2018) based on AIC criteria (Akaike, 1973). The best model selected for both datasets was GTRCAT. A maximum likelihood phylogeny with 1,000 bootstrap replicates was generated using MEGA X. The output files were used to plot the trees using the ggtree package v.3.0.2 (Yu, 2020) in R (R Core Team, 2021).



Comparative Mitogenome Analysis

The comparative analysis consisted of evaluating the difference in length of mitogenomes of each phylum, the number of genes, the presence of core genes, the presence and length of introns, HEGs, uORFs, GC content, and similarity amongst the mitogenomes. We have developed in-house scripts to parse software outputs and calculate genome summary statistics to facilitate tabulating the data.

Initially, we wrote a Python script that uses Biopython’s modules to compute the length and GC content of every mitogenome analyzed in this study. Using the output files from Mfannot annotation, we designed a Bash script to generate tabular files containing the annotation data (“feature name,” “start coordinate,” “end coordinate,” “feature size,” and “feature strand”). According to “feature name,” output files (tabular and fasta format) were generated for multiple categories: ORFs, introns, HEGs, core genes (including the rps3 ribosomal protein), tRNA genes and other unusual genes found in mitogenomes (dpo and rpo). The number of features per file was counted to get the total number of features per category. Another Python algorithm that removes overlaps of feature coordinates and calculates final genic lengths was written to properly calculate the length of the intergenic spaces in fungal mitogenomes. These numbers were subtracted from the total fungal mitochondrial genome length, resulting in the total length of intergenic regions. The data obtained from the aforementioned scripts were organized and plotted using the ggplot2 package v.3.3.5 (Wickham, 2016) in R (R Core Team, 2021).



Mitogenome Similarity Network Analyses

For the similarity network analyses, we first used BLASTn (Johnson et al., 2008) to assess similarity among mitogenomes. Then, we built two different networks: the first one consisted of only overrepresented mitogenomes (species that present more than three mitogenomes after the similarity filter made by CD-HIT), and the second one with all non-redundant mitogenomes used in this study, including the mitogenomes from the first network. In cases in which mitogenome pairs aligned in more than one segment, that is, the same pair aligned multiple times in different regions, we only considered the similarity index of the longest continuous alignment. Subsequently, we built the networks using the ggraph package v.2.0.5 (Pedersen and RStudio, 2021) in R (R Core Team, 2021).



RESULTS AND DISCUSSION


Fungal Mitogenomes Overview

Fungal mitogenomes can be very informative to describe new species, identify genes related to fungicides, and to help understand the process of energy production and general cell physiology (Kulik et al., 2021). Although the genetic study of fungal mitochondria is of great relevance, literature about this topic is far from abundant (481 papers found in the last 40 years in our bibliographic search) (Supplementary Table 1). Most published articles are related only to the description of a new mitogenome or comparative mitogenomes analysis from a particular group of fungi, while a few others propose mitochondrial genes as molecular markers or the importance of mitogenomes for specific fungal species. Comparatively, according to Smith (2015), until 2015 more than 1,000 articles had been published for other kingdoms addressing issues of mitogenome description, use of mitochondrial information as a molecular marker, and origin and ancestry of these organisms (Smith, 2015). Considering the PubMed database, using the keyword Mitogenome or Mitochondrial genome, 5,302 articles are listed, of which 3,267 were published from 2016 to date.

Until December 4th, 2020, there were 788 fungal mitogenomes available in the NCBI database. The vast majority were deposited in the last 8 years (Figure 1A). The increase of mitogenomes in the last years can be explained by the emergence and improvements of HTS. However, the vast majority of the 147,933 identified fungal species (Kirk, 2020) still do not have their mitogenomes sequenced (Cheek et al., 2020). The number of mitogenomes available in the database does not reflect the fungal diversity, suggesting that further sequencing studies should be carried out to investigate the genomic architecture of the kingdom. Compared to Metazoa by the year 2014, there were already more than 4,000 complete mitogenome entries available in NCBI, representing more than 90% of all mitogenomes available in the database.
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FIGURE 1. Availability of fungal mitogenomes in NCBI databases. (A) Number of mitogenomes published by year and classified by phyla, from 1990 to 2020. (B) Number of mitogenomes available for each phylum of the Kingdom Fungi.


Different biases in fungal genomic analyses have been reported, with the most important regarding the substantially higher number of studies on Ascomycota species compared to species from other phyla. It is estimated that at least 63% of fungal species belong to Ascomycota (Kirk, 2020) although an even higher proportion of the fungal genomics literature is dedicated to this phylum. This may be due to the fact that this phylum comprises the largest number of species with high economic importance and diverse ecological functions, and species considered as model organisms, providing new information regarding the biology and evolution of the Kingdom Fungi (Robbertse et al., 2006; Schoch et al., 2009; Wallen and Perlin, 2018). Our search reflected this bias for fungal mitochondrial DNA sequences: from the total of 788 NCBI entries, Ascomycota has twice as many deposits as other phyla, with many species displaying more than one sequenced mitogenome. Moreover, some phyla are poorly sampled, such as Blastocladiomycota (two mitogenomes) and Zoopagomycota (three mitogenomes) (Figure 1B). This low sampling of the other phyla limits our knowledge on the composition and evolution of fungal mitogenomes. Nevertheless, it should still be considered that some fungal phyla have a much smaller number of species described when compared to Ascomycota and Basidiomycota, as is the case of Cryptomycota/Rozellomycota (Lazarus and James, 2015; Letcher and Powell, 2018; Li et al., 2021).

In this study, we aimed to evaluate the differences and similarities among the mitogenomes of the Kingdom Fungi using the CD-HIT software to select a dataset without the presence of highly similar sequences. At a 90% similarity, the first inflection point was observed, in which there was a reduction of the dataset by 10.28% (removal of 81 access numbers). Despite the removal of these sequences, the dataset remained with almost 90% of all mitogenomes, suggesting that the genomic content is quite divergent, which led us to investigate the conservation of protein-coding genes and the presence of accessory elements (introns, HEGs and uORFs) in most of the mitogenomes.



Plasticity of Fungal Mitogenomes


Mitogenome Length Variation and Gene Conservation

Many studies have shown that fungal mitogenomes have great structural plasticity (Fonseca et al., 2020; Araújo et al., 2021; Kulik et al., 2021). In this study, the length difference among mitogenomes ranges from 12 (R. allomycis Chytridiomycota – NC_003061) to 272 kbp (Ophiocordyceps camponoti Ascomycota – CM022976). Since the two mitogenomes are from different and distant phyla, we assessed whether mitogenome length would be related to phyla classification (Figure 2A). In general, Ascomycota (63,888 ± 35,298 bp) and Basidiomycota (77,394 ± 49,928 bp) mitogenomes have quite variable lengths. However, Cryptomycota (25,401 bp) and Mucoromycota (61,936 ± 14,895 bp) have smaller and more homogeneous sizes. This result may be related to the availability of data, since more than 90% are composed of mitogenomes from Ascomycota and Basidiomycota, while Mucoromycota and Cryptomycota represent 3.38% and 0.13% of mitogenomes, respectively.
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FIGURE 2. Size and composition of fungal mitogenomes. Size (A) and frequency of core genes (B) of fungal mitogenomes by phyla.


As the length of mitogenomes is variable and is related to variations in both protein-coding and accessory element regions (Paquin et al., 1997; Bullerwell, 2003; Al-Reedy et al., 2012; Araújo et al., 2021), we re-annotated all mitogenomes to facilitate the comparison between the features present in each genome. After the annotation, we estimated the presence/absence of mitochondrial genes that are considered essential in fungal mitogenomes. Several previous studies have already demonstrated the presence of atp, cox, cob, nad, rns, and rnl in fungal mitogenomes (Song et al., 2020; Kulik et al., 2021). According to our analyses, although most of the mitogenomes have all the previously expected core genes, there was not a single gene shared in all evaluated fungal species. Figure 2B displays the frequency of each gene per phylum. In this figure, the phylum Cryptomycota is not shown, as it has only one representative (Paramicrosporidium saccamoebae – CM008827) containing all genes except for nad6. Genes of atp, cox, and cob families are the most frequent among fungal mitogenomes. Homologs of nad, rns and rnl are the least found within Ascomycota. It is worth noting that 149 mitogenomes are from the genus Saccharomyces, which does not have nad homologs (Ruan et al., 2017). In addition, some S. cerevisiae mitogenomes also have no homologs of atp and cob (Figure 3). Many studies have already reported that the coding content of the genus Saccharomyces is well conserved (Freel et al., 2015; Ruan et al., 2017). No member of Saccharomycetaceae were shown to have nad homologs, and studies suggested that nad homologs were lost after the divergence of this family (Dujon, 2010).
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FIGURE 3. Presence of core genes in Saccharomyces mitogenomes. Fourteen protein-coding and two ribosomal genes were evaluated in the 160 curated Saccharomyces mitogenomes.


As a controversy of the relationship between size and presence of core genes, the mitogenome of the yeast Malassezia furfur (CP046241) is 43 kb long but does not show any of the core genes. This mitogenome has 47 ORFs, of which 22 have unknown protein domains, and the others have domains from the superfamilies haloacid dehydrogenase (HAD), Glutenin high molecular weight, among others (Supplementary File 2). The species M. furfur is a basidiomycotan yeast of medical importance as it can cause skin and blood infections (Theelen et al., 2018), and the mitogenome used in this study was previously used for taxonomic classification of the species (Sankaranarayanan et al., 2020). The genes found in this mitogenome, despite having mitochondrial-related functions, are not commonly found in mitogenomes, but in nuclear genomes (Theelen et al., 2018). Another species lacking many mitochondrial genes is Rozella allomyces which has the smallest mitogenome size in our dataset (12 kbp), and lacks nine core genes (atp6, nad1-6, and rnl).

During evolution, many mitochondrial genes migrated to the nuclear genome. In fungi, the majority of genes related to mitochondrial function are found in the nuclear genome (Bolender et al., 2008). The main theory for the mechanism involved in the escape of DNA to the cytosol and, consequently, to the nucleus states that these genetic fragments are transferred by mobile elements that use the non-homologous (NHEJ) machinery for integration (Berg and Kurland, 2000; Tsuji et al., 2012). In S. cerevisiae, transfer of mtDNA to the nuclear genome has already been observed when the cell had mutations in specific nuclear genes, depending on the structure of the mitogenome and availability of sugars to allow fermentation in the medium, which could lead to the high variation of phenotypes to anaerobic environments (Shafer et al., 1999; Peter et al., 2018). The absence of core genes in the species evaluated may be an indication that these genes migrated to the nuclear genome. Studies exploring the nuclear genome of these species must be carried out to confirm the presence of genes of mitochondrial origin in the nuclear genome.



Presence and Abundance of Non-coding Elements

After assessing the number and length of the following accessory elements: introns, HEGs, and uORFs, in all the fungal mitogenomes filtered by CD-HIT, we characterized the number of HEGs found per genome and grouped by phylum. Many studies have been discussing the presence and influence of non-coding elements in mitogenomes of different fungal groups (Fonseca et al., 2020; Araújo et al., 2021; Kulik et al., 2021). HEGs are classified as selfish elements that can transpose by breaking the DNA at specific sites, which consequently generates gene conversion events. These accessory elements can be found in introns or as free-standing, which ensures their dissemination and fixation in the mitogenome and may even alter the reading frame of protein-coding genes (Hausner, 2003; Barzel et al., 2011; Stoddard, 2014).

In our analysis, we identified Ascomycota species that can have up to 100 HEG elements, such as Nemania diffusa (NC_049077). The other phyla exhibited a more homogeneous number of HEGs, with a mean of six HEGs per mitogenome (Figure 4A). HEGs have not been identified in many mitogenomes, such as Acremonium fuci (NC_029851) and Hyaloraphidium curvatum (NC_003048). Currently, six families of HEGs are known, with only two families found in fungal mitogenomes, LAGLIDADG and GIY-YIG (Hausner, 2003; Megarioti and Kouvelis, 2020). We identified a total of 4,432 LAGLIDADG and 1,247 GIY-YIG across all mitogenomes. Interestingly, we found 15 H-N-H elements, showing that these HEGs occur in the mitogenome of fungi, although they are rare (Hafez and Hausner, 2012; Megarioti and Kouvelis, 2020). H-N-H are usually found as free-standing or in group I introns (IGI) in Bacteria and their phages (Hafez and Hausner, 2012). All three aforementioned types of HEGs are able to cleave double-stranded DNA at specific sites, facilitating the mobility of the elements within the genome (Arbuthnot, 2015). Since numerous HEG elements were found in most mitogenomes of fungi, we asked whether there is a correlation between the mitogenome total length, and the total length of the fraction composed by HEGs. We found a significant positive Pearson correlation (R = 0.37; p < 2.2e-16) suggesting that the abundance of HEGs length is one of the factors responsible for the observed variation in fungal mitogenome size (Figure 4B). However, our data indicate that they may not be the only factor, leading us to investigate whether other non-coding elements would also be responsible for the variation in size and diversity in the composition of mitogenomes.
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FIGURE 4. Characterization of HEGs. (A) Number of HEGs found in the mitogenomes by phylum. (B) Correlation between mitogenome length and total HEGs length.


In total, 5,516 intronic sequences were identified. Ascomycota and Basidiomycota had 3,976 (72.1%) and 1,191 (21.59%) of all introns identified, respectively. Moreover, Ascomycota mitogenomes have an average of nine introns per mitogenome while the other phyla averaged less than five (Figure 5A). Mitogenomes with a high number of introns were identified, such as Pyrrhoderma noxium (Basidiomycota – CM008263) with 39 introns, Phycomyces blakesleeanus (Ascomycota- NC_027730) with 38 introns, Parasitella parasítica (Mucoromycota – NC_024944) with 22 introns, and Rhizophydium sp. (Chytridiomycota – NC_003053) with 17 introns. We found that the presence and global length of introns is correlated with the size of each mitogenome (R = 0.48, p < 2.2e-16) (Figure 5B). Many introns contain domains of HEGs, and since these elements can transpose to other parts of the genome, we investigated whether the length of introns was related to the HEGs length (Figure 5C), and found a correlation R = 0.86, which suggests that HEGs may be partly responsible for intron size, such as proposed previously (Edgell, 2009).
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FIGURE 5. Characterization of introns. (A) Number of introns found in the mitogenomes by phylum. (B) Correlation between mitogenome length and total introns length. (C) Correlation between total introns length and total HEGs length. (D) The most frequent types of introns in the evaluated mitogenomes classified by phylum.


We assessed the percentage of HEGs within introns as well as the opposite (Supplementary Table 4). We found that 43.46% of all HEGs are within intronic regions (31.54% of GIY-YIG; 33.33% of HNH; and 46.99% of LAGLIDADG), and 48.23% of the analyzed introns overlap with HEGs coordinates, and, most frequently, LAGLIDADG (9.00% overlap GIY-YIG; 0.22% overlap H-N-H; and 39.01% overlap LAGLIDADG). In fact, these results agree with the literature, which shows that 30% of IGI contain internal ORFs that might represent HEGs (Chevalier and Stoddard, 2001; Hafez and Hausner, 2012). Most probably, introns originated before HEGs as first suggested by Loizos et al. (1994), providing a “safe haven” for these endonucleases to get established, although this theory does not explain why there is still many free-standing HEGs (Loizos et al., 1994). Edgell (2009) states that both HEGs and introns are selfish, independent elements, but they often benefit from being in close genomic proximity (e.g., HEGs are established by introns, and introns can use the endonuclease properties of HEGs to spread more easily) (Edgell, 2009). The association of HEGs with introns allows their persistence in the genome, since if they inserted themselves into genes, they would be subject to negative selective pressure to eliminate the selfish elements from the genome (Stoddard, 2014).

Generally, IGI is more common in fungi while IGII is more common in plants and most of them are self-splicing (Hausner et al., 2014; Fonseca et al., 2020). In this study, we performed the classification of identified introns and found six types (IA, IB, IC1, IC2, ID, and II). Introns from group IB were the most common among mitogenomes (562 or 76% of mitogenomes), while group IC1 was the least frequent (31 or 4.19% of mitogenomes). Moreover, when IGI is colonized by HEG domains, it can split a gene region due to the HEG cutting function (Lambowitz and Perlman, 1990; Belfort, 2003). Although IGII are usually infrequent, they were identified in 238 (32.21%) mitogenomes (Figure 5D). IGII introns have catalytic (ribozyme) and intron-encoded-protein sites, which allow their own splicing and proliferation in the genome (Lambowitz and Zimmerly, 2011). A previous study carried out by our group showed that intronic sequences can be shared among distinct species and at different genomic positions, indicating that the presence of self-splicing introns associated with maturases, such as HEGs, may be responsible for the transfer and sharing between genomes (Fonseca et al., 2020).

When we evaluated the presence of uORFs in mitogenomes, species of Ascomycota had the highest number of uORFs. For example, Morchella importuna (NC_012621) had 102 uORF elements and a mitogenome length of 107 kbp (Figure 6A). Mitogenome and uORF lengths present a weak positive linear relationship (R = 0.28, p = 1.2 e-14) (Figure 6B), and a moderate positive linear correlation with introns length (Figure 6C). These uORF elements have been identified in different fungal mitogenomes, and some may be shared among species, as recently demonstrated (Fonseca et al., 2020; Araújo et al., 2021; Kulik et al., 2021), which suggests that uORFs within mitogenomes of fungi may play a significant role in shaping mitochondrial genome length. This is in agreement with a recent investigation of mitochondrial landscape in eukaryotes, which has found a positive correlation between mitochondrial genome length and the prevalence of unassigned regions (Formaggioni et al., 2021). Nonetheless, differences in the literature suggest that there are probably inter-phyla variations. For instance, the linear correlation coefficient is greater than 0.50 in both the Agaricomycetes class and the Hypocreales order (Fonseca et al., 2020; Araújo et al., 2021), a higher value than the one obtained in this study. As aforementioned, uORFs are not homogeneously present in all phyla analyzed, and therefore they may not influence mitogenome length at the same magnitude for different groups.
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FIGURE 6. Characterization of uORFs. (A) Number of uORFs found in mitogenomes in each phylum. (B) Correlation between mitogenome length and total uORFs length. The correlation is in log10. (C) Correlation between total introns length and total uORFs length. The correlation is in log10.




Diversity of Domains in uORFs

In our attempt to identify uORFs, we found that 64.49% of them have known protein domains (Supplementary Table 5) and most of them were sequences with HEGs domains (69.05%). We also identified some uORFs with protein domains related to plasmid genes: dpo (5.60%) and rpo (1.05%). A total of 35.51% of the uORFs lacked any similarity with known protein domains and may represent unidentified protein-coding genes. Nevertheless, by implementing a computational technique that assess coding potential based on sequence intrinsic features, 43.86% of uORFs were predicted to be coding (Supplementary Table 6). Since we were working with a kingdom-wide dataset, it was out of the scope of our study to conduct genus- or species-level transcriptomic analyses to verify if those uORFs are transcribed. When possible, this method can help shed light on whether uORFs are in fact transcribed or not, as demonstrated by Torriani et al. (2014) for some Rhynchosporium species (Torriani et al., 2014).

Mitochondrial plasmids are widely found in Fungi and some mitochondrial genes, such as dpo and rpo, are commonly associated with plasmid integration events (Formighieri et al., 2008; Férandon et al., 2013; Formaggioni et al., 2021). In our study, we identified dpo homologs in at least one species of six different phyla, with Basidiomycota and Ascomycota showing the highest numbers of sequences – 227 and 116, respectively (Supplementary Table 5). On the other hand, rpo genes were only annotated in Ascomycota (46 sequences), Basidiomycota (23), and Chytridiomycota (6). In total, amongst all mitogenomes analyzed, it was possible to observe that 10.74% of Ascomycota fungi presented a dpo and/or rpo homolog, in contrast with 57.14% of Basidiomycota species. For the other phyla, the lack of representatives makes difficult to draw meaningful conclusions. For instance, most Mucoromycota species in our dataset, have a dpo homolog; however, considering that we are working with only 24 Mucoromycota species, it is not a fair comparison with the most represented phyla Ascomycota and Basidiomycota.

When analyzing similarity among annotated dpo sequences (Figure 7), some form phyla-specific clades, whereas others seem to be shared among species of different phyla. A similar pattern was observed for rpo homologs (Figure 8). One possible explanation for this finding is horizontal gene transfer (HGT). As discussed by Beaudet et al. (2013), mitochondrial plasmids of fungi and plants exhibit many similarities, indicating that HGT events between organisms of those kingdoms may occur (Beaudet et al., 2013). According to Handa (2008) a plasmid from Brassica has an ORF with similarity to rpo from several organisms, including fungi (Handa, 2008). Moreover, since different species of fungi often share the same habitat, the hypothesis that HGT events between fungi occur is often discussed by many studies that identified highly similar dpo and/or rpo homologs among phylogenetically distant fungi (Wang et al., 2008; Xavier et al., 2012; Andrade and Goes-Neto, 2015).
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FIGURE 7. Phylogenetic analysis of dpo genes. (A) The phylogeny was constructed by the maximum likelihood method with 1,000 bootstrap replicates. Genes are classified by phylum. (B) A similarity matrix based on patristic distance. Dendrograms on top and left group related mitogenomes and distances are shown from closer mitogenomes (blue) to more distant ones (red).
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FIGURE 8. Phylogenetic analysis of rpo genes. (A) The phylogeny was constructed by the maximum likelihood method with 1,000 bootstrap replicates. Genes are classified by phylum. (B) A similarity matrix based on patristic distance. Dendrograms on top and left group related mitogenomes and distances are shown from closer mitogenomes (blue) to more distant ones (red).




Fungal Mitogenome Conformation and Genetic Code Usage

Although most mitogenomes are circular (Kulik et al., 2021), some genomes were annotated as linear. We wondered whether the conformation of the genome would affect its length, so we compared these values using Wilcoxon’s statistics and found no statistical difference (Figure 9A). Even though, the mitogenomes conformation had no effect in mitogenome length, fungal linear mitogenomes have distinct features when compared with circular mitogenomes, such as the presence of an invertron (terminal inverted repeats) and of one to six uORFs that may produce DNA or RNA polymerases (Handa, 2008). In our analysis, no invertron were detected in mitogenomes. The presence of linear mitogenomes has already been described in different eukaryotes, including fungi. One of the hypotheses is that linearization occurs due to the integration of plasmids containing genes that code for dpo (Williamson, 2002; van de Vossenberg et al., 2018). In our analysis, 37 (5.22%) linear genomes were identified and seven of them have dpo homologs. Examples are Candida subhashii and Saccharomycopsi malanga, with two dpo each. Despite the presence of these genes in some linear mitogenomes, the vast majority did not present dpo, suggesting that other mechanisms may be involved in mitogenome linearization.
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FIGURE 9. Characterization of mitogenomes according to intrinsic molecular characteristics of the mitogenome. (A) Length of mitogenomes by conformation: linear or circular. (B) Different genetic codes identified by phylum. (C) Length of mitogenomes by identified genetic code. (D) Number of HEGs according to the genetic code, and (E) variation of GC content among fungal phyla.


Another little explored feature is the usage of different genetic codes in fungal mitogenomes. Among the 685 mitogenomes evaluated, the use of four different genetic codes was detected: code 1 (The Standard Code), code 3 (The Yeast Mitochondrial Code), code 4 (The Mold, Protozoan, and Coelenterate Mitochondrial Code and the Mycoplasma/Spiroplasma Code) and code 16 (Chlorophycean Mitochondrial Code)6. Overall, 62% of all mitogenomes use genetic code 4 (the UGA codon codes for Tryptophan), belonging to Ascomycota, Basidiomycota, Monoblepharidomycota, Cryptomycota, and Blastocladiomycota (Figure 9B). Most species of Mucoromycota are coded by code 1, while many species of Chytridiomycota are coded by code 16 (the TAG codon codes for Leucine) (Figure 9B and Supplementary Table 7). These results defy the classical ‘Frozen Accident Theory’ that proposes the immutability of the standard genetic code to avoid lethal genetic alterations (Crick, 1968). According to our genetic table analysis, most fungal species likely use the UGA codon (stop codon in standard genetic code 1) for translating Trp, similar to what was previously reported for UAA (Knight et al., 2001). Nonetheless, there is evidence that, in fact, a minority of fungal mitochondria uses UGA to code Tryptophan, showing that the annotation of fungal mitogenomes needs to be widely updated (Nibert, 2017). There are multiple theories to explain the differences of genetic code usage, but the one that better fits the fungal scenario may be related to the simplification of the mitochondrial genome and translation machinery (‘genome streamlining’ hypothesis), that would make the replication of mitogenomes easier, less energy costly and would also slowly simplify the mitogenome length (Andersson and Kurland, 1995; Knight et al., 2001; Swire et al., 2005).

We then compared the length of mitogenomes with different genetic codes (Figure 9C). Our results showed that fungi with genetic code 3 have larger mitogenomes than fungi with other genetic codes. According to NCBI Taxonomy7, the genetic code 3 classically represents yeasts. These unicellular fungi do not necessarily need mitogenomes for energy production, and they might have more accessory elements or non-coding regions, which contributes to the genomic size increase (Ruan et al., 2017). Many studies have demonstrated that the length of mitogenomes is generally affected by the presence of HEGs (Fonseca et al., 2020; Araújo et al., 2021), and we detected the same trend in our data when comparing genomes with genetic code 3 and 4 (Figure 9D).

We also observed a difference between the GC content of mitogenomes at phylum level (Figure 9E). Usually, fungal mitogenomes have a low GC content, and in our dataset the mean GC content was ∼25%. Ascomycota, Mucoromycota and Basidiomycota showed the highest variation. Some outliers can also be observed regarding GC content, such as M. furfur (Basidiomycota – CP046241) with 68% GC, some species of the genus Candida ranging from 13–53% (Ascomycota – NC_014337 and NC_022174), and the species Glomus cerebriforme with 47% GC (Mucoromycota – NC_022144). Some studies suggest that low GC content restricts mutations in mitochondrial genes (Grivell, 1989; Lang et al., 1999). Thus, mitogenomes that have a high GC content may be subject to higher mutational variations.



Overrepresented Species and Global Network Analysis

Our findings indicated that the size of mitogenomes is associated with both the presence of accessory elements and protein-coding genes. Additionally, we observed that many mitogenomes from the same species (for instance, 29% of the analyzed mitogenomes are from 19 different species) remained after the similarity filter performed, and many do not have the 14 protein-coding and ribosomal core genes (74% of the mitogenomes from the same species lack at least one core gene). These aspects limited the use of a phylogenetic analysis exploring the evolutionary relationships among species, since there were mitogenomes without any gene in common to be aligned. Thus, we performed similarity network analyses to investigate the relationships between the evaluated mitogenomes.

The first analysis was done using only species that had more than three different mitogenomes. Divergent mitogenomes were found in more than one phylum. Three main groups of mitogenomes can be cited, those from the species of the genus Saccharomyces, Fusarium, and Aspergillus. The genus Saccharomyces is one group of fungi that exhibited more than one divergent mitogenome, which after the 90% similarity filter, retained 149 mitogenomes (out of 166 mitogenomes – 10.24% reduction). Saccharomyces can produce energy via the functioning of the mitochondrial organelle or fermentation. Therefore, these organisms can survive only with fermentable carbon sources and even without the presence of a mitogenome. These yeasts present a different phenotype, described as “petit format,” unable to grow on non-fermentable carbon sources (Bulder, 1964; Goldring et al., 1970; Day, 2013) and their mitogenomes may suffer a slightly different selective pressure in relation to other groups of fungi that depend on mitochondria to grow. Furthermore, the length of mitogenomes of Saccharomyces can vary between two- and four-fold (Borneman and Pretorius, 2015), and this variation may be related to the expansion of intergenic regions already described in this group of organisms (Ruan et al., 2017).

Another species that also had divergent mitogenomes is Aspergillus flavus, for which nine mitogenomes remained after redundancy-filtering, with mitogenomes varied between 29 and 31 kbp. Similarly, the dimorphic Cryptococcus neoformans continued with six mitogenomes and size between 24 and 30 kbp. The species Fusarium oxysporum presented ten mitogenomes and sizes ranging from 34 to 52 kbp. Through the sequence similarity network, we can observe the formation of three main clusters (Figure 10). The first cluster, composed of mitogenomes of the genus Saccharomyces (green dots on bottom), the second one containing mitogenomes only from the species F. oxysporum (orange dots on top right) and the third, containing only the species C. neoformans (orange dots on top left). In this last group, it was possible to observe that some mitogenomes of C. neoformans (CP048101, CP048086, CP022335, and NC_004346) were grouped with a closer proximity to mitogenomes of the genus Aspergillus (A. flavus and Aspergillus parasiticus). In general, no significant difference in mitogenome length was observed and all Cryptococcus mitogenomes present all core genes. A mitogenome of F. oxysporum (NC_017930) also grouped with the Aspergillus genus cluster. This mitogenome is the smallest of all F. oxysporum available (34 kbp). Size variation and differences in gene composition in the F. oxysporum species has been described and are associated with the presence of intronic sequences in the nad5, cob and atp6. Indeed, Brankovics et al. (2017), classified F. oxysporum strains into clades according to the presence of these sequences (Brankovics et al., 2017). The same observation was made for species of the genera Aspergillus and Cryptococcus, in which the presence of accessory elements such as introns and uORFs are responsible for the increase in size of the mitogenome (Joardar et al., 2012; Wang and Xu, 2020).
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FIGURE 10. Similarity network of species that displayed more than two mitogenomes after filtering the database using CD-HIT. Mitogenomes of Saccharomyces species have a high similarity and are pink squares, while the other duplicated mitogenomes are blue squares. The bar graph shows the total number of different mitogenomes of each species in the network.


The second network analysis considered all mitogenomes evaluated to assess the grouping according to phylum-level classification. The clustering patterns among the evaluated mitogenomes are displayed in Figure 11. Many species were grouped according to their respective phylum, indicating that the variation in the composition of mitogenomes is lower than the similarity between the taxonomic groups of fungi. The abundance of Ascomycota and Basidiomycota mitogenomes in relation to the other phyla can also be observed. In some cases, we found clustering among different phyla, such as Ascomycota and Mucoromycota. This grouping may be due to the presence of accessory elements that can be shared between species from different phyla. In this study, phylogenetic analysis indicated that dpo homologs were shared between Ascomycota and Mucoromycota species (Figure 8), confirming that these elements may also be responsible for the grouping of mitogenomes. Other exceptions are also presented. The species Alternaria alternata (Ascomycota – CM022156) was distant from the other mitogenomes of the same phylum. According to our annotation, this species has 23 uORFs and only the ribosomal genes rns and rnl, which may be one of the reasons for the distance among this mitogenome and the others from Kingdom Fungi. Furthermore, Chytridiomycota representatives were not well grouped. The Chytridiomycota are pathogenic and saprotrophic fungi commonly found in freshwater environments. This phylum presents some systematic controversies about the permanence of some species in the group (Levin, 2013), and this fact may help explain the lack of grouping among the evaluated mitogenomes.
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FIGURE 11. Similarity network of all mitogenomes evaluated in this study. Mitogenomes are classified by fungal phylum.




CONCLUSION AND PERSPECTIVES: WHY TO STUDY FUNGAL MITOGENOMES?

Studies that fully characterize the structure of fungal mitogenomes are still scarce. In the current study, we explored the diversity of genome structure of fungal mitogenomes at kingdom level and demonstrated that less than 0.02% of the already described fungal species have their mitogenome sequenced and publicly available. The phylum Ascomycota has the highest number of mitogenomes available, while some other phyla do not have even one single mitogenome sequenced. Taken together, our findings suggest that fungal mitogenomes exhibit high structural variation (composition, genetic codes, size, and gene diversity). The size and composition of mitogenomes were variable, mainly explained by the presence of accessory elements. Furthermore, there was no universal gene found in all fungal species. Some studies have already demonstrated the possibility of using mitochondrial genes to identify fungal species (Kulik et al., 2015; Smith, 2015; Avin et al., 2017). Nevertheless, our work indicates that there is no universal marker, which does not prevent the use of mitochondrial genes to identify groups of fungi at the order or family levels.

Our findings clearly show that, despite being considered conserved, fungal mitogenomes have numerous differences that need to be better characterized and understood. Because of this structural diversity, the use of mitogenomes are a promising tool for elucidating evolutionary relationships between species as they have a low rate of recombination, diverse patterns of mitochondrial inheritance, difference in mutation rate in relation to the nuclear genome, and facility to be amplified by PCR to sequence a particular region or the entire mitogenome due to the high number of copies in the cellular cytoplasm (Rubinoff and Holland, 2005).

Despite the important role played by mitochondria in the cell, detailed knowledge about the gene regulation of this organelle is still scarce, and very little is known about the control of expansion/contraction of mitochondrial genomes in fungi (Dirick et al., 2014; Nguyen et al., 2020; Kulik et al., 2021). The sequencing and characterization of new fungal mitochondrial genomes coupled with transcriptomic studies are of great importance to help understand genome function and gene regulation of this organelle (Grahl et al., 2012; Mosbach et al., 2017; Tang et al., 2018). Therefore, the deep characterization of fungal mitogenomes at kingdom level presented here provides a first step toward these goals.

In a more applied approach, the mitochondrial genome may also provide new strategies for controlling fungal pathogens, as well as may help improve the production of secondary metabolites (Grahl et al., 2012; Mosbach et al., 2017; Tang et al., 2018), since fungal mitochondria participate in several processes of pathogenicity, virulence, and drug resistance. Fungicides usually target proteins located in the mitochondrial inner membrane or mitogenome (Song et al., 2020). Furthermore, these studies still help investigate the function of mitochondria in cellular processes that are essential for the growth and development across fungi. To perform the characterization of resistance mutations, it is necessary to sequence and make available numerous mitogenomes from the same species.

We detected a large amount of mitogenomes available for Saccharomycetaceae, showing a representative and non-redundant dataset. This genetic variation in mitogenomes and phenotypic diversity observed especially in Saccharomyces makes the genus a good model for studies of comparative mitogenomics. Currently, most of the knowledge on comparative genomics in fungi comes from studies within Saccharomycetaceae (Freel et al., 2015; Peter et al., 2018), but mitogenomes are still not explored in populational, ecological, and evolutionary studies.

We also identified many unusual genes in mitogenomes, such as dpo, rpo, and mitochondrial genes usually located in the nuclear genome. This gene diversity may be related to HGT between species and even mitogenome length (Rosewich and Kistler, 2000; Joardar et al., 2012; Kolesnikova et al., 2019; Fonseca et al., 2020; Araújo et al., 2021). It is even more notable when we evaluate different mitogenomes of the same species with different uORFs and genes, as observed for Fusarium and Saccharomyces species, indicating that fungal mitogenomes have a great plasticity. The implications of the presence of these genes are still poorly understood. Until December 2020, few fungal species had more than one sequenced mitogenome, preventing intraspecific comparisons. This scarcity of genomic data hinders the search for new antifungal agents and the characterization of resistance mutations, as well as the understanding of fungal infections in different hosts. As a summary, the results found in this study show that fungal mitogenomes are highly diverse, without the presence of any universally conserved gene, and vary widely in accessory elements, suggesting that they are in constant and fast change.
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The mitochondrial and nuclear genomes of Eukaryotes are inherited separately and consequently follow distinct evolutionary paths. Nevertheless, the encoding of many mitochondrial proteins by the nuclear genome shows the high level of integration they have reached, which makes mitonuclear genetic interactions all the more conceivable. For each species, natural selection has fostered the evolution of coadapted alleles in both genomes, but a population-wise divergence of such alleles could lead to important phenotypic variation, and, ultimately, to speciation. In this study in the Basidiomycete Heterobasidion parviporum, we have investigated the genetic basis of phenotypic variation among laboratory-designed heterokaryons carrying the same pair of haploid nuclei, but a different mitochondrial genome. Radial growth rate data of thirteen unrelated homokaryotic parents and of their heterokaryotic offspring were combined with SNP data extracted from parental genome sequences to identify nuclear and mitochondrial loci involved in mitonuclear interactions. Two nuclear loci encoding mitochondrial proteins appeared as best candidates to engage in a genetic interaction affecting radial growth rate with a non-conserved mitochondrial open reading frame of unknown function and not reported apart from the Russulales order of Basidiomycete fungi. We believe our approach could be useful to investigate several important traits of fungal biology where mitonuclear interactions play a role, including virulence of fungal pathogens.
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INTRODUCTION

Mitochondria are functionally and genetically dynamic organelles essential to the eukaryotic cell (Burger et al., 2003; Henze and Martin, 2003; McBride et al., 2006). They are the center of aerobic production of energy, but also play a role in signaling between cellular components, cellular growth and differentiation, apoptosis, control of the cell cycle, disease, and aging (McBride et al., 2006; Bernhardt et al., 2014; Urbani and Babu, 2019). Although the majority of mitochondrial proteins are encoded by nuclear genes, mitochondria have their own self-replicating genome bearing phylogenetic evidence of prokaryotic ancestry (Gray et al., 2001). According to the endosymbiotic theory, mitochondria originate from the endocytosis of an alphaproteobacterium that took place about two billions years ago as an adaptation to an atmosphere richer in oxygen (Gray et al., 1999). Mitochondrial and nuclear genomes have subsequently coevolved throughout the evolutionary history of Eukaryota, following two major trends: one of reduction of the number of mitochondrial genes non-essential to the eukaryotic cell, the other of transfer to the nucleus of unique essential genes whose products can be imported from the cytosol to the mitochondrion without fitness cost (Kurland and Andersson, 2000). Mitochondrial genes encoding proteins involved in cellular respiration are highly conserved while other loci are more variable depending on the species, and some contribute to mitochondrial genome evolution and plasticity, like highly polymorphic, repetitive elements found within introns and intergenic regions (Burger et al., 2003). Consequently, conformation of the mitochondrial genome, its size, its degree of relatedness to its bacterial ancestor, its genes number, their order and their expression vary by species (Gray et al., 1999; Medina et al., 2020 for a recent review in fungi). Maintaining mitochondrial activity with a reduced genome implies multiple mitonuclear genetic interactions (Stojković and Dordević, 2017), but also requires nuclear and mitochondrial DNA permanently to coadapt despite their frequently different mutation rates (Allio et al., 2017; Sandor et al., 2018; Medina et al., 2020). Population-wise divergence of mitochondrial and nuclear coadapted alleles is predicted to lead to speciation due to Bateson-Dobzhansky-Muller incompatibility (Nguyen et al., 2020 and references therein).

The goal of this article is to show that harnessing natural intraspecific variation of coadapted mitochondrial and nuclear alleles in order to study genetics of mitonuclear interactions is possible. Natural variation in the mitochondrial genome of two species of the tree pathogen Heterobasidion is associated with the emergence of interspecific heterokaryotic hybrids with virulence that correlates with mitochondrial inheritance (Olson and Stenlid, 2001; Giordano et al., 2018). This observation suggests that, in self-incompatible Basidiomycetes species such as Heterobasidion spp., new combinations of mitochondrial and nuclear DNA formed at the heterokaryotic phase could drastically alter phenotype. Isolates of Heterobasidion spp. spend most of their life cycle as heterokaryotic mycelium (n + n) in host wood (Johannesson and Stenlid, 2004; Garbelotto and Gonthier, 2013). The homokaryotic (haploid) phase is short and exposed mainly to purifying and neutral selections: Basidiospores dispersal by the wind, their landing on an exposed area of a potential host, and the encounter of homokaryotic mycelia originating from different basidiocarps on host wood are largely stochastic. Mating is under the control of a unifactorial multiallelic genetic system (Holt et al., 1983), which, preceded by basidiospore dispersal, is supposed to favor outbreeding (Nieuwenhuis et al., 2013). It is therefore when mitochondrial and nuclear DNA of different homokaryotic isolates meet at the heterokaryotic phase that new mitonuclear combinations might emerge. If so, some degree of mitochondrial DNA-dependent phenotypic variation is expected at each generation of intraspecific heterokaryons as well.

Our recent work in Heterobasdion parviporum demonstrated and quantified mitochondrial genetic effects on two fitness proxies in heterokaryons and their parents (Clergeot et al., 2019). Our experimental design was based on heterokaryon synthesis (Olson and Stenlid, 2001), during which mitochondrial DNA is unparentally inherited while nuclei undergo bidirectional exchange, resulting in a pair of heterokaryons with the same haploid nuclei but a different mitochondrial genome (Xu and Wang, 2015). Heterokaryon synthesis was implemented with thirty homokaryotic parental isolates sampled at various locations in Eurasia and showing no population structure. We observed that variance of growth rate does not correlate with genetic distance in heterokaryons and that mitochondrial genetic effects account for 35% of phenotypic variance among homokaryons and 3% among heterokaryons (Clergeot et al., 2019). Heterokaryons are more fit than their parents in average, but not more than the fittest parents, suggesting heterozygosity and the masking of deleterious alleles at some of the nuclear loci involved in mitonuclear interactions in the offspring, rather than an intrinsic difference of fitness between the heterokaryons and their parents.

The present study is an investigation of the genetic basis of mitonuclear interactions in Heterobasidion parviporum: As phenotyping the heterokaryotic offspring of pairwise crossings of homokaryotic parents in controlled conditions brings a more reliable assessment of the variation resulting from combining different nuclear and mitochondrial alleles (Nguyen et al., 2020), we have revisited our data of heterokaryon variance for growth rate and parental genome sequence polymorphism (Clergeot et al., 2019) in order to identify candidate loci acting in trans across the two genomes. We have been able to single out this way two possible candidates for a nuclear locus encoding proteins involved in molecular trafficking to the mitochondrion (a mitochondrial carrier protein or a mitochondrial calcium uniporter), and a non-conserved mitochondrial locus of unknown function and whose distribution is limited to the Russulales order of Agaricomycetes. We believe that our results on mitonuclear genetics of growth rate in H. parviporum could pave the way to similar investigations of mitochondrial DNA-dependent variation of important traits e.g., virulence in fungal pathogens.



MATERIALS AND METHODS


Fungal Isolates

Data from thirteen H. parviporum homokaryotic isolates out of thirty initially crossed in our previous study (Clergeot et al., 2019), and from 73 pairs of their heterokaryotic offspring were analyzed for mitonuclear epistasis in this study. Heterokaryons of each pair are carrying the same parental haploid nuclei, but mitochondria from either of the two parental isolates (Xu and Wang, 2015; see also Figure 2 in Clergeot et al., 2019). All parental homokaryotic isolates were given a numeric code (crossing chart and correspondence of numeric codes to original names are available in Supplementary Material 1) and each isolate was labeled as follows: Homokaryotic parents are designed by their numeric code with prefix “Ho.” Heterokaryons are designed by numeric codes of their parental nuclei, starting by acceptor isolate bringing the parental cytoplasm (maternal isolate), followed by donor isolate in parenthesis (paternal isolate). For example, heterokaryon 9(32) has haploid nucleus and mitochondria of homokaryotic parent Ho9, but only haploid nucleus of homokaryotic parent Ho32. Pairs of heterokaryons originating from the same homokaryotic parents are labeled with parental numeric codes in parenthesis separated by a semicolon. For example, pair (9;32) consists of heterokaryons 9(32) and 32(9), which originate from homokaryons Ho9 and Ho32.



Phenotypic Analysis

All data of fungal mycelium growth used in this study have been published earlier in Clergeot et al. (2019). Briefly, isolates were grown on artificial medium cast in Petri dishes, and their growth was recorded daily on two or three plates, 4–6 days post inoculation, four times on each plate. Experiments were repeated at that time, although never simultaneously with all heterokaryons together for obvious practical reasons. Consequently an “assay” does not refer to a set of experiments carried out with all isolates together at the same time, but rather to a specific experiment in a series made for each individual isolate at different times between 2015 and 2017, usually two or three. Each assay for any of the 146 heterokaryons considered in this study was given a different identification number. One heterokaryon was assayed just once, 95 twice, 41 thrice, eight four times, and one six times, in a total of 352 assays, consisting in a total of 910 different plates with four values of growth rate each.

All values of radial growth rate (RGR, in mm/day) were estimated by the method of the least squares, using published data of growth measurements of parental homokaryons and their heterokaryotic offspring (see Supplementary Material 2 gathering all growth rate data). Data dispersion was evaluated at three levels of subdivision, by comparing quartile coefficients of dispersion [QCD = (Q3-Q1)/Q3+Q1 with Q1 being the first quartile and Q3 the third quartile]. QCDs were calculated with growth rates from either each plate (910 sets of values), each assay (352 sets), or each heterokaryon (146 sets). Statistical homogeneity between data sets (i.e., heterokaryons of a same pair, or different assays of the same heterokaryon) was assessed using Mann-Whitney tests for two independent samples (two tails; α = 0.05) with correction for ties, included in the Real Statistics Resource Pack software (Release 3.5.3). Copyright (2013–2021) Charles Zaiontz. www.real-statistics.com. Risk α for Type I error was adjusted for multiple testing using the method of Holm-Bonferroni (Holm, 1979).



Genotypic Analysis
 
Filtering of Mitochondrial SNPs

H. parviporum mitochondrial DNA sequence is borne by two specific unitigs, unitig_36 and unitig_37 (Clergeot et al., 2019). All SNPs present on these two unitigs were filtered as described (Clergeot et al., 2019), but using in-house Perl scripts revisited in order to include indels and to lift constraint on the quality score. All Perl scripts used in this study are available on GitHub under repository CytN (https://github.com/phcler/CytN). Positions of mitochondrial SNP loci were searched in H. irregulare annotated mitochondrial genome (accession NC_024555.1) using BLASTN software (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and published mitochondrial ORF predictions (Himmelstrand et al., 2014).



Filtering of Nuclear SNPs

Nuclear SNPs were filtered based on genotypic information that one allele is borne by homokaryotic isolates Ho9 and Ho32, the other borne by Ho2, Ho5, Ho11, Ho18, Ho19, Ho20, Ho27, Ho26, Ho30 and Ho31, and that allele is undetermined for all other isolates. As Ho18 was the reference isolate for SNP calling (Clergeot et al., 2019), Ho9 and Ho32 are therefore bearing the alternative allele. Apart from setting this allelic filter, from including biallelic indels and from relaxing constraint on the quality score (lowered from 10,000 to 100), all other filtering steps were performed using in-house Perl scripts as previously described (Clergeot et al., 2019). An automated procedure was designed to find out whether or not filtered SNPs are: (1) localized in the open reading frame of a nuclear gene in H. parviporum, (2) at the origin of a non-synonymous mutation in isolates Ho9 and Ho32. In brief, the procedure relies on standalone nucleotide blast searches with H. parviporum genomic fragments surrounding each SNP as queries against a custom database including 13,405 open reading frames (ORF) of the related species H. irregulare (Olson et al., 2012). Blast results files were subsequently analyzed with a set of in-house Perl scripts to detect non-synonymous substitutions in the coding sequence of a gene. SNPs predicted to localize in an intron, or up to 800 bp upstream/downstream of the first/last exon of a H. parviporum gene were analyzed with separate in-house Perl scripts. Details about these procedures of SNP filtering and analysis are provided in Supplementary Materials 3, 4.



Expression Analysis of Mitochondrial Locus nc-ORF5 in H. irregulare

Transcripts of the 936 bp-long hypothetical ORF (positions 46939-47874 in H. irregulare mitochondrial genome; accession NC_024555.1) published as nc-ORF5 in Himmelstrand et al. (2014) were searched among published RNA sequencing data of H. irregulare strain TC32-1 (Olson et al., 2012) using magic-BLAST software (https://ncbi.github.io/magicblast/). Proteins similar to actual nc-ORF5 translation product were searched using BLASTP software (https://blast.ncbi.nlm.nih.gov/Blast.cgi).





RESULTS

From the thirty homokaryotic isolates of H. parviporum in our previous study from 2019, reciprocal exchange of nuclei during mating was successful with thirteen of them crossed pairwise, leading to 73 pairs of heterokaryons having the same parental haploid nuclei, but mitochondria from either of the two parental isolates. In this study, we have used phenotypic data from these thirteen homokaryotic parents and their heterokaryotic offspring to investigate mitonuclear interactions.


Analysis of Phenotypic Data
 
Exploratory Data Analysis

A global analysis of data structure was carried out before comparing phenotypes of homokaryotic and heterokaryotic isolates. It shows that heterokaryons are characterized globally by their phenotypic homogeneity in comparison to their homokaryotic parents, but can be divided in three groups: one small group of outliers with markedly lower maximal growth rate (3 isolates), a large group with high maximal growth rate and low phenotypic variance (107 isolates), and a medium group with high maximal growth rate, but a high phenotypic variance that seems intrinsic to their parental combinations (36 isolates).


Data Dispersion

Dispersion of growth rate data was analyzed both in the heterokaryons and their homokaryotic parents to detect those with high level of data dispersion, and, if so, to identify a plausible cause for it. Quartile coefficients of dispersion (QCD) of growth rate data were calculated at different levels of subdivision (within Petri dish, assay, or isolate). Their distributions show that differences of growth rate between assays (isolate level of data subdivision) contribute the most to data dispersion: while 0.76% of the dishes data and of 7.1% of the assays data have a QCD larger than 0.125, data of 38 heterokaryons (26 %) have a QCD larger than this value. A QCD larger than 0.125 was subsequently considered the hallmark of high level of data dispersion throughout this study. Data dispersion between assays in the parental homokaryons is weakly correlated to a lower median growth rate (r2 = 0.55714). In the heterokaryons however, a high QCD is neither explained by a low median growth rate (r2 = 0.26644), or by having one or two parents with a high QCD (r2 = 0.0155). This analysis ruled out the possibility that high level of data dispersion could have experimental cause and rather points at specific heterokaryotic combinations to explain this phenomenon.



Data Distribution

Distribution of growth rate data was analyzed both in the heterokaryons and in their homokaryotic parents. Similar to what was previously published for the entire cohort of isolates (see Figure 3 in Clergeot et al., 2019), data distribution of the thirteen parents is multimodal, indicating some genetic polymorphism for growth rate, whereas it is unimodal for the 146 heterokaryons, showing a homogenization of phenotypic variance in the offspring (Supplementary Figure 1). The center of the heterokaryon data distribution is shifted toward values recorded in the fastest parents only. Data of the assay with the highest median of each heterokaryon were then regrouped in a separate subset called high_med. Similarly, data of the assays with the lowest median were regrouped in another subset called low_med. Distributions of both subsets were compared. For high_med, distribution is narrow and symmetric, centered on a high value of growth rate (median = 7.25 mm/day), with very few outliers toward the lower values (Figure 1A). For low_med, distribution is broad and left-skewed, (Figure 1B), although its center remains close to high values of growth rate (median = 6.25 mm/day). Distribution of maximal growth rate (Figure 2) shows at the same time that almost all heterokaryons have the capacity to grow at rate only found in the fastest parents (Figure 3). Out of 146 maximal growth rate values, 143 are symmetrically distributed around a median very close to 8 mm/day and have an inter-quartile range (IQR) of 1.25 mm/day (Figure 2). Three outliers in low values of growth rate (max_out) correspond to heterokaryons 18(24), 24(18), and 9(32) and have maxima ≤ 4.75 mm/day. The 143 heterokaryons with high maxima (excluding the three outliers) were divided in two groups according to their QCDs: one group of 107 heterokaryons with a low data dispersion (QCD ≤ 0.125; subset named sta_het), another group of 36 heterokaryons with higher data dispersion (QCD > 0.125; subset named var_het). Distributions of their maxima, third quartiles, medians, first quartiles, minima, and IQR were then compared (Figure 4). For a quarter of the heterokaryons, growth rate varies more between assays, but their maxima and third quartiles are similar to the ones of the 75% majority (Figures 4A,B). Spread and left-skewness of the data distribution of all heterokaryons is therefore rather explained by the larger phenotypic variance between assays recorded in these 36 isolates—shifting their median growth rate toward lower values (Figures 4C–E) and increasing their IQR (Figure 4F)—than by intrinsic difference of growth rate, observed for example between the slowest and the fastest parents (Figure 3).


[image: Figure 1]
FIGURE 1. (A) Data distribution of growth rate assays with the highest median of each heterokaryon is narrow and symmetric (high_med; n = 1,563); (B) Data distribution of growth rate assays with the lowest median of each heterokaryon is broad and left-skewed (low_med; n = 1,487); binwidth = 0.5.



[image: Figure 2]
FIGURE 2. Distribution of heterokaryon maximal growth rates is narrow, symmetric, and centered on a high value (n = 146). Maximal growth rate of heterokaryon 9(32) is one of the two outliers indicated by the arrow.



[image: Figure 3]
FIGURE 3. Parental homokaryons display a large array of distributions of growth rate data. Maxima of the slowest parents are below minima of the fastest; n = 24 (Ho20, Ho24), n = 48 (Ho2, Ho5), or n = 36 (all other isolates).



[image: Figure 4]
FIGURE 4. Distributions of higher values of growth rate in phenotypically stable heterokaryons (sta_het; n = 107) and in phenotypically variable heterokaryons (var_het; n = 36) are similar, but the latter have a larger data spread toward lower values. (A) Maxima; (B) Third quartile; (C) Median; (D) First quartile; (E) Minima; (F) Inter quartile range.





Statistical Analyses of Phenotypic Data

Although the 143 heterokaryons with high maximal growth rate have similar genetic potential for this trait, their difference of phenotypic variance could bias statistical analyses based on their median growth rate. Therefore, two series of statistical analyses were performed with the 73 pairs of heterokaryons, first using all data, then using high_med data subset (complete results of the tests in Supplementary Material 5, tabs “MW tests—all data” and “MW tests—highest median”). Six pairs show a statistically significant difference of median growth rate in both series of tests (see Table 1). For heterokaryon pair (9;32), this support is the highest of all pairs using high_med. With this data subset, pair (9;32) has the largest difference of median growth rate of all pairs (3.5 mm/day), far above any other (next is (24;32) with 1,375 mm/day). Moreover, heterokaryon 9(32) displayed a low growth rate in two independent assays, something that only two other heterokaryons did, 18(24) and 24(18). Its maximal growth rate is a low outlier in the distribution of maxima of all heterokaryons (Figure 2). A complementary phenotypic analysis of pair (9;32) was carried out and compared with the one published in 2019 for the same pair (Figure 5). Repeated growth rate experiments with heterokaryons 9(32) and 32(9) confirmed their difference of phenotype [growth rate data from 2020 Figure 5; Mann-Whitney U = 0; n1 = n2 = 24; median9(32)_2 = 3,25 mm/day; median32(9)_2 = 7,125 mm/day; effect size r = 0.8589; P < 0.001; two tailed]. This data subset was used to show that 9(32) has indeed the slowest growth rate of all heterokaryons formed with Ho9 as acceptor parent, pointing out the fact that its combination with Ho32 is unique in this sample (Figure 6; complete results of statistical tests in Supplementary Material 5, tab “MW tests – Acc9”).


Table 1. Pairs of heterokaryons with statistically different median growth rates; _het: all data of the heterokaryon were used; _high: data of the assay with the highest median of each heterokaryon were used; QCD: quartile coefficient of dispersion; Med: median growth rate; p: p-values of 2-tails Mann-Whitney tests; α: risk for type I error adjusted for multiple testing (n = 73; initial value = 0.05).

[image: Table 1]
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FIGURE 5. Replicates of growth rate assays carried out with heterokaryon pair (9;32) confirm original phenotypes deduced from assays with the highest median; 2015: data published in Clergeot et al. (2019): data from this study (n = 24).



[image: Figure 6]
FIGURE 6. Heterokaryon 9(32) grows significantly slower than any other heterokaryon made with Ho9 as acceptor parent. 2-tails Mann-Whitney tests were performed with data of the assays with the highest median for each isolate. Risk α for type I error was adjusted for multiple testing (n = 10; initial value = 0.05).


Subsequent analysis focused on three specific pairs, (9;32), (18;32), and (9;18), for three reasons: (1) differences of phenotype of their heterokaryons are statistically grounded; (2) the complete offspring resulting from reciprocal crossings of their three parents is available for a grouped analysis; (3) based on results of previous SNP call and filtering, mitochondrial haplotypes of parents Ho9 and Ho18 were supposed to be identical, which was expected to facilitate genotyping. Using data of the assay with the highest median of each heterokaryon and each parent of these three pairs, a series of 36 statistical pairwise tests was carried out, in order to assess differences of growth rate (complete results of the tests in Supplementary Material 5, tab “MW tests – 3 pairs”). Difference of median growth rate is significant for all combinations, except 32(9)-32(18), 18(9)-18(32), and 9(32)-Ho9 (Table 2).


Table 2. p-values of statistical tests performed to compare growth rates of heterokaryons from pairs (9;32), (9;18), and (18;32) and their parents Ho9, Ho18, and Ho32.
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Genotypic Analysis

Phenotypic variance between the six isolates of pairs (9;32), (18;32), (9;18), and their three parents are best explained by the intervention of different alleles at a minimum of four nuclear loci, nuc1, nuc2, nuc3, and nuc4, and by non-additive variance due to three events of mitonuclear epistasis named mne1, mne2, and mne3 (Figure 7). Specific efforts were made to characterize nuc2, but also mne1 and mne2, as both presumably involve nuc2. The fact that heterokaryon 9(32) grows significantly slower than any other heterokaryon made with Ho9 as acceptor parent (Figure 6) shows that Ho9 and Ho32 are the only homokaryotic isolates to carry a recessive allele of nuc2. This allele, nuc2-1, interacts negatively with an allele of mitochondrial locus mt2 borne by Ho9 only. Based on previous SNP calling and filtering, Ho9 and Ho18 were however supposed to have the same mitochondrial haplotype, which contradicts the fact that difference of growth rate between 9(18) and 18(9) is significant too. Other filtering of the SNPs called from nuclear and mitochondrial genome sequences of all homokaryotic isolates were set in order to identify markers linked to these two loci.


[image: Figure 7]
FIGURE 7. Phenotypic differences between heterokaryons from pairs (9;32), (9;18), (18;32) and their parents are explained by the contribution of four different nuclear genetic loci nuc1, nuc2, nuc3, and nuc4 and the intervention of three events of mitonuclear epistasis mne1, mne2, and mne3 (phenotypes are based on data of the assay with the highest median for each isolate; median growth rates are plotted on the figure).



Mitochondrial Locus mt2

Filtering of mitochondrial SNPs was revisited and performed in a way that include indels. This led to the identification of three indels whose alleles are different in Ho9 and Ho18 (see complete list of 216 SNPs resulting from this filtering in Supplementary Material 6, tab “Mitochondrial SNPs”). Two were found in non-coding DNA, but one is localized in a non-conserved mitochondrial locus homologous to nc-ORF5 in the mitochondrial genome sequence of H. irregulare (TAA/TAAA in position 472 of unitig_37; ORF is on the minus strand of this unitig). In H. irregulare, nc-ORF5 is predicted to encode a protein of unknown function and made of 311 amino acid residues, annotated in the mitochondrial proteome of H. irregulare under NCBI accession YP009048485.1. Transcript and coding sequence of this locus were found to be shorter than predicted in the 5' end (181 aa instead of 311 in H. irregulare; see Figure 8A and magic-blast output in Supplementary Material 7), which is in agreement with the results of a protein similarity search showing that, although hypothetical orthologs of this protein exist in other Russulales fungi, no similar proteins are found in other species except for a hypothetical one in soilborne gammaproteobacteria with a relatively high sequence similarity and a similar length to nc-ORF5p (query length: 181 aa; subject length: 194 aa; query cover: 83%; 58% identity; E = 3e-51; subject GenBank ID: TLY78166.1). Consequently, it is reasonable to assume that this H. parviporum indel is not located within nc-ORF5 itself, but either in its promoter, or its 5' untranslated transcript sequence (5' UTR). Interestingly, a second indel identified after mitochondrial SNP filtering is localized 44 bp downstream of the first SNP, in the promoter/5' UTR sequence of the same ORF (TAA/TAAA in position 428 of unitig_37; ORF is on the minus strand of this unitig). Ho9 and Ho18 have the same allele of this indel. Overall, three different alleles of nc-ORF5 promoter/5' UTR exist in H. parviporum homokaryons used in this study, depending on the allelic combination of these two indels: Ho18 and Ho32 have a first allele mt2-1, Ho9, Ho11, Ho20, Ho26, Ho27, Ho30, and Ho32 have a second allele mt2-2, and Ho2, Ho5, and Ho24 have a third one mt2-3 (Table 3). In the specific context of the crossings of Ho9, Ho18, and Ho32, it is worth noticing that Ho18 and Ho32 have the same allele, mt2-1, while Ho9 has allele mt2-2.


[image: Figure 8]
FIGURE 8. Map of locus nc-ORF5. 1–936 bp: ORF prediction in H. irregulare mitochondrial genome annotation; Dashed line (368–847 bp): transcription detected in H. irregulare isolate TC32-1; Thick line (391–936 bp): actual nc-ORF5.



Table 3. Mitochondrial locus mt2 exists in three different forms, mt2-1, mt2-2, and mt2-3, in the thirteen H. parviporum parental homokaryons depending on their indels alleles.
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The best way to explain the mitonuclear epistasis events observed (Table 4) is to invoke:


Table 4. Expression of nuclear locus nuc2 depends on appropriate allelic combination with mitochondrial locus mt2; E: full expression of the trait; e: partial expression; –: no expression; nuc2 (d): nuc2 allele brought by the donor isolate in heterokaryons.

[image: Table 4]

- for mne1, a negative interaction either between mitochondrial allele mt2-2 and nuclear allele nuc2-1 borne by Ho9 and Ho32 but not Ho18, or between mitochondrial allele mt2-1 and nuclear allele nuc2-2 borne by Ho18;

- for mne2, a partially negative interaction between mitochondrial allele mt2-2 and nuclear allele nuc2-2, as observed in heterokaryon 9(18).



Nuclear Locus nuc2

From the phenotypes of all other heterokaryons obtained with parent Ho9 as nuclear acceptor, it was possible to deduce that homokaryotic isolates Ho2, Ho5, Ho11, Ho19, Ho20, Ho27, Ho26, Ho30, and Ho31 cannot bear recessive allele nuc2-1 for sure (Figure 6). This information was used to set an allele-based filter for nuclear SNPs in order to provide candidate loci for nuc2, which led to the isolation of 1,242 SNPs. DNA of these SNP loci were first compared with a database made of all H. irregulare ORFs. For each locus matching an ORF, the SNP was localized in H. parviporum genomic DNA in order to identify those whose alternative allele causes a non-synonymous mutation. 449 SNPs were confirmed to be in an H. parviporum exon, of which 158 are responsible of a non-synonymous mutation in 78 different ORFs. Finally, the annotation of their H. irregulare orthologs were checked to select those associated with the mitochondria, either by localization or by function. This process of successive filtering led to the identification of two candidates for nuc2 [see details in Supplementary Material 6, tab “Nuclear SNPs (non-syn)”]:

- A gene encoding a mitochondrial carrier protein (H. irregulare accession number: XM_009546414.1) with the following mutation events, all in exon 5 (Figure 9A): two consecutive nucleotide transversions (G to T and C to A) leading to an amino acid substitution G to V in position 303, the deletion of three consecutive nucleotides GCG leading to the deletion of amino acid A in position 309 in Ho7, Ho9, Ho12, Ho15, Ho32, and Ho35, and a nucleotide transversion G to A leading to amino-acid substitution R to K in position 330 in isolates Ho9 and Ho32;

- A gene encoding a hypothetical mitochondrial calcium uniporter (H. irregulare accession number: XM_009552795.1) with a single mutation due to a nucleotide transition C to G in exon 2 (Figure 9B) leading to amino acid substitution I to M in position 104 in Ho9, Ho23, Ho25, and Ho32.


[image: Figure 9]
FIGURE 9. Candidate nuclear loci for nuc2 in Heterobasidion parviporum and their mutation profile (thick line: exon; thin line: intron; for each mutation, the reference allele is given first and its position in the coding sequence is in parentheses); (A) Gene encoding a mitochondrial carrier protein orthologous to Heterobasidion irregulare XM_009546414.1; (B) Gene encoding a mitochondrial calcium uniporter orthologous to Heterobasidion irregulare XM_009552795.1.


Of the 793 SNPs not localized into an exon of a H. parviporum gene whose ortholog is transcribed in H. irregulare, 130 were found into an intron of such a gene, 86 were found <800 bp upstream of the first exon, and 68 <800 bp downstream of the last exon. Annotations of these genes were checked for possible association with the mitochondria, leading to the isolation of eight SNPs of interest [see details in Supplementary Material 6, tab “Nuclear SNPs (All)”]. Five SNPs were found into two introns of the gene encoding the mitochondrial carrier already mentioned (H. irregulare accession number: XM_009546414.1). One SNP was found 60 bp downstream of the stop codon of the gene encoding the hypothetical calcium uniporter already mentioned (H. irregulare accession number: XM_009552795.1). One SNP was found 113 bp upstream of the start codon of a gene encoding a beta subunit a of putative F1F0-type ATPase (H. irregulare accession number: XM_009544597.1). One SNP was found 11 bp upstream of the start codon of a gene encoding another mitochondrial carrier protein (H. irregulare accession number: XM_009545544.1).





DISCUSSION

Our phenotypic data show that two major competing trends are at work in heterokaryons, with opposite effects on growth rate. The first trend is “heterokaryon vigor” (Clergeot et al., 2019), which results from the reciprocal masking of deleterious alleles brought by one or both parents (Clark and Anderson, 2004). Our growth rate data show that dominance is frequent, but overdominance is rare and limited to the offspring of parents that are both less fit. As the fittest parental alleles are overwhelmingly dominant, the center of the distribution of all heterokaryons data is shifted toward the position it would have in a hypothetic homokaryon having the largest combination of the fittest parental alleles. Homokaryons growth rate data suggest that the fastest parents in our sample are close to such an optimal allelic combination, as none of the heterokaryotic offspring can grow at a higher rate than they do.

The second trend is high heterokaryon-specific phenotypic variation, a phenomenon that we have observed in several heterokaryons (26%) after carrying out different growth rate assays over time. These heterokaryons can nevertheless grow as fast as the others. Their genetic potential for this specific trait is therefore not different from the rest of the heterokaryons. The fact that their phenotype does vary more between assays is due to other factors, unidentified so far, although probably linked to the heterokaryotic state, during which parental haploid nuclei coexist in the same cytoplasm, but do not fuse (Raper, 1966). The heterokaryon is an intermediary state between haploidy and true diploidy, more plastic than the latter due to the possibilities of remating (Hansen et al., 1993; Johannesson and Stenlid, 2004; James et al., 2009), secondary formation of haploid sectors (Stenlid and Rayner, 1991; Hansen et al., 1993), and production of haploid conidia (Hansen et al., 1993). Although considered as functionally equivalent to a diploid (Day and Roberts, 1969), such a dynamic and possibly conflicting association of haploid nuclei is likely to lead to stochastic variation of gene expression (Kilfoil et al., 2009), and therefore, of heterokaryon phenotype. Degree of phenotypic variation of each heterokaryon might be genetically determined by specific combination of parental alleles, as for nuclear ratio in heterokaryons of H. parviporum (James et al., 2008).

Analysis of heterokaryons growth rate data showed that higher values reflect their genetic potential for this trait better, which made possible the identification of pairs of heterokaryons issued from the same parents, but whose phenotypes are different. It confirms our previous detection of mitochondrial genetic effects in the same cohort of heterokaryons of H. parviporum (Clergeot et al., 2019). In one occurrence, owing to the facts that two non-kin-related parental isolates (Ho9 and Ho18) have nearly identical mitochondrial haplotypes and that their crossings with a third isolate, Ho32, gave heterokaryons with clear-cut phenotypes, we have identified alleles of a mitochondrial locus (mt2) and a genomic locus (nuc2) involved in a genetic interaction in trans across the two genomes. Different combination of alleles at these two loci contribute to phenotypic variation in the offspring of the crossings with these three isolates.

Candidates for genomic locus nuc2 were searched using phenotypic information of heterokaryons from all other crossings involving parent Ho9 and SNPs markers called from the genome sequences of all homokaryotic isolates (Clergeot et al., 2019). In this work, SNP alleles associated with a non-synonymous mutation in two H. parviporum ORFs were investigated in priority as more likely candidates for nuc2, although other causes of phenotypic variation cannot be excluded at this stage. Similar bioinformatics methods have been used to track polymorphism in gene regulatory sequences or introns too, and led to the identification of two additional candidates for nuc2. The two genes whose sequences in Ho9 and Ho32 are bearing mutations altering the structure of their translation products (although it cannot be ascertained that the function of these products is modified), but also carrying mutations that might affect their expression level are considered the best possible candidates at this stage. Both are involved in molecular trafficking to the mitochondrion (a carrier protein and a calcium uniporter). Although the gene encoding a calcium uniporter cannot be ruled out at this stage, the other one encoding a mitochondrial carrier protein is a more likely candidate for nuc2 for several reasons: Mutations in this gene result from multiple transversions (3) and one indel in the same exon, whereas the mutation in the gene encoding the calcium uniporter results from a single transition; A multiple protein alignment with orthologs from other species shows that substitution R to K in the sequence of the carrier is in a conserved motif, and this substitution is present in Ho9 and Ho32 only; Amino-acid substitutions/deletion observed in the carrier are more likely to lead to a change of balance between structure and function.

In contrast, it is not a mitochondrial gene encoding a key protein in oxidative metabolism that has been uncovered as the potential candidate involved in a mitonuclear interaction with nuc2, but a non-conserved gene instead, with orthologs in the Russulales order only. The ortholog of this gene in the mitochondrial genome of H. irregulare has been previously identified as nc-ORF5 (non-conserved Open Reading Frame 5; Himmelstrand et al., 2014). The presence of nc-genes in mitochondrial DNA is a typical feature of Agaricomycetes fungi. Nc-genes are supposed to share the same evolutionary origin as the mitochondrial plasmid DNA frequently found in the mitochondrial genome of species in this class of fungi and contribute to explain its unusually large size. This non-conserved and exchangeable part of Agaricomycetes mitochondrial DNA might originate from the uptake of plasmids by mitochondria and its subsequent integration into mitochondrial DNA early in the evolution of this class of fungi (Himmelstrand et al., 2014; Medina et al., 2020). Protein blast searches made with the translation of the ortholog of nc-ORF5 in H. parviporum (Hparv-nc-ORF5p) and by excluding proteins from the Russulales retrieved exclusively a hypothetical protein from soilborne gammaproteobacteria (Diamond et al., 2019). Phenotypic variation associated with mitochondrial DNA sequence polyporphism at this locus seems to originate from a change in the regulation of nc-ORF5 expression rather than from its loss of function, as the SNP is located upstream of nc-ORF5 coding sequence, either in its promoter or its 5' UTR sequence.

Further investigation would imply (1) studying the expression of all mitochondrial and nuclear candidate genes to confirm or infirm hypotheses made about them, (2) providing molecular genetics evidence of mitonuclear interaction by carrying complementation experiments of homokaryon Ho9 with wild-type copies of candidate nuclear loci for nuc2. Genetic transformation of Heterobasidion spp. using Agrobacterium tumefaciens has been described previously (Samils et al., 2006), including in H. parviporum (Ihrmark, unpubl.), and could be used for that purpose. Another option would be to shuffle mitochondria into various homokaryotic nuclear backgrounds by reisolating homokaryotic conidia from heterokaryons cultures (Ramsdale and Rayner, 1994) and assessing their phenotype. Finally, although our phenotypic analysis points at a very simple genetic explanation for the phenotypic variation observed in this sample of isolates (homogeneization of the heterokaryons phenotypes to the level observed in the best homokaryotic parents is the signature of the complementation of a few recessive and defective alleles unique to each slower parent by dominant wild-type alleles borne by any other parent), mitonuclear interactions involving more than one locus in the mitochondrial and/or the nuclear genome cannot be excluded so far. It could be determined by carrying out a segregation analysis (Lind et al., 2005).

Mitonuclear interactions are suspected to be the cause of some breakthrough increase of virulence or change of host range in rare interspecific hybrids (Olson and Stenlid, 2001; Giordano et al., 2018; Hu et al., 2020), but they are also part of the ordinary evolutionary process of each fungal pathogenic species and could hence contribute to mold the interactions with its host. Coadaptation between mitochondrial and nuclear DNA might be an important driver in the evolution of host-pathogen interactions. Several examples have been documented in other fungal pathogens of a change of host range or of a variation in virulence associated either with polymorphism of mitochondrial DNA, with a loss of function, or with a differential expression of nuclear genes encoding mitochondrial proteins (Monteiro-Vitorello et al., 1995; Lorenz and Fink, 2001; Inoue et al., 2002; Zhan et al., 2004; Ma et al., 2009; Mahlert et al., 2009; Patkar et al., 2012; Zhang et al., 2012; Khan et al., 2015; van de Vossenberg et al., 2018). In the context of this work, it is worth noticing that a nuclear-encoded mitochondrial carrier protein has already been mentioned in Heterobasidion spp. as possibly involved in virulence variation related to mitochondrial background (Giordano et al., 2018; Hu et al., 2020). Furthermore, in pathogenic Basidiomycetes fungi like Heterobasidion spp., the capacity of heterokaryon remating (Johannesson and Stenlid, 2004) gives mitonuclear interactions the opportunity to add to the selection process for fitter heterokaryotic associations while genetically diverse heterokaryons grow, meet and exchange nuclei on host wood. Our work brings forth evidence that the investigation of mitonuclear interactions is possible for a trait like hyphal growth rate, but the same could be considered for virulence.
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Analysis of genome variation provides insights into mechanisms in genome evolution. This is increasingly appreciated with the rapid growth of genomic data. Mitochondrial genomes (mitogenomes) are well known to vary substantially in many genomic aspects, such as genome size, sequence context, nucleotide base composition and substitution rate. Such substantial variation makes mitogenomes an excellent model system to study the mechanisms dictating mitogenome variation. Recent sequencing efforts have not only covered a rich number of yeast species but also generated genomes from abundant strains within the same species. The rich yeast genomic data have enabled detailed investigation from genome variation into molecular mechanisms in genome evolution. This mini-review highlights some recent progresses in yeast mitogenome studies.
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INTRODUCTION

Mitochondrial genomes (mitogenomes) originated from an alpha-proteobacterium via endosymbiosis (Lang et al., 1999), and have adopted radically different shapes, sizes, and organizations (Burger et al., 2003; Shao et al., 2009; Sloan et al., 2012; Smith et al., 2012). The great variation of mitogenome diversity and complexity has revolutionized our view of genome evolution and facilitated development of new evolutionary theories (Bazin et al., 2006; Lynch et al., 2006; Whitney and Garland, 2010; Sloan et al., 2012; Christensen, 2013). The excitement of mitogenomes inspired more sequencing projects, and perhaps more importantly, many mindful and in-depth comparative genomics studies (Smith, 2015). These efforts continue to push the boundaries of our understanding in genome evolution.

Mitogenomes are highly variable among yeast species. Mitogenomes show substantial differences in genome size and organization, GC-content, mutation rates, and recombination frequencies. As mutation is the fundamental source of genetic variation, mitogenome differences provide important insights into the underlying mechanisms in the mutation processes. The budding yeast Saccharomyces cerevisiae is among the best-studied model organisms, an abundant number of mitogenomes have been sequenced for S. cerevisiae (Strope et al., 2015; De Chiara et al., 2020) and related species (Freel et al., 2014; Nguyen et al., 2020b). The abundant genomic data have allowed comparative analyses of mitogenomes among closely related yeast species and also intraspecific strains within a species. Detailed variations among closely related mitogenomes become uniquely informative to help identify molecular mechanisms driving the genomic changes.



MITOCHONDRIAL DNA DELETION

The mitochondrial DNAs (mtDNAs) of related yeast strains is well known to show hypervariability in sequence [reviewed in Borst and Grivell (1978)]. Studies of hypervariable yeast mitogenomes have led to discoveries of new molecular and cellular mechanisms (Dujon, 2020). Yeast spontaneously loses mtDNAs and develops respiratory-incompetent petite colonies (rho–) (Whittaker et al., 1972). Petite colonies arise naturally under normal growth conditions, but the frequency of petite formation varies among strains. In S. cerevisiae, the frequency of developing spontaneous petite colonies varies by about 100-fold between laboratory strains versus natural isolates (Dimitrov et al., 2009). The formation of petite colonies, or petite-positive trait, has been associated with whole-genome duplication of the nuclear genome (Piskur, 2001), which provides the basis for neofunctionalization. A survey in more than one hundred strains, however, shows that the petite positive trait is throughout the Saccharomycetaceae family, much beyond the whole genome duplication species (Fekete et al., 2007). Some deletions in yeast mtDNAs are mediated by gene conversion between GC cluster repeats (Weiller et al., 1991), which are characterized by high GC content and palindromic structure (Yin et al., 1981) (also described below). Petite formation, as a genetic trait, has been studied in genome-wide association studies to identify the associated genes (Dimitrov et al., 2009). The different frequencies in petite formation among strains have been associated with genetic variation in at least four nuclear-encoded genes, the mtDNA polymerase (MIP1) (Baruffini et al., 2007a) and other less-well studied SAL1, CAT5, and MKT1 genes (Dimitrov et al., 2009).



MOVEMENT OF MITOCHONDRIAL INTRONS

Genetic crosses of different mitochondrial genotypes have been conducted in S. cerevisiae to understand yeast mitochondrial inheritance and genetics (Wilkie and Thomas, 1973). Mitochondrial markers are inherited in a non-mendelian manner (Jacquier and Dujon, 1985). A well-studied example is the omega (ω) locus in 21S rRNA (Butow, 1985), in which the ω+ strains can transfer the whole intron unidirectionally to an intron-less locus (Dujon et al., 1974). The ω locus belongs to group I intron, a class of self-catalytic ribozymes that often encode a homing endonuclease gene (HEG) (Perlman and Butow, 1989). The self-spicing intron and intron-encoded endonuclease play an important role in driving intron invasion and mobility (Dujon, 1989). The mobility and invasion of the ω intron can go beyond the species boundary. The phylogeny of ω-HEG is significantly different from that of the host 21S rRNA (Goddard and Burt, 1999), suggesting cross-species horizontal transfer of ω-HEG. Given the highly invasive nature of the ω intron, one would expect most yeast strains to be ω+. Yet, many yeast strains remain ω–. Goddard and Burt (1999) provided a framework to explain the sporadic distribution of the ω intron; after invasion, the omega-HEGs undergo rapid degeneration and loss, followed by reinvasion. This process is coined as the Goddard–Burt life cycle by Mukhopadhyay and Hausner (2021). The actual life cycle of introns is likely much more complex than cyclical invasion, degeneration, loss and then reinvasion.

In the Saccharomycetaceae family, mitochondrial introns are found in three genes, cox1, cob, and 21S rRNA, in total 17 intron positions (Wu et al., 2015). Each intron has a unique distribution pattern, and intron content often varies substantially even among small numbers of conspecific strains within species. Except the cox1 i1 intron, all other 16 introns are sporadically distributed. The evolutionary turnover rates of gain and loss among these introns were quantitatively measured (Wu et al., 2015). The high-mobility introns documented in genetic crosses do not necessarily have faster turnover rates than low-mobility introns. The cox1 i1 intron is currently only found in S. cerevisiae strains, with a high rate of intron insertion, it will not be surprising if the cox1 i1 intron is present in some upcoming non-S. cerevisiae mitogenomes. Furthermore, phylogenetically mosaic sequences are evident in both introns and HEGs (Wu and Hao, 2014). Thus, intron and its encoded HEG do not always transmit together as a unit. These findings support that gene conversion between the donor and recipient sequences can take place at both the gene and intragenic levels and lead to insertion or deletion of the adjacent HEG/intron content (Wu and Hao, 2014).



ELEVATED SEQUENCE EVOLUTION NEAR MOBILE INTRONS

The distribution of mutation along DNA sequences is not uniform, and yeast mitogenomes are no exception. The recent availability of abundant yeast population genomic data makes it possible to examine genetic diversity along mitochondrial genes. One striking finding is the increased density of single nucleotide polymorphisms (SNP) in exon regions approaching intron boundaries (Repar and Warnecke, 2017). Although intron mobility is recognized to play a critical role in driving the sequence diversity of host genes, the underlying mechanisms cannot be easily identified. There are two possible mechanisms that can increase SNP density in exons (Repar and Warnecke, 2017). First, diverse exonic sequences are gene conversion tracts, or known as co-conversion tracts, acquired from distantly related species. Horizontal transfer of introns and co-conversion tracts has been well documented in plant mitogenomes (Cho and Palmer, 1999). Since most plant mitogenomes have exceptionally low mutation rates, shared long co-conversion tracts among distantly related intron-containing sequence can be easily and convincingly identified (Sanchez-Puerta et al., 2011). Similar to plant mitochondrial introns, yeast mitochondrial introns also undergo horizontal transfer (Wu et al., 2015) and gene conversion at intragenic level (Wu and Hao, 2014). The relative high sequence divergence among yeast mitogenomes makes it challenging to accurately identify the donor species of the diverse co-conversion tracts. Alternatively, the flanking regions of each intron insert site are mutation hotspots because of endonuclease activity and subsequent error-prone repair. Yeast mitogenomes contain stand-alone HEGs, which are not associate with mitochondrial introns. A strong association is evident between the presence of a stand-alone endonuclease gene and high sequence diversity at the end of the endonuclease-adjacent gene (Wu and Hao, 2019). This finding is consistent with the notion that the recognition sites of endonuclease are mutation hotspots.



THE REBIRTH OF GC-CLUSTERS

The var1 gene (or called rps3 in non-yeast fungi) is another well-studied example of unidirectional inheritance in S. cerevisiae (Strausberg and Butow, 1981). The var1 gene is polymorphic, and different forms of the var1 gene differ by in-frame insertions of short GC-rich palindromic cluster (GC-cluster) in the coding region (Hudspeth et al., 1984). The terminal sequences of most GC clusters are repeats and different GC clusters can share the same terminal repeats. For instance, AG dinucleotide and TAG trinucleotide repeats are common among GC-clusters in S. cerevisiae (Weiller et al., 1989). The terminal repeats are regarded as target-site duplication, and GC-clusters have been suggested to bear ribozyme activity, which catalyzes self-cleavage and ligation reactions (Weiller et al., 1989; Lang et al., 2014). GC-cluster sequences rapidly accumulate substitutions especially in the loop regions, and also undergo dynamic merger and shuffling to form new GC-clusters (Wu and Hao, 2015). Changes at nucleotide bases as well as sequence structure result in highly variable GC cluster sequences among different yeast mitogenomes. GC-clusters are most often found in intergenic regions, but many of them are transcribed into RNAs (Wu and Hao, 2015). All these support the notion that GC clusters are transposable elements. GC-clusters can also be found in protein-coding regions. In yeast Magnusiomyces capitatus (in the Dipodascaceae family), GC-clusters inserted in protein-coding regions are transcribed in mRNAs, but the GC-cluster region in mRNA gets bypassed (or ignored) during translation (Lang et al., 2014). GC clusters have been suggested as recombination hotspots in mitogenomes (Dieckmann and Gandy, 1987). GC cluster–mediated gene conversion can insert or delete large genomic fragments (Weiller et al., 1991), which ultimately lead to alteration of genome size. GC clusters have been suggested to induce long AT-rich sequences into the Nakaseomyces bacillisporus mitogenome (Bouchier et al., 2009).



MITOCHONDRIAL DNA RECOMBINATION

Pioneer studies on mtDNA recombination through mating between S. cerevisiae strains can be traced back to the early 1970s (Kleese et al., 1972; Shannon et al., 1972). Recent large-scale genomic survey confirms frequent mtDNA recombination in natural S. cerevisiae populations (De Chiara et al., 2020). Surprisingly, yeasts were not among the organisms in early discoveries of mtDNA recombination between different species, as shown in plants (Hao et al., 2010; Mower et al., 2010). Subsequent analysis on closely related yeast mitogenomes found extensive recombination throughout the mitogenome between yeast species (Wu et al., 2015). There are two important identified issues in assessing the extent of mtDNA recombination events. (1) Accurate detection of mtDNA recombination relies on the abundance of closely related mitogenomes, preferably, an abundant number of intraspecific mitogenomes from several related species. (2) Many mtDNA recombinant events are fine-scale and often overlooked when using whole genes as the unit of phylogenetic analysis.

Fritsch et al. (2014) have constructed the genome-wide map of mtDNA recombination events in S. cerevisiae and found that recombinant hotspots are preferentially localized in intergenic and intronic regions. They further investigated the impact of individual depletion of four genes [namely Ntg1 (Ling et al., 2007), Mgt1 (Lockshon et al., 1995), MHR1, and Din7 (Ling et al., 2013)] previously associated with mtDNA recombination. The deletion of Ntg1, Mgt1, and MHR1 had little influence on mtDNA recombination hotspots, and the deletion of Din7 resulted primarily in DNA degradation. These findings hint that the study of only nuclear-encoded genes is unlikely to achieve a complete understanding of the localization of recombination hotspots along the yeast mitogenome. Given the dynamic nature of mitochondrial -encoded sequences, such as introns and GC-clusters, a plausible alternative could be that mtDNA recombination hotspots are primarily driven by the sequence features of the mitogenome. Future studies are needed to test this hypothesis.

Mitochondrial DNA recombination can impact mitochondrial function in different ways. As described above (on GC-clusters), Non-allelic mtDNA recombination can lead to deletion and insertion of sequences. Allelic mtDNA recombination, on the other hand, can prevent mtDNA deletion and repair mitogenome damage (Ling et al., 2019). Mitochondrial recombination introduces rapid sequence changes, and could have a significant functional impact on the host. There are direct functional impacts of the introduced mito-genotype, effects of the altered mito-nuclear interaction, and effects of the interaction between the introduced mito-loci and native mito-loci (mito-mito interaction) (Wolters et al., 2018). Mitochondrial recombination can enhance phenotypic variation among diploid hybrids, and facilitate the phenotypic differentiation of hybrid species (Leducq et al., 2017). Given the prevalence of yeast mtDNA recombination and even across different species, much phenotypic diversity in yeast could have resulted from mitochondrial recombination.



YEAST MITOGENOMES ARE HIGHLY VARIABLE IN SIZE

In the Saccharomycetaceae family, the smallest and largest mitogenomes belong in the same genus Nakaseomyces (Figure 1). The mitogenome in Candida glabrata is 20.1 kb (Koszul et al., 2003), while the mitogenome in Nakaseomyces bacillisporus is over five-time larger, at 107.1 Kb (Bouchier et al., 2009). In contrast, the sizes of nuclear genomes among the Nakaseomyces species are remarkably similar, ranging from 10.2 to 12.3 Mb (Gabaldon et al., 2013). In the sister family Saccharomycodaceae, Hanseniaspora uvarum has a linear mitogenome at 11.1 kb (Pramateftaki et al., 2006), and Saccharomycodes ludwigii has a circular mitogenome at 69.0 kb (Nguyen et al., 2020b). Mitogenome sizes also vary among strains within the same yeast species. Among the 109 S. cerevisiae mitogenomes examined in Xiao et al. (2017), and their genome sizes range from 74.2 to 92.2 kb, The fast increasing number of yeast mitogenomes will only expand the range in mitogenome size difference.
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FIGURE 1. Variation in size, sequence divergence, and GC-content of mtDNAs of 36 yeast species. The phylogenetic tree is based on nucleotide sequences of seven core mitochondrial genes (cob, cox1, cox2, cox3, atp6, atp8, and atp9). The very long branch leading to Hanseniaspora uvarum is shown by a thickened line at fivefold reduced scale. If two or more strains are analyzed in a species, the averages are shown for genome size and GC% (strain number in parentheses). Otherwise, the strain names are shown. Details of all strain names in the Saccharomycetaceae family are in Xiao et al. (2017), and the Saccharomycodes ludwigii strains are in Nguyen et al. (2020b).




STABLE GENE CONTENT IN YEAST MITOGENOMES

Despite the variable sizes, genes encoded in yeast mitogenomes are remarkably stable. Unlike mitogenomes in many other fungal species, none of the mitogenomes in Saccharomycetaceae and Saccharomycodaceae encode the respiratory-chain NADH dehydrogenase (complex I) (Dujon, 2010; Freel et al., 2014). The loss of complex I in yeasts is generally believed as a result of adaptation to fermentative lifestyles, where complex I is not essential (Schikora-Tamarit et al., 2021). All complete mitogenomes in Saccharomycetaceae encode eight protein genes, seven respiratory-chain protein genes (atp6, atp8, atp9, cob, cox1, cox2, and cox3) and one ribosomal protein gene var1, SSU and LSU rRNAs, and 22–24 tRNAs. This is in contrast with a recent report that “no gene is universally conserved in fungal mitogenomes” (Fonseca et al., 2021). Although it is inevitable that fewer mitochondrial genes are shared when more diverse lineages are included (Roger et al., 2017), the variation of mitogenome sequence quality could have been an important reason for the discrepancy on gene conservation among yeast mitogenomes. For instance, the two S. cerevisiae mitogenomes (accessions: CM002421 and CP046458) reportedly missing atp6 by Fonseca et al. (2021) are 22,149 bp (including 13,247 Ns for gaps) and 49,451 bp (517 Ns) in length, respectively, much shorter than the average 82.5 Kb [ranging from 74.2 to 92.2 kb in Xiao et al. (2017)] of S. cerevisiae mitogenomes (Figure 1). The Saccharomycodaceae family has a sole case of gene loss involving a protein gene. That is the var1 gene absent from Hanseniaspora uvarum (Pramateftaki et al., 2006). This is likely a lineage-specific gene loss, as var1 is present in Saccharomycodes ludwigii (Nguyen et al., 2020b), a related species within the Saccharomycodaceae family.



FACTORS DRIVING MITOGENOME SIZE VARIATION

Mobile introns and variable intergenic regions are known factors driving variation of yeast mitogenome architecture (Bouchier et al., 2009; Freel et al., 2014). Ironically, the mitogenome in Nakaseomyces bacillisporus at 107 kb contains no intron, while mitogenomes in Candida glabrata at around 20 kb contain 3–4 introns in at least four intron-distribution patterns [(Koszul et al., 2003), and unpublished observation]. This irony can be solved by separate analyses at different time scales (Xiao et al., 2017). When intraspecific mitogenomes (within the same species) are compared, intron sequences show the highest variance in length and significantly overrepresented in large mitogenomes. When interspecific mitogenomes (among different species) are compared, tandem repeats show the highest variance in sequence length and significantly overrepresented in large mitogenomes. In other words, the rapid turnover of mobile introns can significantly impact genome size, but the number of available introns insertion sites are limited; while expansion and contraction of repeats may cause only subtle change per event, but they take place persistently with little space limit.



ORIGIN OF MITOGENOME SIZE

The question on whether genome size is under selective constraint has been a subject of debate (Lynch and Conery, 2003; Whitney and Garland, 2010; Shtolz and Mishmar, 2019). The mutational burden hypothesis (MBH) was postulated to explain the origin of organellar genome size (Lynch et al., 2006). Introns and intergenic DNAs in mitogenomes are genetic liability, as they are targets for deleterious and potentially lethal mutations (Lynch et al., 2006). Following MBH, introns and intergenic DNAs tend to accumulate when natural selection is less efficient at purging hazardous non-coding DNA. Using the ratio of non-synonymous over synonymous Ka/Ks rates as a proxy for the level of genetic drift, a significant positive correlation was evident between the genome-wide Ka/Ks ratios and mitogenome sizes among seven yeast species with sufficient intraspecific diversity (Xiao et al., 2017). This finding is consistent with the notion that introns, GC-clusters, and repeats in yeast mitogenomes are mostly deleterious (Bernardi, 2005; Wu and Hao, 2014, 2015). Hanseniaspora uvarum has accelerated sequence evolution compared with related species (Figure 1) and has a small genome size, which is consistent with the MBH hypothesis. Genetic drift still faces challenges to explain mitogenome size variation in many yeast species. For example, significant relaxation of mitochondrial functions has been documented after whole-genome duplication (Jiang et al., 2008), yet many post-whole-genome duplication species (including Candida glabrata) have compact mitogenomes. Unfortunately, many yeast species either lack intraspecific genomic data or suffer insufficient sequence diversity, making it impossible to estimate the degree of genetic drift. To address this issue, extended efforts are needed to sample and sequence an abundant number of intraspecific strains in a broad range of yeast species.



EXTREME GENOME-WIDE G + C CONTENT

Even though yeast mitogenomes are overall AT-rich, their G + C-contents vary greatly. GC-content of the Hanseniaspora uvarum mitogenome is 29.3% (Pramateftaki et al., 2006), while the most AT-rich mitogenome in Saccharomycodes ludwigii is at 7.6% G + C (Nguyen et al., 2020b). Generally speaking, mutation is nearly universally biased from C/G to T/A (Hershberg and Petrov, 2010), and mutation rates are often higher at C/G nucleotides than at A/T nucleotides (Zhu et al., 2014). Alterations of GC content have been shown to impact mutation and recombination rates (Kiktev et al., 2018). The mitogenomes with extreme base composition offer important and unique insights into the mechanisms governing mutation processes (Gardner et al., 2002; McCutcheon and Moran, 2010; Smith et al., 2011; Su et al., 2019). Comparative genomics of the 10 extreme AT-rich mitogenomes in Saccharomycodes ludwigii (Nguyen et al., 2020b) found a strong mutation bias toward A/T, but the expected equilibrium G + C content under mutation pressure alone is still higher than observed G + C content. Interestingly, mitogenomes in Saccharomycodes ludwigii undergo frequent recombination, a genetic process that normally increases G + C content by GC-biased gene conversion (Pessia et al., 2012). These findings suggest other mechanisms alongside with AT-biased mutation operating to increase A/T in Saccharomycodes ludwigii. Another important, but perhaps underappreciated finding is the prevalence of indel mutations in yeast mitogenomes (Xiao et al., 2017). Indel mutations contribute much more to genomic variation among closely related mitogenomes than nucleotide substitutions. Further studies are needed to investigate the molecular mechanisms driving indel mutations and quantitatively model the evolutionary process of indel mutations.



VARIABLE EVOLUTIONARY RATES AMONG YEAST MITOGENOMES

Yeast mitogenomes show variable evolutionary rates. The branch leading to Hanseniaspora uvarum is at least five times longer than the branch leading to its sister species. Similarly, the branch leading to a plant pathogen Eremothecium gossypii is at least three times longer than the branch leading to the related Kluyveromyces species (Figure 1). Spontaneous mitochondrial mutation rates have been measured in several yeast species. The mitochondrial base-substitution mutation (BSM) rates are all higher than their corresponding nuclear BSM rates. The mitochondrial BSM rates in S. cerevisiae range from 4.47 × 10–10 (Sharp et al., 2018) to 122.3 × 10–10 per site per cell division (Lynch et al., 2008). Please also note that the S. cerevisiae FY10 strain (isogenic to S288c) used in the Lynch et al. (2008) study contains a single non-synonymous mutation in the mtDNA polymerase (MIP1) linked to reduced fidelity of mtDNA replication (Baruffini et al., 2007b). Hanseniaspora uvarum does have a higher mitochondrial BSM rate than other two Hanseniaspora species, at 13.1 × 10–10 mutations per site per cell division, compared with 5.94 × 10–10 mutations per site per cell division in Hanseniaspora valbyensis, and 3.65 × 10–10 mutations per site per cell division in Hanseniaspora osmophila (Nguyen et al., 2020a). The measured spontaneous mutation rates will also help us estimate the effective population size for each species following equation πsilent = 2Ne μ, where πsilent is nucleotide diversity at silent sites, Ne is effective population size, μ is mutation rate (Lynch, 2006). Precise estimation of effective population size for mtDNA holds the key to understanding the significance of mtDNA recombination at the population level. To achieve this, it is critical to obtain both intraspecific diversity and spontaneous mutation rate for a variety of yeast species. Extra attention must also be paid to accumulate sufficient number of mitochondrial mutations due to the small mitogenome size relative to the nuclear genome size.



MOVING FORWARD

Yeast mitogenomes are highly diverse ranging from fast-evolving compact mitogenomes (similar to animal mitogenomes) to slow-evolving mitogenomes inflated by large introns, repeats and non-coding sequences (similar to plant mitogenomes). The fast-growing yeast mitogenome data have allowed us to begin to identify mechanisms driving genome diversity. Specific efforts are needed to sequence and study an abundant number of intraspecific strains from closely related species for contrast genomic features. The future of yeast mitogenome studies is bright, and the generated knowledge will no doubt benefit our understanding of mitogenomes much beyond the fungal kingdom.
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Ciborinia camelliae is the causal agent of camellia flower blight (CFB). It is a hemibiotrophic pathogen, inoperculate Discomycete of the family Sclerotiniaceae. It shows host and organ specificity infecting only flowers of species belonging to the genus Camellia, causing serious damage to the ornamental component of the plant. In this work, the first mitochondrial genome of Ciborinia camellia is reported. The mitogenome was obtained by combining Illumina short read and Nanopore long read technology. To resolve repetitive elements, specific primers were designed and used for Sanger sequencing. The manually curated mitochondrial DNA (mtDNA) of the Italian strain DSM 112729 is a circular sequence of 114,660 bp, with 29.6% of GC content. It contains two ribosomal RNA genes, 33 transfer RNAs, one RNase P gene, and 62 protein-coding genes. The latter include one gene coding for a ribosomal protein (rps3) and the 14 typical proteins involved in the oxidative metabolism. Moreover, a partial mtDNA assembled from a contig list was obtained from the deposited genome assembly of a New Zealand strain of C. camelliae. The present study contributes to understanding the mitogenome arrangement and the evolution of this phytopathogenic fungus in comparison to other Sclerotiniaceae species and confirms the usefulness of mitochondrial analysis to define phylogenetic positioning of this newly sequenced species.

Keywords: fungal diversity, pathogen of Camellia, mitochondrial assembly and annotation, short and long read sequencing, mitochondrial diversity


INTRODUCTION

The genus Ciborinia involves 23 different species of host-specific pathogens (https://eol.org/). Ciborinia spp. are members of the Sclerotiniaceae family (order Helotiales; phylum Ascomycota), which includes 14 genera of phytopathogenic fungi with a wide host range. The Sclerotiniaceae's ability to infect different hosts and adapt to various environments results in serious economic damage (Bolton et al., 2006). Unlike the other Sclerotiniaceae, Ciborinia camelliae Kohn infects only plants of the genus Camellia causing the camellia flower blight (CFB) (Taylor and Long, 2000; Saracchi et al., 2019). Sclerotia in fallen flowers lie dormant on the ground or in plant debris over summer, autumn, and winter. Toward the end of winter, the sclerotia begin to germinate, producing apothecia from which ascospores are released. The pathogen infects and colonizes only flowers, where brown spots appear and spread to the entire organ. Flowers tend to fall prematurely. This causes important damage to the camellia floriculture industry (Taylor and Long, 2000; Denton-Giles et al., 2013).

Studies on the diversity within the genus Ciborinia are scarce (Kohn, 1979). The C. camelliae variability was investigated using the UP-PCR analysis on strains from America and New Zealand, demonstrating a relatively low level of genetic variations within the two populations (van Toor et al., 2005). On the other hand, a recent study based on morpho-cultural characterization and ITS analysis of numerous Italian strains showed significant variability among the isolates (Saracchi et al., 2022).

The mitochondria are membrane-enclosed compartments that play a central role in providing energy to eukaryotic cells by oxidative phosphorylation (Newmeyer and Ferguson-Miller, 2003; Kriváková et al., 2005; Lv et al., 2017). They are also involved in the signal amplification leading to apoptosis (Goodsell, 2010), antifungal drug resistance as well as in virulence and pathogenicity (Shingu-Vazquez and Traven, 2011; Sandor et al., 2018; Kulik et al., 2020). The study of mitochondrial (mt) genomes reveals interesting features about the pathogen evolution and its relationships with the other related species (Ballard and Whitlock, 2004; Aguileta et al., 2014; Mardanov et al., 2014; Kulik et al., 2020). Even across distantly connected species, the mt genes are largely conserved due to their essential role in cell vitality (Medina et al., 2020). Nevertheless, intron numbers and secondary structures are highly variable and are prone to evolving rapidly. All these features make mitogenome a functional source for phylogenetic studies (Hamari et al., 2002; Burger et al., 2003; Galtier et al., 2009). The mitochondrial genome is often a circular double-stranded molecule with a condensed gene arrangement (Burger et al., 2003). Complete fungal mitogenomes vary notably in size. Typically, the fungal mitochondrial genome contains 14 conserved protein-coding genes involved in the oxidative metabolism (atp6, atp8, atp9, cob, cox1, cox2, cox3, nad1, nad2, nad3, nad4, nad4L, nad5, and nad6) and one ribosomal protein S3 gene (rps3). Additionally, each mtDNA has two ribosomal RNA (rRNA) genes for the large and small rRNA subunit (rnl and rns) and a variable number of tRNAs (Bullerwell and Lang, 2005).

In this study, we present a comprehensive analysis of the first C. camelliae mitochondrial DNA. The complete sequence of an Italian strain was obtained with a hybrid strategy combining Illumina Hiseq paired reads and MinIon Nanopore long reads sequencing. The mitochondrial sequences were identified and assembled together constructing the complete and circular mitogenome. The results were compared with data from the available Sclerotiniaceae mitogenomes. This study allows to position the C. camelliae pathogen in the Sclerotiniaceae family and offers some insight into the specificities of mtDNA of C. camelliae.



MATERIALS AND METHODS


Sampling, DNA Extraction, and Sequencing

The investigated strain was isolated from pieces of sclerotium collected in Oggebbio (Verbania, Italy) (45°59′47.5782″ N, 08°39′05.9659″ E) and showing C. camelliae characteristics. The pathogen was grown on Potato Dextrose Agar medium (PDA: 800 mL/L of potato extract; 20 g/L glucose, BioFROXX, Germany; 15 g/L agar, Applichem, Germany). The isolate was identified according to colony morphology and microscopic analysis of conidia and ascospore traits, as well as ITS sequence (Saracchi et al., 2022). The strain ITAC2 is maintained in the laboratory of Plant Pathology at the Department of Food, Environmental and Nutritional Sciences (University of Milan, Italy), and it is also deposited in a public collection (DSMZ-German Collection of Microorganisms and Cell Cultures GmbH) with the accession number DSM 112729.

High-molecular-weight genomic DNA was extracted from conidia (109 conidia/mL) using DNeasy PowerSoil Pro Kit (Qiagen, Hilden, Germany). DNA was quantified using the Qbit Fluorometer (Invitrogen, Thermo Fisher Scientific—USA) with the Qbit® dsDNA HS Assay Kit (Invitrogen, Thermo Fisher Scientific—USA). The genome quality was checked by spectrophotometer and 1% agarose gel electrophoresis. The gel was visualized using UV-transilluminator Gel Doc 2000 (BIO-RAD laboratories, USA) and Quantity One software (BIO-RAD laboratories, USA) to verify possible smearing of the DNA band.

Two different platforms were used to sequence the genomic DNA: Oxford Nanopore Technologies (ONT) and Illumina Hiseq, executed by Eurofins Genomics (Ebersberg, Germany). The ONT sequencing was performed by the MinION system (FLO-MIN-106 R9.4 flow-cell) using EXP-NBD104, EXPNBD114 in conjunction with the SQK-LSK109 kit and also SQK-RAD004 sequencing kit. A complete mitochondrial genome was obtained by combining long Nanopore reads and short Illumina reads. Sequencing data were analyzed using the European Galaxy web platform (https://usegalaxy.eu/) tools (Afgan et al., 2018) and Geneious Prime software, version 2021.1.1 (Biomatters, Auckland, New Zealand).

The whole genome assembly was performed using Flye v.2.8.3+galaxy0 (Lin et al., 2016) with a default setting. Medaka tool v.1.3.2 +galaxy0 was employed for autopolishing, and mapping of short reads on the draft assembly was performed by minimap2 on the same platform (Li, 2018). The final assembly was obtained using Pilon v.1.20.1 (Walker et al., 2014).



Mitogenome Assembly

Contigs including the mitochondrial DNA were identified within the whole genome assembly using NCBI data as reference, and BLAST or minimap2 (Li, 2018) as a tool. The detected sequences were extracted and assembled using Geneious Prime software. Single uncalled bases (Ns) and small gaps, resulting from the genome assembly, were fixed by mapping raw reads on the draft assembly and performing manual corrections. Ns and gaps were replaced with the matching bases from illumina reads. Re-mapping was performed to validate the corrections. The mitogenome was circularized by searching the terminal sequences using the minimap2 tool.



PCR Analysis

After the assembly, the mitochondrial DNA exhibited some unsure repeated regions and sets of uncalled bases (Ns). These mismatches were solved by PCR analysis, using newly designed primers. Primer3web (Untergasser et al., 2012) program was used to design and validate our primers. The new primer pairs were synthesized by Eurofins Genomics (Srl Vimodrone, Italy) (Table 1). The primer pairs 1–2 and 6–7 were used to validate the same sequence amplifying regions with different lengths. The Primer3 was paired with both Primer4 and Primer5. Two PCR rounds were conducted. The first round, using primers 1–2, was performed with 32 cycles in a total 25 μL reaction volume containing: 12.5 μL of Q5® Hot Start High-Fidelity 2X Master Mix (Biolabs, New England), 0.5 μM of forward and reverse primer, 1 μL of DNA sample and the remaining volume of sterile distilled water. The PCR program involved the initial denaturation at 98°C for 2′, 32 cycles of denaturation at 98°C for 20″, annealing at 66°C for 20″, extension at 72°C for 2.5′, followed by the final extension at 72°C for 7′. The second PCR round, using the primer pairs 3–4, 3–5 and 6–7, was performed in a total volume of 30 μL which contained: 0.18 μL of GoTaq® DNA Polymerase 5 U/μL (Promega, Madison, WI, USA), 6 μL of GoTaq® Reaction Buffer 5X (Promega, Madison, WI, USA), 1.2 μL of 10 mM dNTP (Promega, Madison, WI, USA), 1.5 μL of 50 μM forward primer, 1.5 μL of 50 μM reverse primer, 18.62 μL of sterile distilled water and 1 μL of DNA sample. The PCR reaction was carried out with the following parameters: 94°C for 2′; 32 cycles at 95°C for 30″, 55°C for 20″ and 72°C for 45″; 5′ at 72°C. Thermal Cyclers (iCycler-BIO-RAD laboratories, USA and VeritiProTM96-Well Thermal Cycler, Applied Biosystems by Thermo Fisher Scientific) were used to amplify the DNA regions. The reaction products were visualized by electrophoresis on a 1% agarose gel containing ethidium bromide. All PCR products were sequenced using the Sanger technology with the same primers (Eurofins Genomics, Ebersberg, Germany). The sequencing data were analyzed by Geneious Prime software. These sequences were compared to the draft of mitochondrial DNA.


Table 1. Primer sequences table.
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Mitogenome Annotation and Characterization

The mitochondrial genes were annotated using MFannot (http://megasun.bch.umontreal.ca/cgi-bin/mfannot/mfannotInterface.pl) (Beck and Lang, 2010) and RNAweasel (https://megasun.bch.umontreal.ca/cgi-bin/RNAweasel/RNAweaselInterface.pl) (Lang et al., 2007) tools and MITOS WebServer (http://mitos.bioinf.uni-leipzig.de/index.py) (Bernt et al., 2013). Manual corrections were required. To verify the annotation results, sequences and encoded proteins were compared with related species using BLASTp searches against the NCBI database. For each open reading frame (ORF), the protein with the highest similarity was found among biological sequences in the NCBI database. These results were further verified by BLASTn analysis.



Comparative Analysis

The mitogenome features were compared among some closely related species in the Sclerotiniaceae family, order Helotiales (Botryotinia fuckeliana (KC 832409), Ciboria shiraiana (CM 017871.1), C. camelliae (GCA_001247705.1), Monilinia fructicola (NC_056195.1), Monilinia laxa (NC_051483.1), Monilinia polystroma (GCA_002909645.1), Sclerotinia borealis (KJ434027) and Sclerotinia sclerotiorum (KT283062). Glarea lozoyensis (Order Helotiales; Family Helotiaceae) was used as an outgroup. For all investigated species, data were downloaded from the NCBI database. In species with no mitochondrial genome available, we used BLAST searches to identify the mtDNA in the total genome assembly and subsequently, each detected mitochondrial sequence was annotated according to the procedure described earlier. When possible, these additional results were used in comparative analyses. Based on data availability, seven Sclerotiniaceae species (Botryotinia fuckeliana, Ciboria shiraiana, C. camelliae strain ITAC2, M. fructicola, M. laxa, S. borealis, and S. sclerotiorum) were investigated in terms of gene arrangement. Monilinia polystroma and C. camelliae ICMP 19812 strain were excluded from this analysis due to the lack of the whole mitochondrial sequence. Multiple mitogenome alignment was performed within the previously cited Sclerotiniaceae using the MAUVE tool of Geneious Prime software and setting nad4L gene as starting point. MAUVE alignment identifies homologous regions shared by two or more mitogenomes. These regions are denominated locally collinear blocks (LCBs) (Darling et al., 2004). Tandem Repeat Finder was employed to identify tandem repeats within the mitochondrial genomes (Benson, 1999). The codon usage was estimated using both Sequence Manipulation Suite webserver (Stothard, 2000) and cusp tool of the European Galaxy web platform (https://galaxy-iuc.github.io/emboss-5.0-docs/cusp.html).

The phylogenetic study was performed on the multiple alignments of 14 concatenated mitochondrial proteins using amino acid sequences obtained from each mtDNA. A maximum-likelihood phylogenetic tree was executed by IQ-TREE (Trifinopoulos et al., 2016) web server selecting default setting, and performed by MEGAX software (Kumar et al., 2018).




RESULTS

The circular mitochondrial genome of C. camelliae strain ITAC2, submitted to the GenBank database with the accession number OK326902, has a total length of 114,660 bp. The nucleotide composition is the following: 34.7% of A, 13.2% of C, 16.5% of G, 35.7% of T with a GC content of 29.6%.

This mitogenome contains all 14 typical genes encoding the subunits of ATP synthase (atp6, atp8, and atp9), NADH dehydrogenase (nad1, nad2, nad3, nad4, nad4L, nad5, and nad6), apocytochrome b (cob), and cytochrome c oxidase (cox1, cox2, and cox3). Additionally, the conserved ribosomal protein-coding gene S3 (rps3), untranslated genes of the large and small ribosomal RNAs (rnl and rns), the ribonuclease P RNA (rnpB) gene, and 33 transfer RNAs (tRNA) genes were detected. Overall, the RNA region accounted for 9.26% of the whole mitochondrial genome. The length of individual tRNAs ranged from 69 to 85 bp and most of these genes were placed around the rnl region (Figure 1). The total tRNAs are related to 18 essential amino acids.
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FIGURE 1. Genetic organization of Ciborinia camelliae mitogenome. Circular map is generated by Geneious Prime software, version 2021.1.1 (Biomatters, Auckland, New Zealand). Genes are represented by different colored blocks.


In total, the mitogenome contains 62 putative genes, including 44 open reading frames (ORFs) for hypothetical proteins (15) and homing endonucleases of the LAGLIDADG (24) and GIY-YIG (5) families. BLASTp analysis was conducted for these non-conserved ORFs. The results (Supplementary Data Sheet 1), also verified by BLASTn analysis indicate that 22 ORFs have high identities with mitochondrial ORFs of the genus Monilinia. On the other hand, a high similarity with the Sclerotiniaceae species was not observed in 14 % of the ORFs. These exhibit the highest amino acid identity (ranging from 63.41 to 90.75%) with fungal species belonging to the family of Nectriaceae, Ceratocystidaceae, Cryphonectriaceae, Erysiphaceae, and Orbiliaceae. The last two are respectively evolutionary the closest and the most distant from the Sclerotiniaceae family. A LAGLIDADG of Golovinomyces cichoracearum and one of Fusarium tricinctum are the most representative ORFs with the highest amino acid identity: 85 and 90.75% with 100 and 92 % of coverage, respectively.

The coding sequences (CDS) of the 14 core mitochondrial proteins and rps3 were used in the codon usage analysis. This investigation was carried out among the selected Sclerotiniaceae species and F. oxysporum as external control (Supplementary Data Sheet 2). The results did not show significant variability in the use of the codons. All the investigated species showed the same preferential codons, encoding the same amino acid, except for Valine and Threonine (Table 2). The most used codons for Threonine are ACA and ACT. In C. camelliae strain ITAC2, S. sclerotiorum, M. laxa, C. shiraiana, and B. fuckeliana the preferential codon is ACA, while in M. fructicola, S. borealis, and G. lozoyensis is ACT. The preferential codon for Valine is GTT for all investigated species, except Monilia fructicola, which uses more frequently GTA. Nevertheless, the GTA codon represents the second choice to encode Valine also in the other analyzed species.


Table 2. Codon usage patterns for the 14 core mitochondrial protein coding-genes and rps3 in Sclerotiniaceae species (Ciborinia camelliae strain ITAC2, Botryotinia fuckeliana, Ciboria shiraiana, Monilinia fructicola, Monilinia laxa, Sclerotinia borealis, Sclerotinia sclerotiorum) and Glarea lozoyensis.
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Focusing on gene-specific codon usage, only in the nad2 gene do all the investigated Sclerotiniaceae use the same preferential codons, suggesting that the nad2 is the most conserved gene, followed by the atp8 and rps3 genes showing differences in only two amino acids. On the other hand, cox1, atp9, nad3, cob, and nad4L are the genes with the greatest differences in codons usage. They exhibited dissimilarity from 9 to 12 out of 21 amino acids (Supplementary Data Sheet 3).

Only for the C. camelliae ITAC2 strain, the codon usage of non-conserved ORFs was investigated and compared with that of conserved genes. The ORFs and the conserved regions exhibited a similar codon usage, excluding Isoleucine (ATA in conserved genes, ATT in ORFs) and Threonine amino acids (ACA and ACT in conserved regions and ORFs, respectively) (Supplementary Data Sheet 4).

The mitochondrial genome size is associated with a high content of introns (Deng et al., 2018). In C. camelliae mtDNA we detected 28 introns, which are located in eight out of 14 genes: atp6 (1), cob (5), cox1 (9), cox3 (5), nad1 (2), nad2 (1), nad4 (1) and nad5 (4) (Table 3). Introns exhibit a variable length ranging from 1,015 bp to 4,750 bp. The cox3, cox1, and cob genes showed the highest fraction of intronic sequences: 91.2, 90.6, and 90.1%, respectively. For each gene containing introns, the exon protein-coding sequence (CDS) was <54%. In the 14 mitochondrial genes, the portion of non-coding DNA ranged from 0 to 68% (Table 3). The total content of non-coding DNA in the ITAC2 strain mitogenome is ~48%. The sequences encoding the fourteen core mitochondrial proteins and rps3 protein represent only 13.3% of the entire mitogenome.


Table 3. List of the 15 mt genes with their: total length, introns, protein coding sequence (CDS) size and the portion of non-coding DNA.
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The mtDNA of C. camelliae contains incomplete duplicated copies of atp8, atp9, and cob genes. All of these extra copies appeared truncated. The atp8-like ORF is located between atp6 and nad2 genes. The first 33 amino acids (aa) exhibit 75 % of similarity with the atp8 protein. Instead, no significant result was found for the remaining 385 aa. The atp9 copy is placed between cox1 and rnl region. The first 59 amino acids show 100% identity with the atp9 protein. This similarity decreases for what concerns the rest of the protein. The cob-like ORF was detected between cox3 and rnl region and consists of only 68 aa with an identity of 80% compared to the cob gene. All three extra copies were observed also in C. camelliae ICMP 19812 strain from New Zealand (Supplementary Data Sheet 5). The extra genes similarity between the two C. camelliae strains ranges from 87.9 to 100%. The variability between the two strains was especially due to the lack of sequences or uncalled bases (Ns) in the New Zealand whole genome assembly.

A total of 36 tandem repeats were found within the C. camelliae mitogenome. The two longest repeat sequences measure 218 and 101 bp, respectively. The first is located in an intergenic region among tRNA genes. The second is located in the third intron of cox1. In total, the pair-wise nucleotide similarities ranged from 71 to 100%. Many of these regions were repeated approximately twice. The highest repetition was 7. Repetitive sequences were found also in the other investigated species (Table 4).


Table 4. Comparison of Ciborinia camelliae strain ITAC2 mitogenome (OK326902) with closely related species: Botryotinia fuckeliana (KC 832409), Ciboria shiraiana (CM 017871.1), Monilinia fructicola (NC_056195.1), Monilinia laxa (NC_051483.1), Sclerotinia borealis (KJ434027), Sclerotinia sclerotiorum (KT283062) and Glarea lozoyensis (NC_031375.1) as outgroup.
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Pearson's correlation analysis was performed in species reported in Table 4. The association between the mitogenome size and the number of introns, non-conserved ORFs and tandem repeats was supported by statistical data (Supplementary Data Sheet 6). Each independent variable exhibited a high correlation coefficient with the mitogenome size, ranging from 0.929 to 0.869 (p-value < 0.05).

The arrangements of the 15 protein-coding genes were compared among some related species (Figure 2). Gene order in C. camelliae is identical to most of the Sclerotiniaceae species, except for minor differences due to replication events of atp8, atp9, and cob genes. Among Sclerotiniaceae, gene arrangement in M. fructicola appears with more evident differences. Nevertheless, all investigated species preserved four synteny units: nad5-nad4L, nad3-nad2, atp6-atp8, and cox3-nad6. The location of atp9 and cob truncated genes of C. camelliae could be connected to the gene order of Glarea lozoyensis, even if reversed. The position of the atp8 truncated gene between nad2 and atp6 was found also in Aspergillus flavus (NC_026920.1).
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FIGURE 2. Mitogenome organization of the seven Sclerotiniaceae investigated [Botryotinia fuckeliana (KC 832409), Ciboria shiraiana (CM 017871.1), Ciborinia camelliae strain ITAC2 (OK326902), Monilinia fructicola (NC_056195.1), Monilinia laxa (NC_051483.1), Sclerotinia borealis (KJ434027) and Sclerotinia sclerotiorum (KT283062)] and Glarea lozoyensis (NC_031375.1) as outgroup.


The Mauve alignment was performed only considering Sclerotiniaceae species. This investigation revealed the presence of 19 homologous regions between the seven species (Figure 3). The length of homologous sites ranged from 128 bp to 115,310 bp. The two largest regions contain respectively the cox1 gene and nad4L, nad5, rns, nad6, and cox3 gene. A homologous region (5 Kbp), containing the truncated atp9 gene, was found only in C. camelliae and S. borealis mitogenomes.
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FIGURE 3. Mauve alignment of Sclerotiniaceae mitochondrial genomes (Botryotinia fuckeliana, Ciboria shiraiana, Ciborinia camelliae strain ITAC2, Monilinia fructicola, Monilinia laxa, Sclerotinia borealis and Sclerotinia sclerotiorum). The alignment was performed setting nad4L gene as origin. The colored blocks reveal homologous regions between mitogenomes. Each block exhibits nucleotide similarity profile. Homologous sites are connected by lines.


Phylogenetic analysis was carried out using the amino acid sequences of 14 protein-coding mitochondrial genes. Nine Sclerotiniaceae species with publicly available data were investigated. To obtain a second mitochondrial set of genes from another C. camelliae, a partial mitochondrial genome composed of a contig list was obtained from the whole genome assembly of C. camelliae ICMP 19812 strain from New Zealand (Supplementary Data Sheet 5). Glarea lozoyensis was considered as an outgroup. The phylogenetic tree (Figure 4), executed according to the model VT+F+R3, demonstrated a close connection between C. camelliae ITAC2 strain and the members of the Sclerotiniaceae family. The two C. camelliae strains group as an independent clade, distinct from the other Sclerotiniaceae species. They exhibit 95.4 and 98.3% of similarity in nucleotide and amino acid sequence, respectively.
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FIGURE 4. Maximum Likelihood phylogenetic tree based on 14 encoded mitochondrial genome. Blue numbers are bootstrap support values (>90). Red number denotes branch length. The GeneBank accession numbers are listed as follow: Botryotinia fuckeliana (KC 832409), Ciboria shiraiana (CM 017871.1), Ciborinia camelliae (GCA_001247705.1), Ciborinia camelliae strain ITAC2 (OK326902) Glarea lozoyensis (NC_031375.1), Monilinia fructicola (NC_056195.1), Monilinia laxa (NC_051483.1), Monilinia polystroma (GCA_002909645.1), Sclerotinia borealis (KJ434027) and Sclerotinia sclerotiorum (KT283062).




DISCUSSION

Nowadays, the growth of high-throughput sequencing technologies has improved phylogenetic works using mitogenomes (Zardoya, 2020). In this study, the first mitochondrial genome of C. camelliae was described demonstrating the phylogenetic position of the species in the Sclerotiniaceae family. The mitochondrial genome of C. camelliae was obtained by combining Illumina and Nanopore reads, complemented with Sanger sequencing of specific PCR products to verify the assembly. Experimentally, the combination of long and short reads allowed us to obtain a good quality mitochondrial genome as observed for other species (Degradi et al., 2021). Employing different sequencing technologies was useful to verify the existence of repetitive elements and to define their length and position in the mitogenome assembly (Kinkar et al., 2021). The Sclerotiniaceae mitogenomes were already investigated previously (Mardanov et al., 2014; Yildiz and Ozkilinc, 2020, 2021). Our work contributes to improving the knowledge on mitogenomes of the Sclerotiniaceae family by performing comparative analysis. According to the NCBI data, the C. camelliae strain ITAC2 mitogenome with its 114,660 bp is confirmed in the range from 82 to 203 kbp of the Sclerotiniaceae species (Table 4). Within this family, B. fuckeliana and C. camelliae exhibit the most compact mitochondrial genomes. Among the investigated species, C. camelliae mitogenome contains the highest number of truncated gene copies (atp8, atp9, and cob). Intermediate values in the number of non-conserved open reading frames (ORFs), introns, and tandem repeats were detected. According to Pearson's correlation analysis, the distribution of these elements, due to the evolutionary process, contributes to the high variability in mitogenome size among closely related species (Jung et al., 2010; Xiao et al., 2017; Chen et al., 2021). The intronic regions resulted the greatest promoters of variations in mitogenomes size (Li Q. et al., 2021).

Excluding the events of gene duplication, the C. camelliae gene arrangement is identical to most of the Sclerotiniaceae. All the examined species exhibited four syntenic units: nad5-nad4L, nad3-nad2, atp6-atp8, and cox3-nad6. These clusters were preserved also in the MAUVE alignment. One of the largest LCBs contains the nad4L-nad5 and nad6-cox3 pairs. The homologous regions measuring 22 and 38 Kbp include the nad2-nad3 and atp6-atp8 genes. These conserved clusters could have originated from a common ancestral gene order and later assumed a different organization. Some Helotiales species, such as Phialocephala subalpine, Rhynchosporium orthosporum, or Rhynchosporium secalis, evolutionary close to Sclerotiniaceae, exhibit the unit nad4-nad1, also found in some Sordariomycetes and Eurotiomycetes (Pantou et al., 2006). This cluster was instead split by atp9 and cob genes in Sclerotiniaceae. In all investigated species, the rps3 gene is located in the rnl region and is not interrupted by introns.

Codon usage analysis showed similar use of the optimal codons among the related species (C. camelliae, B. fuckeliana, C. shiraiana, M. fructicola, M. laxa, S. borealis, and S. sclerotiorum). The main differences were observed in the use of codons encoding Valine and Threonine amino acids. The same results were obtained considering less related species such as Glarea lozoyensis (NC_031375.1) and Fusarium oxysporum (NC_017930.1), suggesting the preferential use of codons is conserved among more evolutionarily distant species of fungi. Our study indicates the presence of more conserved mitochondrial regions (nad2, atp8, and rps3) and others prone to more variability (cox1, atp9, nad3, cob, and nad4L). For example, all the investigated Sclerotiniaceae showed the same codon usage in the nad2 gene, while atp9 and nad3 exhibited dissimilarities in 12 amino acids. This variability may be due to weak natural selection toward synonymous substitutions not resulting in amino acid modifications (Stewart et al., 2011). Also the ORFs and the conserved regions of C. camelliae mtDNA showed a similar codon usage suggesting the same selective pressure for translational efficiency (Whittle et al., 2012). Nevertheless, some differences between conserved and non-conserved ORFs were observed in the differential use of synonymous codons, namely codon usage bias (CUB). The codon bias has been reported in many organisms (Duret, 2002; Sharp et al., 2005; Xiang et al., 2015; Gupta and Singh, 2021) including mitochondrial genomes (Wei et al., 2014; Yildiz and Ozkilinc, 2021). Highly-expressed genes exhibit a strong bias to conserve their translational efficiency. On the other hand, CUB decreases in non-conserved genes due to weak selection, thus they can afford to use different codons having low expression (Bulmer, 1991). On the contrary, a low CUB in weakly expressed ORFs is a mechanism for preserving a low level of expression (Grosjean and Fiers, 1982). The influence of selective pressure on the codon bias makes CUB an interesting source of species evolution force leading to their environmental adaptation (Angellotti et al., 2007; Li X. et al., 2021), which include host-pathogen relationships (Gupta and Singh, 2021). Further studies may investigate the functional role of CUB in fungal mitochondrial genomes.

As observed in other fungi (Mardanov et al., 2014; Yildiz and Ozkilinc, 2021), only the Methionine amino acid ends in G, instead, the last base of all the other preferential codons is A or T confirming the high AT content of fungal mitogenomes (Chen et al., 2019; Zhang et al., 2020).

The BLASTp analysis of the non-conserved ORFs was useful for revealing phylogenetic relationships among species. All ORFs exhibiting a significant hit in BLAST analysis, showed the best similarity with an Ascomycota species. Sixty-six percent of ORFs demonstrated the highest similarity with ORFs from the Sclerotiniaceae species. According to BLAST results, six of C. camelliae ORFs could have origins distinct from the Sclerotiniaceae family. Two interesting LAGLIDADG, located in nad5 and cox1 introns, showed 90.75 and 85% of amino acid identity with F. tricinctum and G. cichoracearum, respectively. These regions may represent events of horizontal transmission from distant fungal species, given the ability of intron I and homing endonuclease genes to move and integrate into diverse genomes (Beaudet et al., 2013; Celis et al., 2017).

The phylogenetic study based on multiple alignment of 14 concatenated mtDNA-encoded protein-related sequences further confirmed that C. camelliae belongs to the family of Sclerotiniaceae and its relationships among strictly related species. Phylogenetic results showed a significant difference between the two Sclerotinia species. Our results are partially confirmed by other works on mitochondrial DNA, where the dissimilarity between S. borealis and S. sclerotiorum was reported (Mardanov et al., 2014; Ma et al., 2019; Yildiz and Ozkilinc, 2021). The nucleotide and amino acid similarity between the two Sclerotinia species are 36.4 and 77.7%, respectively. Discrepancies between mitochondrial and nuclear phylogeny shall be further investigated in this genus. This phylogenetic analysis proved the closest match between the strain ITAC2 and the strain ICMP 19812 of C. camelliae from New Zealand, with which they constitute an independent monophyletic group. Nevertheless, some differences between the two strains at the nucleotide and amino acid sequence level could be detected in the mitochondrial genome (95.4 and 98.3% of similarity, respectively). The major level contributor to the diversity in numbers is the cox1 gene. The Italian and New Zealand cox1 genes exhibit 88.3% of amino acid identity, due to the deletion of some amino acids located at the beginning of cox1 in the strain from New Zealand. According to BLAST search, the first exon of the Italian strain results lacking in the New Zealand strain. Excluding this gene, the amino acid identity between the two strains would be 99.8%. According to Mardanov et al. (2014), cox1 is the most common target of intron insertions. This means that cox1 represents a useful marker in phylogenetic studies, as it is evolving more rapidly than the other mitochondrial genes. The significant difference between the two C. camelliae strains may be due to a misassembly of the New Zealand strain genome or could represent the beginning of a speciation event. The Italian and New Zealand population are separated by geographic barriers and they may diverge in complete independence under different selection pressures (Dettman et al., 2008; Stukenbrock, 2013). Moreover, the impact of globalization on the diffusion of the phytopathogens influences the evolutionary process resulting in more variability. One day, the subsequent differentiation of populations may evolve into two different species. Large sequencing of C. camelliae population is warranted to further investigate the worldwide diversity of the species.
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Mitochondrial genomes—in particular those of fungi—often encode genes with a large number of Group I and Group II introns that are conserved at both the sequence and the RNA structure level. They provide a rich resource for the investigation of intron and gene structure, self- and protein-guided splicing mechanisms, and intron evolution. Yet, the degree of sequence conservation of introns is limited, and the primary sequence differs considerably among the distinct intron sub-groups. It makes intron identification, classification, structural modeling, and the inference of gene models a most challenging and error-prone task—frequently passed on to an “expert” for manual intervention. To reduce the need for manual curation of intron structures and mitochondrial gene models, computational methods using ERPIN sequence profiles were initially developed in 2007. Here we present a refinement of search models and alignments using the now abundant publicly available fungal mtDNA sequences. In addition, we have tested in how far members of the originally proposed sub-groups are clearly distinguished and validated by our computational approach. We confirm clearly distinct mitochondrial Group I sub-groups IA1, IA3, IB3, IC1, IC2, and ID. Yet, IB1, IB2, and IB4 ERPIN models are overlapping substantially in predictions, and are therefore combined and reported as IB. We have further explored the conversion of our ERPIN profiles into covariance models (CM). Current limitations and prospects of the CM approach will be discussed.

Keywords: mitochondrial introns, group I, ERPIN, covariance models, infernal, RNA structure


INTRODUCTION

Sequencing of mitochondrial (mt) genomes (separately or as part of whole-genome projects) has become easy and affordable, but identifying and annotating genes in mt contigs often remains challenging. This is because mt genes, particularly in fungi, may contain a substantial number of (sometimes large) Group I and Group II introns, as well as difficult-to-recognize mini-exons that can be as small as three (Cummings et al., 1990b) or, at an extreme, a single nucleotide (Osigus et al., 2017).

In nuclear genome projects, the inference of gene models can leverage transcript alignments, in conjunction with alignments of conserved protein or structured RNA sequences from related species onto the genome sequence. However, mitochondrial transcript data are not only rarely available but also of limited help, as splicing of mt RNA precursors tends to be partial and is often difficult to interpret without expert manual intervention. Therefore, mitochondrial gene model inferences are usually only based on the set of conserved mitochondrial gene or derived protein sequences (Paquin et al., 1997; Gray et al., 1999; Lang et al., 1999; Burger et al., 2003; Lang, 2013). Evidently, this approach has serious drawbacks. When relying on publicly available sequences, these must be closely related to the genome to be annotated, and a priori be complete and accurate, otherwise implicit errors will occur via “community error propagation.” It is likewise possible to curate the gene annotations of neighboring species case by case, an approach that requires substantial input of a knowledgeable expert curator. Moreover, sequence matching of known coding or protein sequences (which is employed in both aforementioned approaches) can be fairly precise for delineation of larger exons, but can often fail for those smaller than ~30 nt, particularly when two or more small exons are “hiding” in long stretches of intron-rich sequence. It is here that high confidence and complete intron identification plays a crucial complementary role in revealing approximate locations of potential exons (i.e., in stretches of sequence between predicted introns). In addition, structural RNA inference of introns can provide clues on precise exon–intron boundaries flanked by conserved sequence features.

In the following we will first explain the distribution and general structural features of these introns, with emphasis on mt Group I and its sub-groups. Group II introns will not be further discussed as they are readily identified computationally, with a single search (Lang et al., 2007), based on two small adjacent helical regions (domains V plus VI). In stark contrast, Group I intron identification works very poorly with a general intron model and instead requires searching with models that represent the distinct sub-groups as well as structurally derived intron variants (Lang et al., 2007). We will then go on to explain two powerful search algorithms [ERPIN (Gautheret and Lambert, 2001) and Infernal (Nawrocki et al., 2009)] that are best suited for identifying these structured RNAs and their sub-groups, weighing advantages and potential drawbacks.


Distribution and Structural Features of Group I and II Introns

Group I and II introns occur in a wide range of mitochondrial, chloroplast, eubacterial, bacteriophage, virus, and nuclear genomes [(e.g., Michel et al., 1982; Cech et al., 1983; Michel and Dujon, 1983; Shub et al., 1988; Ferat and Michel, 1993; Ohta et al., 1993; Turmel et al., 1993; Michel and Ferat, 1995; Qiu et al., 1998; Cho and Palmer, 1999). They are (or originated from) mobile elements that spread via intron-encoded proteins most notably “homing” endonucleases in Group I (Dujon, 1989; Henke et al., 1995; Belfort and Bonocora, 2014), and reverse transcriptases in Group II (Michel and Lang, 1985; Schäfer et al., 2003; Lambowitz and Zimmerly, 2004)]. In contrast to the eukaryotic spliceosomal introns in nuclear genes, Group I and II introns are characterized by elaborate, conserved (but unrelated) RNA structures that were first recognized in the early 1980s in fungal mtDNAs [(e.g., Dujon, 1980; Michel et al., 1982; Waring et al., 1982)]. Group I introns were shortly thereafter identified in ciliate nuclear rRNA genes and were demonstrated to self-splice in vitro without requiring protein factors (Kruger et al., 1982; Cech et al., 1983). This finding motivated a large number of research groups to investigate the “self-splicing” properties of Group I and II introns that were identified in their sequencing projects, to rather mixed results. Successful in vitro splicing in the absence of protein co-factors was reported for only a limited number of introns. More often, splicing depends on intron-encoded proteins [termed “maturases,” (e.g., Carignani et al., 1983)], or on proteins encoded in separate nuclear genes [(e.g., Kreike et al., 1987; Augustin et al., 1990; Bassi et al., 2002; Huang et al., 2005)]. In particular, mitochondrial introns turned out to be frequently unable to splice in vitro in the absence of protein co-factors [(e.g., Schäfer et al., 1991)], even under most un-physiological test conditions, like high salt, temperature, etc. (and, such negative results are evidently under-reported in the literature). Accordingly, the general notion that Group I and II introns are autocatalytic or self-splicing is quite misleading. Qualifying them as ribozymes, which in some instances undergo autocatalytic splicing in vitro, appears to be more in line with the published literature.

Mt. Group I introns were initially classified into Group IA, IB, IC, and ID [with an additional bacterial IE group added a few years later; for a review see (Hausner et al., 2014)], and further subdivided (e.g., IC1 and IC2). The initial mt group II intron subdivisions are Group IIA and IIB, later extended with the identification of a bacterial IIC (Zimmerly and Semper, 2015). Although reaching back as much as 32 years, this classification continues to be widely used and accepted. Group I classification is still based on the 87 available sequences at the time [see appendix in (Michel and Westhof, 1990)], collected from organelle and bacteriophage genomes, plus introns in ciliate nuclear rRNA genes. Notably, the vast majority of sequences came from fungal mt genomes, with more than one-third (38%) from a single species, Podospora anserina (Cummings et al., 1990a; Michel and Westhof, 1990). Evidently, this sampling is highly biased toward mt introns, and any of these groupings rely essentially on human expertise, rather than on computational methods. In the absence of a sufficient number of intron sequences per sub-group, which would have allowed a phylogeny- or sequence profile-based grouping, the initial ordering of group I introns into sub-groups gave most (but not all) weight to the P7 pairing, which is an essential part of the catalytic core of the ribozyme serving as a binding site for a guanosine cofactor (Michel et al., 1989). Other relatively well-conserved regions that were considered in addition are the P1 stem that defines the 5′ splice site and the P4-P5-P6 and P3-P7-P9 helices (Michel and Westhof, 1990). Note that substantial variation of the P7 motif was accepted within given sub-groups as long as overall structural or sequence relatedness was recognized, which speaks against the popular characterization of intron groups via P7 sequence motifs (“logos”). In fact, logos emphasize the most predominant primary sequence, therefore lack detail on sequence and structural variation (i.e., the characteristic helix-bulge-helix of P7) that is essential for ribozyme catalysis.



Computational Methods for Intron Identification

Basic similarity search algorithms, as implemented in BLAST and FASTA are woefully inadequate in identifying introns for two reasons. The first being relatively high levels of sequence variation in introns, which can degrade the quality of high-scoring sequence pairs, and thus lead to imprecise and fragmented hits. The second reason is that similarity comparisons are blind to secondary structure, which limits their capacity to bridge distant conserved motifs. Instead, probabilistic approaches using sequence profiles (based on structured alignments of multiple sequences, including information of secondary structure pairings) are required to spot the regions of similarity that are small and spread out over intron sequences that can reach up to 7 kb [(e.g., Liu et al., 2020)] and beyond. Currently available and popular search algorithms are ERPIN (Gautheret and Lambert, 2001) and Infernal (Nawrocki et al., 2009). ERPIN is based on column-wise computation of probabilities at the nucleotide and structure level, focusing on the detection of distinct conserved sequence motifs and helices in given structured sequence alignments (to be supplied by the user). In contrast, Infernal leverages the HMM approach, computing emission (at a given column) and transition probabilities (from one column to the next), but applies covariance modeling (CM) as a second layer search mechanism to initial HMM hits. The CM architecture is a stochastic context-free grammar (SCFG) profile which, in the same spirit of HMMs, consists of states (with emission and transition probabilities) associated with the single nucleotides and pairs that make up the RNA structure. CMs are therefore expected to be more sensitive than ERPIN, and because of the underlying HMM approach that in contrast to ERPIN allows for insertions and deletions that are not identified as such in the search model, useful in improving structured sequence alignments.

In 2006, 16 years after the initial Group I intron classification by Michel and Westhof, the increased number of available organelle genomes (then the most substantial and diverse source of intron sequences) allowed the development of intron search models for automatic identification and classification of virtually all known organelle group I and II introns with high confidence (Lang et al., 2007). The underlying algorithm for this approach has been ERPIN (Gautheret and Lambert, 2001). Yet even in 2006, the low number of sequences in some intron sub-groups had limited automated approaches with ERPIN because a computationally objective confirmation of intron group consistency was out of reach. As a consequence, structured sequence alignments may have in rare instances included a sequence from an unrelated sub-group, potentially leading to intron predictions in both the target and contaminant sub-groups. Notwithstanding, the use of these ERPIN search models has been reasonably precise and complete (Lang et al., 2007), which was a requirement for developing our MFannot mitogenome annotator.1

Since 2006, no systematic update of our intron sequence alignments has been conducted to verify the ERPIN approach and the findings. At the algorithmic level however, the development of covariance models (CM; Nawrocki et al., 2009) have become an attractive alternative to ERPIN, due to a recent substantial performance increase (Nawrocki et al., 2009; Nawrocki and Eddy, 2013), resulting in search times comparable to, if not better than, ERPIN. In fact, CM analysis has enabled detection of the widespread presence of group IA3 and IB4 introns in Archaea (Nawrocki et al., 2018). The CM approach has not yet been compared against ERPIN, or more broadly verified for both its sensitivity and its precision in sub-group classification. Incidentally, a recent study had leveraged CMs uniquely in the context of mitochondrial group ID introns, limited in scope to both the core motifs as well as to the relatively narrow lineage of pezizomycete fungi (Cinget and Bélanger, 2020). Furthermore, the aligned ID intron sequences were taken from the now defunct GISSD intron database (Zhou et al., 2008), which implies the quality of the underlying data must be taken for granted. Thus, the specificity and sensitivity of the resulting CM to the ID group remain to be clarified.



Challenges in Assembling a Consistent Set of Group I Intron Predictors

The currently available approaches for modeling RNA sequences with 2D structure layered on, ERPIN and Infernal/CM, have both specific advantages and drawbacks. The strength of ERPIN is in examining clearly defined structural or sequence motifs, by providing the user with the option of identifying distinct motifs and searching them in any given combination and order. The ERPIN search strategy can be optimized to be both sensitive and rapid in execution (despite lack of parallelization), by searching highly conserved motifs at an initial level (preferentially single-stranded region that are much more rapidly identified than helical interactions), and followed by inclusion of other peripheral motifs. It is important to realize that this motif-driven approach allows for modeling of pseudoknots, which in Group I introns include the universal P7 structural motif—a crucial element of the ribozyme catalytic domain (Michel and Westhof, 1990). ERPIN requires that conserved motifs, such as P7, be supplied together with a structural multiple sequence alignment, which can often be a challenging task. Another clear drawback of ERPIN vs. Infernal/CM is its unforgiving rigidity in defining a search model with distinct sequence or secondary structure motifs. For instance, nucleotide deletions in helical regions of search models are not allowed, contrary to the CM approach, which also accepts and then properly aligns nucleotide insertions and deletions (indels) of the resulting hits. In addition, partial hits will not be reported by ERPIN, which is an issue with derived intron structures that carry shortened or completely lacking motifs. Finally, too much sequence variation of a target ncRNA may result in ERPIN models that produce few or even no results. A solution proposed by the authors is a subdivision of sequences and respective ERPIN models, a “divide and conquer” strategy that we already successfully employed with our initial set of ERPIN intron predictors (Lang et al., 2007).

Infernal (cmsearch) on the other hand does report partial hits, and has substantially better sensitivity in sequence motif identification, as it uses an HMM-SCFG approach of assigning emission and transition probabilities (rather than the column-wise probabilities of ERPIN). This may be relevant as the current implementation of CMs proscribe strict processing from 5′ to 3′ of the given model, thus treats pseudoknots only at the primary sequence level. Yet, as long as the pseudoknot motif has significant nucleotide sequence conservation (which is not necessarily the case for Group I introns), the increased sensitivity of the HMM approach may (or not) compensate for the lack of pseudoknot helix modeling. Additionally, and in contrast to EPRIN, cmsearch excels at finding matches with CMs containing only few aligned sequences. The execution times of cmsearch may be faster than equivalent ERPIN searches, depending largely on given search models and the available CPU, as cmsearch natively supports parallelized computations. Taken together, CM alignments are attractive for the expert development of alignments because of its flexibility in finding matches and because of the formatting of results as a structured alignment. To be clear however, this functionality does not liberate the user from providing an initial multiple sequence alignment together with a 2D structure line. For this, a pre-alignment at the sequence level with one of the many multiple sequence alignment tools [e.g., Muscle (Edgar, 2004)], followed by prediction of secondary structure pairings [e.g., RNAalifold (Bernhart et al., 2008) or R-scape (Rivas et al., 2020)] will provide a structured alignment that still needs to be refined by an expert.



Short Term and Long-Term Objectives

The unprecedented number of mt genomes that have been added more recently to the GenBank repository has progressed from a severe lack of sequence data to “land of milk and honey” with regard to intron analysis. In this paper, we will focus on the 662 fungal mitochondrial (mt) DNAs, identified in various sections of GenBank by November 2021 (see below), because of their most elevated intron density [e.g., 81 in Endoconidiophora resinifera, (Zubaer et al., 2018)], broadly covering all but the more recently identified nuclear and bacteria-specific sub-groups. Our objective for intron model building is automated alignment of well-conserved and universally present motifs in currently defined intron sub-groups, starting as a test case with mt Group I introns [i.e., as originally defined in the seminal Michel and Westhof publication (Michel and Westhof, 1990)]. The resulting structural models will be tested for overlapping predictions, either for dismissal of traditional sub-groups or the inference of additional ones. The questions that we will address in the context of intron identification and classification are as follows:

•is the currently accepted intron sub-grouping for IA, IB, IC, and ID valid and consistent from an evolutionary/computationally point of view;

•does automated, probabilistic intron classification with ERPIN identify known fungal mt introns within the given sub-groups and without ambiguity.

We will conclude with a brief preview on covariance searches with Infernal/CM, to test whether CMs are as performant in intron identification, and as suitable for intron sub-grouping as ERPIN.




MATERIALS AND METHODS


Building of ERPIN Intron Models

As a starting point, aligned intron sequences for each sub-group that are listed in the Michel and Westhof publication (Michel and Westhof, 1990) were shortened to the virtually ubiquitous helical regions P2,4,6,7,8 and adjacent conserved single-stranded sequences, and a respective 2D structure line in ERPIN format was added to the sequence alignments. The resulting models were searched against the set of 662 fungal mtDNAs using the ERPIN (version 5.5.4) wrapper script RNAweasel that allows to eliminate identical as well as closely related sequences in the aligned training set. The aligned matches were added to the current ERPIN model to create an extended ERPIN model, visually inspected for potential misalignments, manually corrected or adapted (i.e., by extending the size of variable insert regions that separate the conserved sequence motifs), or otherwise discarded if inconsistent with the overall alignment. After repeating this process several times, the consistency of the resulting model was tested by searching against the Michel collection of sequences, expecting to match only members within the same intron group, or at most identifying conflicting matches with low scores. The same type of test was conducted with sequences from the GISSD database, and finally, the results of all our searches with different ERPIN models were checked for conflicting matches.



Identification of Conflicting Matches With Different ERPIN Models

Conflicting matches were identified with a Python script that analyses the coordinates of hits across multiple RNAweasel log files, to flag intron intervals that are predicted by more than one ERPIN model. First, conflicting hits (i.e., sharing at least 1 nt between their corresponding genomic intervals) were assigned to a group. For each group, the proportion of shared conserved nucleotides (in capital letters in the log file) between the hits was computed to aid in the separation of the hits into the two categories “conflicting prediction” or “overlapping introns.” The final parsing of the result was done manually; hits that shared the same (or almost the same) start and end position were labeled “conflicting” (>95% identical conserved positions found by both models) while the rest of the hits were identified as “overlapping introns.” For the IB sub-group analysis, the parsing was done automatically without distinction between “conflicting” and “overlapping introns.”



Development of ERPIN Search Strategies

Finding an optimal search strategy for every given ERPRIN model is essential for execution speed, sensitivity of searches as well as appropriate cutoff values. According to previous experience search strategies with three (rarely four) search levels are most effective (using-add statements as described in the ERPIN manual). The initial search level will pinpoint potentially intron-containing genomic regions, with subsequent search levels selecting those that meet the full set of constraints (for more details on the principals of element regrouping and order of search levels, see the main text). Initially, Skylign (Wheeler et al., 2014) is used to generate a logo of a multiple sequence alignment (MSA). Skylign converts the MSA to a Hidden Markov Model (HMM) in order to estimate position-specific (including gaps) probability distributions, or logo stack heights. The letter proportions per stack (or, position) are computed from the respective estimated nucleotide probabilities. Once the logos are obtained, an in-house script computes the average stack height across each distinct motif (e.g., segment of single-strand, or segment half of a paired sequence). Motifs with higher average probabilities are identified and labeled according to position on the secondary structure line. Motifs with lower average probabilities are subsequently defined. Finally, the script combines the motif definitions, along with cutoff scores derived from the (ERPIN) tstat summaries of the respective motifs, to automatically create optimized parameters for an intron model search.



Conversion of ERPIN Model Alignments Into CM-Compatible Stockholm Format

ERPIN models have a custom-encoding of the structure line information (based on consecutive numbering of elements; if a number occurs only once, it is a single-stranded region; if the number occurs twice, it defines a helical interaction). In order to permit the use of the ERPIN model information for building and calibration of respective CMs, the ERPIN format needs to be converted into Stockholm format, which uses bracket expressions for identification of helices, but requires additional encoding with pairs of upper/lower case characters (known as WUSS shorthand) to identify the pseudoknot that is present in most ERPIN intron models. Structure lines containing a pseudoknot, and modified by converting the helical components to WUSS shorthand (AA.aa), will be recognized by Infernal tools and interpreted only at the nucleotide conservation level.




RESULTS AND DISCUSSION


Collecting and Formatting All Publicly Available Fungal mtDNAs—A Non-trivial Task

The success of our project to update Group I and II intron search models critically relies on the availability of a taxonomically broad and complete collection of fungal mtDNA sequences. The National Center for Biotechnology Information (NCBI) sequence databases have continued to grow exponentially, including the Organelle Genome Database (OGD) that housed as many as 12,582 mitochondrial genome assemblies as of October 19th, 2021. While the OGD appears to be the NCBI’s front-end to searching mitochondrial genome records, assemblies can also be found in the NCBI Genome Reports (GR) section and in the continually updated RefSeq release of mitochondrial records. Searches against the Nucleotide (NT) database reveal again additional mitochondrial assemblies of varying quality and completeness. There are several issues with the vast databases of NCBI that hamstring studies aimed broadly at fungi. The first issue is that the fungal lineage represents only a minority of records across all databases, as shown in Supplementary Table S1. The number of fungal records typically make up less than 5% of the total, with the exception of the NCBI Genome Reports, after taking into account redundant accessions. The second issue is related to inconsistencies in accessions listed across the above-mentioned databases. As shown in Supplementary Figure S1, accessions listed under the GR appear to be completely contained within the OGD, but there is a handful of records uniquely found in RefSeq, and more than 1700 unique to NT, which can introduce a large sample size bias. The last issue is related to gaps in the GenBank records themselves. Full taxonomic, annotation, and sequence information is typically bundled in GenBank records, but some records, mostly from the OGD and GR, are missing the underlying genomic sequence. Furthermore, almost all of the incomplete records are the same in both the OGD and the GR, whereas a minority are incomplete in the curated RefSeq collection (Supplementary Figure S2). Ironically, the largest database of GenBank records, NT, has the least number of incomplete records.

In order to assemble a taxonomically broad collection of fungal mt genomes, we extracted records from the OGD2 and GR (see Footnote 2) front-ends and then combined into a preliminary list. The NT collection (in compressed fasta format) was then downloaded3 and filtered for keywords related to partial or complete mitochondrial genome assemblies. The resulting accessions are parsed and added to the OGD and GR collection. A python script, leveraging the BioPython modules (Cock et al., 2009), was written to parse GenBank files and output a clean fasta nucleotide sequence record for each mitochondrial contig (i.e., disregarding information on gene, exon, and intron positions), with a header formatted to include a short unique ID (derived from genus, species, and accession) in the first field, followed by full genus and species name, then full taxonomic information, and capped with the original accession. Such a format is more conducive to careful selection of species diversity, and visual inspection of phylogenetic trees given how current phylogeny tools function.



Automation of ERPIN Search Strategies, and Phylogenetic Filtering of Structured Alignments

Since searches involving multiple motifs may quickly become demanding if not unfeasible in terms of CPU time and memory usage, ERPIN provides the option of a multi-leveled search strategy (Gautheret and Lambert, 2001; Lambert et al., 2004). It allows grouping of (sequence or structural) motifs that are searched in iterative steps. The initial search level will pinpoint potentially intron-containing genomic regions, with subsequent search levels selecting those that meet the full set of constraints. In other words, the execution speed depends essentially on the choice of the first-level motifs—preferentially well-conserved single-stranded regions that are most rapidly identified. Yet, finding the best search strategy requires a rather lengthy trial and error optimization by the model developer—motivating the development of a more objective computational procedure (Auto-strategy; in-house script available on request). It takes an ERPIN model (i.e., a set of aligned sequences with secondary structure predictions) and a collection of targeted genome sequences as an input and constructs a search strategy with corresponding cutoff values for the given ERPIN model and sequence collection. More specifically, the algorithm (for details see Methods) allows the computation of a three- or four-level search following several principles: (1) selection of closely spaced and strongly conserved sequence motifs for level one, to enable speedy initial searches; (2) at all levels, combination of several conserved motifs, sufficient to avoid false positives; and (3) a final addition of the remaining elements. Auto-strategy often results in more effective and specific searches compared to manual strategies and may serve as a quickly computed starting point for further optimization by the model developer. The tests carried out during the development of Auto-strategy were performed on sub-groups A1, A3, B, C1, C2, and D of mitochondrial group I introns. The number of hits obtained by the automatic strategies was frequently higher compared to the manual ones. Yet, subsequent manual finetuning of the Auto-strategy often led to further improvements.



A Computational Approach to Validating Group I Intron Subdivisions

Since 1990, no computational study has been conducted to verify the validity of the initial assignment of Group I introns into sub-groups (Michel and Westhof, 1990). Indeed, the set of ERPIN models that we built in 2007 essentially relied on the validity of these groupings (Lang et al., 2007), although omitting a distinction between sub-groups IB1, IB2, IB3, and IB4 due to substantial overlaps in predictions. In addition, we then created a “Group I, derived” sub-group for those introns that were not identified with the regular ERPIN models. In other words, derived introns do not well fit with typical consensus sequences and occasionally lack the peripheral structural domains and interactions. Two examples are presented in Figure 1. ERPIN models that identify the derived introns contain only subsets of the Group I core elements.
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FIGURE 1. Examples of derived Group I intron structures. With only 144 and 142 nt, the Spizellomyces punctatus cob intron 2 and Rhizophydium brooksianum rnl intron 5 do contain the universal intron core structure, but lack overall sequence conservation, are rich in A + U, and occasionally lack peripheral domains and typical interactions. Like other unusual mt introns in these two fast-evolving species, introns do not splice in vitro and only a small fraction (e.g., 3 out of 15 in S. punctatus) is identified with the ERPIN models IA1, IA3, IC1, IC2, IB, IB3, and ID as described below.


Whereas this computational intron group identification procedure has been unmatched and widely used for mt gene model inference (see Footnote 1), it is not without potential pitfalls. Its ERPIN models could not be rigorously tested for confident resolution of conflicting hits due to a lack of intron sequences at the time. Thus, using the best E-value as an ad hoc criterion may occasionally lead to misidentification when model predictions overlap. Secondly, contamination of ERPIN models with sequences between closely related groups (e.g., IC1 and IC2) was difficult to identify and avoid, given the small number of available sequences. Thirdly, a large fraction of group I introns contains long intron ORF insertions of more than 1,000 nt, whereas others are short and compact. The underlying intron alignments of the ERPIN models are therefore long, yet have to predict a fraction of relatively small introns. This introduces the opportunity for matches across exon boundaries. For instance, a single hit might start at the 5′ portion of a small intron and incorrectly match the 3′ of a separate, downstream intron which would effectively “bury” the bridging exon. The proportion of such potential misidentifications is estimated to be low (a few percent), but has not been rigorously quantified. It also remains to be seen in the context of proposed nested introns, or “twintrons” (Hafez and Hausner, 2015; Mukhopadhyay and Hausner, 2021), that may be more frequent than currently assumed. In fact, conflicting ERPIN predictions may be a way of pinpointing candidate twintrons.



An Updated Set of Group I Intron ERPIN Models

To address the above questions, we built a new set of ERPIN models (Figure 2) starting from the 87 sequences used in the originally defined Group I intron subdivision [named “Michel collection” in the following; (Michel and Westhof, 1990)]. After building structural alignments (ERPIN models) comprising P3 throughout P7 pairings (Figure 3), including conserved flanking sequences (if present), the set of 662 fungal mtDNA sequences (see above) was searched. Best hits were selected and added to the initial model alignment to improve model sensitivity (for details see Methods). The total numbers of predicted introns are listed in Table 1, together with conflicting predictions. In all instances, there was a large E-value difference between conflicting predictions, which allowed unambiguous intron group assignment.
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FIGURE 2. Iterative ERPIN model construction. The procedure was applied to all separate intron sub-groups.
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FIGURE 3. Conserved features of ERPIN models. The three images correspond to the secondary structure drawings produced by R-scape (Rivas et al., 2020), when providing structured alignments of ERPIN models ID, IC2, and IB (the most productive in terms of numbers of hits) as input. The graphs are colored according to R-scape’s conventions. As R-scape removes columns with less than 50% nucleotide presence from the graph, the number of removed columns are identified in the consensus structure as a circle with the number of removed columns inside. The P7 pseudoknot is annotated in the graph as two single-stranded regions, marked by a black line. The corresponding helical pairing is presented in a separate drawing. The number and structure of conserved elements in the remainder of ERPIN models IA1, IA3, IB3, and IC2 is essentially the same as depicted in this figure (not shown).




TABLE 1. Number of intron predictions for distinct Group I sub-groups (in 662 mtDNAs).
[image: Table1]

Note that the process of building increasingly broader and detailed structural alignments depended on a program named RNAweasel,4 which extends the functionality of ERPIN. RNAweasel aligns the resulting matches against the search model in the format of a new ERPIN model that can be directly used for subsequent searches or merged with previous alignments. In addition, it has functionalities, such as ordering of hits by E-value, removal of sequences from the alignment that are either identical, or closely related, using a phylogenetic distance measure. Finally, the RNAweasel output helps with the evaluation in providing a structured view of the search results (for an example, see Figure 4).

[image: Figure 4]

FIGURE 4. RNAweasel output of ERPIN search results. Example of a formatted output from a “derived ERPIN model,” demonstrating sorting of results by E-value, marking of conserved motifs in a structure definition line, marking of conserved, searched sequence blocks in upper case, and indication of the length of variable regions.


An inspection of the updated ERPIN models shows few conflicting predictions (i.e., covering the same genome loci with nearly identical coordinates), without any conflict observed for Group IA3, IC2, and ID. A small number of overlaps were observed between models IC1 and IC2 (0.6% of IC1 hits are IC2 introns), IA1 and IB (0.3% of IA1 hits are IB introns), and IB and IC1 (2.5% of IB hits are IC1 introns). Yet, in every case, a large difference in E-values allows a clear identification of the best-fitting intron sub-group. A special case of conflicting predictions is “overlapping introns” where two introns are identified in the same region but have different predicted upstream and/or downstream splicing sites (reported in Table 2). Again, the number of conflicts is small, occurring in only 0.7% of all total predictions. 97% of these cases are between the IB or IB3 models and other sub-groups (Table 2). An inspection reveals that in the majority of instances, the shorter of the conflicting alternatives is the one that is consistent with MFannot gene models.5 In any case, we suggest that ERPIN intron predictions or MFannot gene models should be inspected by an expert before use in publications.



TABLE 2. Conflicting partial intron predictions.
[image: Table2]

In the following sections, we will describe and discuss Group I models in the order ID, then IA1, IA3, IC1, and IC2, and finally IB with its four sub-groups. Starting out with the ID models will establish a basis for an unambiguous discussion on variations in the P7 motifs conservation, without ambiguity, as the result of ID searches do not conflict with any other Group I search, except for three instances of partial intron predictions (Table 2).



Structural Conservation of Group ID Introns

Group ID comprises a sizeable collection of mt introns (1,105, when searching against our set of 622 mtDNAs) with a predominant P7 structure 5-C_A_GACUG --- CAGUCG-3′ (Figure 5, upper left; for a comparison of P7 motifs among various groups, see Figure 5). Yet, searches also identify sequences with various different P7 motifs (Figure 5) that come with E-values well within the range of canonical ID introns. Among these variants, 32 have a most unusual P7 motif containing a bulged C residue (Figure 5; middle, left), which happens to be the predominant P7 structure of mt IC1 introns (Michel and Westhof, 1990). These 32 variant ID introns are not found with the mt IC1 ERPIN model, suggesting that the P7 structure alone is a potentially misleading feature when used for intron group identification. To exclude the possibility that our ID ERPIN model may contain sequences from other sub-groups, thus leading to potential misidentification, only those sequences with the predominant P7 structure were used to build a new ERPIN model. However, when searched against our mtDNA collection results were essentially the same, finding all variant P7 sequences listed in Figure 5, and within the range of E-values as introns with the canonical P7 structure (Figure 6). A phylogenetic analysis with all ID intron sequences is overall not well resolved (not shown), but regroups some of the ID intron members with variant P7 structures, suggesting an evolutionary process that transitions from one to another evolutionary stable P7 conformation.

[image: Figure 5]

FIGURE 5. Frequency of P7 structure variants in fungal mt Group ID introns. The numbers are compiled from the search result with the updated ID ERPIN model (see main text), identifying a total of 1,107 hits (span of E-values from 7.17e-44 to 4.94e-11); none of the respective intron sequences was identified with other group-specific searches, and all are therefore considered bona fide ID introns. Variant motifs with at least five identical P7 matches (numbers indicated below the structures) are listed, and nucleotides that differ from the most prevalent motif are marked in red. The most prevalent P7 motif (879 hits) is 5’-C_A_GACUG…CAGUCG-3′. The blue asterisk beside motifs indicates listing of the same motif in the Michel and Westhof compilation (Michel and Westhof, 1990).


[image: Figure 6]

FIGURE 6. Comparison of predominant P7 motifs in mt Group I intron sub-groups. Most frequent P7 motifs in mt Group I intron sub-groups. Note that IB and IB3 have the same P7 motif, but that they are clearly distinct otherwise and identified with separate ERPIN models. IA3 introns have a frequent alternative motif A_C_GACUG … UAGUC_U (i.e., with a single nucleotide difference to the one depicted above).


Note that the total number of introns listed by P7 variant in Figure 5 does not add up to a total of 1,105 hits. The missing 92 sequence have either variant P7 motifs not listed in the figure, or after manual inspection, the predicted sequences fail to form a proper P7 pairing. This is due to a rare ERPIN misidentification where the absence of a well-fitting match reports a spurious alternative. Despite issues with the prediction of a P7 motif in these few instances, these hits suggest the presence of true introns and are thus of some value for the inference of gene models. There are several potential reasons for this type of error, nonetheless. For instance, sequence or genome assembly error may be responsible, or presence of intron structures that exceed the length of the respective ERPIN models, or genetic rearrangements due to intron mobility that may introduce sequence duplication and recombination with other intron sub-groups. At about 0.7% of the total count, this constitutes a tolerable degree of uncertainty. Yet, it reminds us that intron identification is but another tool to provide evidence for the detection and resolution of inconsistencies, as part of a more complete gene modeling procedure.



Distribution of Group IA1, IA3, IC1, and IC2 Introns

In contrast to sub-group IA1, IC1, and IC2 introns that are frequently identified in mtDNAs (Table 1), sub-group IA3 introns are remarkably rare. In fact, the Michel collection only contains four plastid IA3 introns and no mt representative. It was therefore surprising to find as many as 78 strong mt hits (in the E-value range between 4.71e-16 and 1.81e-42) distributed across Fungi, but with a strong preference for basidiomycetes. Notably, 18 of the 78 sequences do not have the predominant bulged C in the P7 motif but instead an A, and these sequences closely regroup in the less specific e-16 range of E-values. When separating sequences in the IA3 ERPIN model by these two P7 motifs to form two distinct sub-models, these identify different but somewhat overlapping sets of introns. If this result may be taken to suggest a separate, new (IA4?) sub-group remains to be clarified, once more mtDNAs become available.

Despite some structural similarities, sub-group IC1 and IC2 ERPIN models are clearly distinct in terms of mt intron identification, with only marginal conflicts. The few conflicting predictions are separated by substantial E-value differences, thus allow for unambiguous sub-group assignment. In this context, it is interesting to test entries in the GISSD database, which lists a total of 1789 sequences, with close to half (837; most in nuclear eukaryotic rDNAs) labeled as IC1. Curiously, Group IC1 entries in the database do not list any of the mt IC1 introns in the Michel collection that served as our starting point for developing an mt IC1 ERPIN model. When searching the Michel collection with the IC1 model it identifies all (and only) mt IC1 entries. It was therefore interesting to test if the mt ERPIN model would also identify introns in nuclear rDNAs (at such a large evolutionary distance), and that despite a strong difference in nucleotide bias (mt sequences most A + T rich, vs. nuclear sequences G + C rich). The results show clear identification of 479 out of the 837 listed IC1 introns, with E-values ranging from 5.40e-25 to 6.53e-49, and without modification of the ERPIN search parameters. The identification of the remainder of nuclear IC1 introns was possible only after transitioning to a nuclear-sequence specific ERPIN model, however. Evidently, these two lineages of introns (mt vs. nuclear) have undergone a separate evolutionary path, under different genetic constraints.



Confirmation of Group IB3, yet No Computationally Distinct IB1, IB2, and IB4 Sub-Groups

In an attempt to follow up on the proposal of four separate IB sub-groups, ERPIN models were developed according to our protocol and tested for potentially conflicting predictions. Whereas IB3 turns out to be a small, clearly separate group, the other three sub-groups overlap substantially in predictions (Figure 7), without a possibility for separation based on E-values. The IB1, IB2, and IB4 models properly identified representatives in the Michel collection with high scores, confirming the validity of the model building procedure. Yet, searches against the GISSD intron collection resulted in matches with barely recognizable distinction between the sub-groups. We conclude that IB1, IB2, and IB4 are too closely related for establishing distinct sub-groups, and have therefore joined them into a IB super-group as reported in Tables and Figures above.

[image: Figure 7]

FIGURE 7. Venn diagram demonstrating conflicting hits among IB sub-groups. Search results with ERPIN models specific for the four Group IB sub-groups [as proposed in (Michel and Westhof, 1990)] were analyzed for conflicting hits, with respective numbers displayed in a Venn diagram. With the notable exception of IB3 which has only 4 conflicts out of a total of 202 intron sequences, IB1,2 and 4 overlap substantially in identification, without a possibility to distinguish by E-value. We therefore combine IB1,2 and 4 into a formal group IB that will co-exist with a separate IB3.




Cm Analyses Based on ERPIN Structural Alignments

A final point of interest is the conversion of ERPIN models into covariance models, for comparing the performance and precision of the two conceptually very different approaches. From a technical point of view, this conversion is easy as the alignment in ERPIN models is in fasta format, which is readily reformatted into Stockholm format (.sto) required for cmbuild [infernal; (Nawrocki et al., 2009)]. Because the ERPIN intron models contain pseudoknots that are encoded by a numbering scheme, the respective structure line for the sto format was translated in WUSS format. The current Infernal version does not use pseudoknot information and treats pseudoknot pairings as conserved at the nucleotide level only. For testing purposes, we chose two ERPIN models, ID and IA3 that differ substantially in length and in the degree of relatedness among the aligned sequences. The ID alignment is relatively short (560 nt positions), compact, and moderately conserved, whereas IA3 is long (3,042 nt), with very large insertions (up to 2011 nt) and highly conserved. The outcome is disappointing in the sense that both CMs have a smaller number of complete matches (776 for ID; 45 for IA3) compared to ERPIN model searches. The total numbers of matches (better than 1.0e-2) with CMs is substantially higher than the total number of respective ERPIN matches, indicating a better potential to identify more introns, although missing the ability to properly align the complete CM to the genome sequences. To our interpretation, the CM approach would profit from reorganizing the search algorithm, from a strictly HMM-like scanning from 5′ to 3′ toward a modular motif-driven approach used by ERPIN—which may at the same time resolve the issue of introducing pseudoknot information in CM searches.




CONCLUDING REMARKS

Here we present an update of our previous work (Lang et al., 2007), and a more detailed description on the identification of mt Group introns, in light of new publicly data available, using ERPIN models. The update makes progress on some remaining issues from the previous work, extends the accuracy of the models, and sheds light on Group IB introns. Enhanced model sensitivity and specificity was achieved through two means. First, multiple sequence alignments of intron sequences were significantly extended by virtue of newly available data. Second, we developed a more systematic approach to curation of alignments, to exclude sequences that do not belong with a given sub-group (increased risk of incorrect identification). While an overall increase in model sensitivity was achieved, sub-groups IB1, IB2, and IB4 were found to be too closely related, which hampered model specificity, suggesting that IB1, IB2, and IB4 may be dismissed as sub-groups. On the other hand, Group IB3 introns were found to be sufficiently distinct to build a highly sensitive and specific ERPIN model. The current intron predictors are expected to improve the gene modeling of the MFannot tool as well as provide more precise structural intron information.

A remaining gray zone of Group I intron identification pertains to those that appear less well-structured, or “derived.” Our attempts to establish clearly distinct ERPIN models that would include those derived introns have been so far without success. Likewise, our attempt to transition from ERPIN to expectedly more sensitive CM searches has come with mixed success. It has provided more hits than ERPIN, however at the cost of a reduced number of full intron hits and a large portion of partial hits with borderline scores. To our assessment, a modification of the CM approach that allows modular search of conserved motifs or regions might be a potential solution, which would at the same time allow for the use of pseudoknot information.

Evidently, a continued search for additional distinct ERPIN sub-groups would be in order, but its algorithm is of little help with developing new structured alignments as required. For this, a more modular Infernal version in combination with primary sequence alignment [e.g., Muscle (Edgar, 2004) in combination with HMM searches (Eddy, 2011)] with secondary structure modeling [e.g., RNAalifold (Bernhart et al., 2008) or R-scape (Rivas et al., 2017)] would be preferable.
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Entomopathogenic fungi and more specifically genera Beauveria and Metarhizium have been exploited for the biological control of pests. Genome analyses are important to understand better their mode of action and thus, improve their efficacy against their hosts. Until now, the sequences of their mitochondrial genomes were studied, but not at the level of transcription. Except of yeasts and Neurospora crassa, whose mt gene transcription is well described, in all other Ascomycota, i.e., Pezizomycotina, related information is extremely scarce. In this work, mt transcription and key enzymes of this function were studied. RT-PCR experiments and Northern hybridizations reveal the transcriptional map of the mt genomes of B. bassiana and M. brunneum species. The mt genes are transcribed in six main transcripts and undergo post-transcriptional modifications to create single gene transcripts. Promoters were determined in both mt genomes with a comparative in silico analysis, including all known information from other fungal mt genomes. The promoter consensus sequence is 5′-ATAGTTATTAT-3′ which is in accordance with the definition of the polycistronic transcripts determined with the experiments described above. Moreover, 5′-RACE experiments in the case of premature polycistronic transcript nad1-nad4-atp8-atp6 revealed the 5′ end of the RNA transcript immediately after the in silico determined promoter, as also found in other fungal species. Since several conserved elements were retrieved from these analyses compared to the already known data from yeasts and N. crassa, the phylogenetic analyses of mt RNA polymerase (Rpo41) and its transcriptional factor (Mtf1) were performed in order to define their evolution. As expected, it was found that fungal Rpo41 originate from the respective polymerase of T7/T3 phages, while the ancestor of Mtf1 is of alpha-proteobacterial origin. Therefore, this study presents insights about the fidelity of the mt single-subunit phage-like RNA polymerase during transcription, since the correct identification of mt promoters from Rpo41 requires an ortholog to bacterial sigma factor, i.e., Mtf1. Thus, a previously proposed hypothesis of a phage infected alpha-proteobacterium as the endosymbiotic progenitor of mitochondrion is confirmed in this study and further upgraded by the co-evolution of the bacterial (Mtf1) and viral (Rpo41) originated components in one functional unit.
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INTRODUCTION

Mitochondria are the semiautonomous powerhouses of the cell that carry their own small genome that does not encode for all the products needed by mitochondria (Burger et al., 2003). Especially in fungi, mitogenomes show such a great diversity regarding genome size, intergenic regions and intron content (Mukhopadhyay and Hausner, 2021; Yildiz and Ozkilinc, 2021) that can be exploited for species and strain typing (Kortsinoglou et al., 2019, 2020) and other phylogenetic and evolutionary studies (Hausner, 2003; Aguileta et al., 2014; Fonseca et al., 2020; Glare et al., 2020; Megarioti and Kouvelis, 2020). However, almost within all fungal mt genomes, genes encoding rRNA (rns and rnl), tRNAs (trn) and proteins involved in mitochondrial ribosome assembly (rps3) and oxidative phosphorylation [i.e., subunits of ATP synthase (atp6, 8 and 9), apocytochrome b (cob) cytochrome c (cox1-3) and NADH dehydrogenase (nad1-6 and nad4L)] are commonly found (Paquin et al., 1997; Kouvelis et al., 2004). In only two cases this gene content is extensively different. Specifically, in several fungal species rps3 is missing or located in the nuclear genome (Korovesi et al., 2018) and nad genes cannot be found in the mitogenomes of the family Saccharomycetaceae of Saccharomycotina (Christinaki et al., 2021).

Therefore, it is expected that all functions of the mitochondria, like the transcription of their mt genes, to remain conserved. Until now, knowledge for this function in fungal mt genomes relies mostly on studies performed in yeasts and fungal model organisms like Neurospora crassa and Schizosaccharomyces pombe (Burger et al., 1985; Kleidon et al., 2003; Schäfer, 2005; Schäfer et al., 2005). In detail, mt transcription requires promoters which are participating in the simultaneous transcription of several genes in one transcript (polycistronic transcripts), as a result of the endosymbiotic origin of the mitochondria from a-proteobacteria, in which their genome is organized in operons under the regulation of one promoter (Martin et al., 2015). Based on yeasts studies, mt promoters contain an “A-T enriched” consensus sequence of 9 bp, which is recognized by the mitochondrial transcription machinery (Christianson and Rabinowitz, 1983; Schäfer et al., 2005; Deshpande and Patel, 2014). More specifically, in yeasts an mt promoter is characterized by the 5′-(−8)ATATAAGTA(+ 1)-3′ sequence, where + 1 represents the transcription start site (Biswas et al., 1985; Schinkel et al., 1986; Biswas, 1999; Kim et al., 2012). In Neurospora crassa, the mitochondrial promoter has a modified AT-rich consensus sequence, i.e., 5′- TTAG(A/T)RR(G/T)(G/C)N(A/T)-3′ (Kubelik et al., 1990; Kleidon et al., 2003). Mt promoters are dispersed throughout the mt genome. For example, in Saccharomyces cerevisiae, the mitochondrial transcription initiates in more than 10 different areas, each having this consensus as a promoter sequence (Costanzo and Fox, 1990; Pel and Grivell, 1993; Grivell, 1995; Gagliardi et al., 2004). After mt transcription produced the initial polycistronic transcripts, they are further processed and converted to monocistronic (mRNA, tRNA, rRNA) by being digested at the 5′ and 3′ untranslated regions (UTRs). This transcript maturation has been proven experimentally not only in S. cerevisiae, but additionally, in Neurospora crassa and Schizosaccharomyces pombe (Kennell and Lambowitz, 1989; Kubelik et al., 1990; Dieckmann and Staples, 1994; Schäfer, 2005). Whenever an intron was found within the mt gene, introns were self-spliced (Cech, 1990; Michel and Ferat, 1995), leading, thus, the whole transcription procedure to the final maturation of the mt RNAs, i.e., “single intronless gene transcript.” The mechanism of transcription termination in fungal mt genomes is not known (Lipinski et al., 2010), and only in vertebrates (Clayton, 1991), there are specific transcription termination sequences to enable the release of the transcript from the mtDNA. Alternatively, the formation of stem-loop structure in the native mitochondrial RNA and/or tRNAs might play the signal of transcription’s termination (Breitenberger et al., 1985; Christianson and Clayton, 1988; Clayton, 1991; Schäfer et al., 2005). The mature transcripts bear no cap nor polyadenylation (Rorbach et al., 2014).

Regarding the most important proteins implicated in fungal mitochondrial transcription, two proteins, i.e., mtRNA polymerase (mtRNAP or Rpo41) and Mtf1 play the most significant roles (Lipinski et al., 2010; De Wijngaert et al., 2021). Both proteins are encoded by nuclear genes, i.e., rpo41 and mtf1, as the former is the catalytic component of the transcription and the latter is the sole needed transcription factor for the orderly function of the polymerase, in contrast to the nuclear polymerases for which many different transcription factors are needed (Yang et al., 2015). It is known that RNA polymerase (mtRNAP) is homologous with the respective polymerase of bacteriophage T3/T7 (Masters et al., 1987; McAllister and Raskin, 1993; Filée and Forterre, 2005). Unlike the RNAP of the T7 phage, which is a single subunit RNA polymerase (ssuRNAP) that alone catalyzes all stages of transcription, mtRNAP is dependent from transcription factors for the initiation of this process (Bonawitz et al., 2006; Jiang et al., 2011). Similarly, archaeal, and fungal nuclear RNA polymerases comprise many modules (multi-subunit RNAP; msuRNAP) and depend on a large number of transcription factors (Borukhov and Severinov, 2002). Rpo41 in yeasts consists of a single enzyme subunit, divided into several domains, including the C-terminal domain (CTD), the N-terminal domain (NTD), and the N-terminal extension (NTE) (Rodeheffer et al., 2001; Deshpande and Patel, 2012). The Mtf1 is a compact protein of 43 kDa, that has an N-terminal region, C-terminal region and a flexible C-terminal tail (Schubot et al., 2001; Deshpande and Patel, 2012). The C-terminal tail is very important as it interacts with the promoter during the creation of the transcription initiation complex (Savkina et al., 2010). The N-terminal domain contains the S-adenosyl-methionine (SAM)—binding site, which is usually found in methyltransferases, although the SAM-binding site is not essential for transcription (Cotney and Shadel, 2006). Nevertheless, the mt transcription pre-initiation complex of Rpo41 and Mtf1 plays an active role in the melting of the DNA and the local denaturation of the promoter region (Sologub et al., 2009; Deshpande and Patel, 2014; Ramachandran et al., 2016). The denatured nucleotides from mtRNA polymerase’s activity can be found at positions −4 to + 2 in the promoter of the mitochondrial gene (Paratkar and Patel, 2010; Velazquez et al., 2015; Basu et al., 2020).

While the majority of research on mt genome diversity and its functions has been focused on yeasts (e.g., Freel et al., 2015; Kolondra et al., 2015), it is important to expand further the studies to other subphyla of Ascomycota, specifically in the Pezizomycotina (Pantou et al., 2008) in order to fully clarify the similarities of the mt gene expression mechanisms. Entomopathogenic fungi like the Hypocrealean species Metarhizium brunneum and Beauveria bassiana may act as model organisms for studying the transcription mechanism of mt genes for several reasons. Firstly, their mt genomes are already known and analyzed (Ghikas et al., 2010; Kortsinoglou et al., 2020) in addition to their whole genomes (Gao et al., 2011; Saud et al., 2021). Secondly, both species have been used as Biological Control Agents (BCAs), and thus, they have been proposed as safe alternatives for the protection of several different crops worldwide (Butt et al., 2001; Typas and Kouvelis, 2012). Gaining insights into the functional mechanisms of their mt genomes may provide a starting point for future genetic modifications of these genomes, with a final aim of improving the efficacy of their entomopathogenic activity against the pests which destroy the crops.

The scientific and economical interest for exploiting these two entomopathogenic fungi (Gao et al., 2011; Kouvelis et al., 2011; Xiao et al., 2012), the need for better knowledge of BCAs (Clarkson and Charnley, 1996; Strasser et al., 2000; Vey et al., 2001; Shahid et al., 2012; Butt et al., 2016; Lovett and Leger, 2016) and the lack of genetic data at the mitochondrial genome processes of the above entomopathogenic fungi (Kouvelis et al., 2004; Ghikas et al., 2006, 2010) were the motivation for studying the mechanisms and prime enzymes of fungal mitochondrial transcription (mtRNA processing). Therefore, in this study the promoters of the mt genomes for these two Hypocrealean species and their polycistronic transcripts will be determined. In addition, the phylogenetic evolution of the two nuclear encoded proteins that are crucial for the mt transcription, like the mtRNA polymerase (Rpo41) and its transcription factor Mtf1, will provide important knowledge through the comparative analysis with the already known data from yeasts. Thus, the evolution of a mitochondrial process like transcription will be examined from both the “structural” (promoters, transcripts, maturation of polycistronic transcripts) and the “functional” (key protein enzymes involved, like Rpo41 and Mtf1) aspects in order to create a hypothesis which explains the current form of mt transcription.



MATERIALS AND METHODS


Strains Used, Growth Conditions and DNA/RNA Extraction

Metarhizium brunneum strain ARSEF 3297 (from USDA-ARS Collection of Entomopathogenic Fungal Culture, Ithaca, NY, United States) and Beauveria bassiana strain ATHUM 4946 (from ATHUM culture collection of fungi, Athens, Greece) were used for determining the primary polycistronic transcripts of their mitochondrial genomes. Fungi were grown on a rich complete Potato Dextrose Agar (PDA) liquid medium, with the addition of 2 gl–1 casein hydrolyzate, malt extract, yeast extract, and mycological peptone (Kouvelis et al., 2008a). For solid media, 1.5% agar was added. All strains used were derived from single conidia grown on PDA plates (11 days old). Shake flask cultures were grown at 25°C and after 4–5 days, mycelia were collected by vacuum filtration, lyophilized for 4 days and crushed in liquid nitrogen using a mortar and pestle. Lyophilized, ground mycelia were maintained at −80°C. Isolation of total genomic and mitochondrial DNA was performed as previously described (Kouvelis et al., 2008b). Total cellular RNA was isolated from 50 to 100 mg lyophilized, grounded mycelium using the TRIzol™ Reagent (Invitrogen, Waltham, MA), following the manufacturer’s instructions. Total RNA was eluted in 150 μl of RNase free water (DEPC-treated), treated with DNAse I and stored at –80°C.



Mitochondrial Genome Annotation and Analysis

The complete nucleotide sequence of the mitochondrial DNA from the entomopathogenic fungus Metarhizium brunneum ARSEF3297 appears in the GenBank Nucleotide database under accession number NW_014574670.1 (Contig: AZNG01000047) (Hu et al., 2014). In this work, the mitochondrial genome of strain ARSEF3297 was retrieved and annotated (Supplementary Figure 1 and Supplementary Table 1) as described previously (Ghikas et al., 2006). Specifically, the protein coding and the ribosomal (rRNA) genes were identified using BLASTx and BLASTn (Altschul et al., 1990), respectively, after comparisons with known related sequences and mostly with the other known mt genome of M. brunneun ARSEF 4556 (Supplementary Table 2; Kortsinoglou et al., 2020). The trn genes were detected using the online software tRNAScan-SE (Chan and Lowe, 2019) and intron characterization was performed using RNAweasel and MFannot (Lang et al., 2007).



In silico Prediction of Promoters

The complete mt genomes of M. brunneum ARSEF 3297 (the leading strain of this work), M. brunneum ARSEF 4556 (Kortsinoglou et al., 2020), M. acridum CQMa102 (Gao et al., 2011), and of B. bassiana Bb147 (Ghikas et al., 2010) were aligned using MegAlign program of Lasergene-DNASTAR suite by employing ClustalW (Larkin et al., 2007) with default parameters. Emphasis was given in the 3′ end of intergenic regions at the 5′ end of all mt genes in order to retrieve the conserved regions. In addition, the presence of the suggested 9 bp mt promoter of Saccharomyces cerevisiae, which is known as non-anucleotide (Osinga et al., 1982), along with the proposed mt promoter sequences of other fungal species, i.e., Neurospora crassa (Kennell and Lambowitz, 1989; Kubelik et al., 1990; Kleidon et al., 2003), Schizosaccharomyces pombe (Schäfer, 2005; Schäfer et al., 2005), Candida albicans (Kolondra et al., 2015), and Starmellera bacillaris (Pramateftaki et al., 2006) were searched manually as they were helpful for defining the putative promoter sequences of the mt genomes of these entomopathogenic fungi belonging to the order Hypocreales.



In silico Search for Termination Sequences of Transcription Units

To determine the presence of termination sequences for the mt transcription units, the nucleotide sequences downstream each mt transcription unit of both species were retrieved and aligned with Clustal Omega program (Sievers and Higgins, 2021). In comparison with the known yeast mt termination sequences (Osinga et al., 1984; Butow et al., 1989), no similar sequences were found. Thus, a comparative search among the different intergenic regions was performed to find the conserved termination sequences in the aligned matrices.



Protein Molecular Modeling

The sequence of Rpo41 of M. brunneum was retrieved from the whole genome (Nucleotide Acc No. NW_014574670.1) and primers were designed at the 5′ and 3′ end of the gene (Table 1). The amplicon was cloned and sequenced in both directions in order to verify the sequence before analyzing its secondary structure. Prediction of the Rpo41 secondary structure was performed using the PSIPRED 4.0 Workbench (UCL-CS Bioinformatics, London, United Kingdom) (Buchan and Jones, 2019). For homology modeling of the Rpo41 protein, the Hidden Markov Model-based tool HHPred (Zimmermann et al., 2018) and MODELLER 9.25 (Webb and Sali, 2016) were used, based on the highly similar crystal structure of yeast mitochondrial RNA polymerase from S. cerevisiae (Protein Data Bank, PDB 6YMW) with 98.94% probability and 1.4 × 10–21 E-value, as described previously (Deshpande and Patel, 2012; De Wijngaert et al., 2021). Protein structures were visualized and compared using PyMOL 2.4.1


TABLE 1. Oligonucleotide primers used for PCR and RT-PCR assays in this work.
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Polymerase Chain Reaction Amplification and Cloning

Mitochondrial gene fragments for seven mt genes (rnl, rps3, nad3, cob, cox1, nad4, and cox3) were amplified by PCR to produce probes for Northern hybridization analyses. Newly designed primers, as well as primers proposed by Kouvelis et al. (2004) and Ghikas et al. (2006) were used (Table 1) and 1 μl total DNA (1 μl) from each strain was used as template. Polymerase chain reaction (PCR) amplifications were performed with Taq DNA polymerase (Invitrogen, Waltham, MA), in a FastGene® Ultra Cycler Gradient (Nippon-Genetics Europe GmbH, Dueren, Germany), following previously described protocols (Kouvelis et al., 2004). Amplicons were separated in 1.5% agarose–TAE gels and amplicons’ purification was performed afterward, using Monarch® PCR and DNA Cleanup Kit (New England Biolabs, Hitchin, United Kingdom), NucleoSpin™ Gel and PCR Clean-up Kit (Macherey-Nagel, Dueren, Germany). The vector pGEM®-T was used along with the pGEM®-T Vector System (Promega, Madison, WI) for the cloning. All recombinant plasmids were screened to verify that the insert’s size coincided with the amplicon’s size and three randomly chosen recombinant plasmids were sequenced. All fragments were sequenced in both directions and since sequences were identical (100% id) with the those found in the complete genomes of both B. bassiana and M. brunneum, they were not submitted to any of the publicly available databanks like GenBank or ENA of EMBL-EBI.



Reverse Transcription-Polymerase Chain Reaction

The isolated total RNA (1 μg) was reverse transcribed to generate single-stranded complementary DNA (cDNA) using Moloney Murine Leukemia Virus Reverse Transcriptase (M-MLV RT) with reduced RNase H activity (Conc. 200 U/μl, SuperScript™ II Reverse Transcriptase, Invitrogen, Waltham, MA), according to the manufacturer’s instructions. For the analysis of multiple target mitochondrial RNAs, each first-strand cDNA was synthesized by priming with a gene-specific primer (Table 1). The cDNAs were stored at −80°C. After reverse transcription (RT), the cDNAs from different target RNAs were used as a template for amplification with specific primers by PCR (KAPA HiFi HotStart ReadyMix PCR Kit, Merck KGaA, Darmstadt, Germany). A negative control (DNAse-treated RNA, no reverse transcription) did not produce an amplification product in the PCR, confirming the cDNA (and not the mitochondrial DNA) origin of the PCR product. DNA fragments generated with KAPA HiFi HotStart DNA Polymerase (15 s extension per cycle for targets ≤ 1 kb, and 45 s/kb for longer fragments) have been used directly for blunt-end cloning. PCR products were cloned in vector pBluescript II SK (Stratagene, Agilent Technologies, Santa Clara, CA), subcloned as smaller fragments to pTZ57R/T cloning vector (only for large pcr fragments > 2 kb) and sequenced in both directions using the M13 Forward and Reverse universal primers. Amplicon sequences were analyzed using the «Sequence Scanner v.2» software (Thermo Fisher Scientific Inc., Waltham, MA). Additionally, the RT-PCR amplicons were separated on a 1,2% (w/v) agarose gel containing ethidium bromide and visualized under UV light (UVP Gel Imaging System, Thermo Fisher Scientific Inc., Waltham, MA).



Northern Hybridizations

For Northern hybridization analysis, total cellular RNA (30 μg/lane) was electrophoresed in 1.5% formaldehyde-agarose gels and transferred to positively charged nylon filters. Specifically, RNA were resuspended in 50% deionized formamide, 10 mM morpholinepropanesulfonic acid (MOPS) pH 7.0, 1.4 mM sodium acetate, 0.5 mM EDTA, and 2.2 M formaldehyde. The RNA was denatured at 65°C for 15 min and fractionated on 1.5% agarose gel prepared in 1x formaldehyde gel running buffer (FGRB) with 2.2 mol/l formaldehyde, based to the protocol provided by DIG-High Prime DNA Labeling and Detection Starter Kit I (Roche Diagnostics, Sigma-Aldrich Inc., Darmstadt, Germany). The integrity of the electrophoresed total RNA was monitored by ethidium bromide staining of formaldehyde-agarose gel. The separated RNA fragments were then blotted onto a nylon filter (Porablot™ NY plus, Macherey-Nagel, Dueren, Germany) with 20x SSC (3 mol/l sodium chloride and 0.3 mol/l sodium citrate, pH 7.0) by applying a low pressure vacuum (VacuGene XL Vacuum Blotting System, Amersham Biosciences Corp., Buckinghamshire, United Kingdom). The filter was allowed to dry at room temperature for at least 30 min and the blotted RNA was immobilized on the filter by UV cross-linking. DIG-labeled probes were used for hybridization to blotting membranes as defined in standard methods (DIG-High Prime DNA Labeling and Detection Starter Kit I, Roche Diagnostics, Sigma-Aldrich Inc., Darmstadt, Germany). Mitochondrial DIG-labeled DNA probes (rnl, rps3, nad3, cob, cox1, nad4, cox3) were generated with DIG-High Prime solution according to the random primed labeling technique. Each northern blot was pre-hybridized with an appropriate volume (10 ml/100 cm2 filter) of DIG Easy Hyb buffer (5x SSC, 50% formamide deionized, 0,1% sodium-lauroylsarcosine, 0.02% SDS, and 2% Blocking Reagent) to hybridization temperature for 30 min with gentle agitation in an appropriate container (Hybaid H-9360 Hybridization Oven, Marshall Scientific LLC., Hampton, NH). Denatured DIG-labeled DNA probe were added to pre-heated DIG Easy Hyb buffer and hybridization was performed for 16hrs at 65°C (RNA). The RNA blots were washed with 2x SSC, 0.1% SDS for 25 min at room temperature under constant agitation. Subsequently, membranes were used directly for detection of mitochondrial polycistronic transcripts. The hybridized DNA probes were immunodetected with anti-digoxigenin-AP (Fab fragments) and were then visualized with the colorimetric substrates NBT/BCIP. Immuno−colorimetric detection was performed as described by DIG DNA Detection Kit. Results of Northern Blot Analysis were documented by photocopying the wet filter (BioSpectrum® Imaging System, UVP Gel Imaging System, Thermo Fisher Scientific Inc., Waltham, MA).



RACE Polymerase Chain Reaction

The 5′ end UTR of mt transcripts of a single polycistronic transcript has been determined using 5′-RACE (see section “Results”). Lyophilized, ground mycelium (100 mg) of the wild-type strains B. bassiana and M. brunneum was used for extraction of total RNA, as previously described. DNA was removed from the RNA sample by treatment with DNase I (Takara Bio Inc., Shiga, Japan). Reverse transcription and PCR reactions were carried out using a 5’/3’ RACE Kit (2nd Generation, Roche Applied Science, Merck KGaA, Darmstadt, Germany). The sequence of PCR primers used for definition of the 5′-ends of all mitochondrial transcripts is given in Table 2. Amplicons were purified and sequenced as described previously. The 5′ end UTR sequences of primary mitochondrial polycistronic transcripts have been determined in silico (see section “In silico Prediction of Promoters”), since the sequences were identical to the respective genomic fragments of the complete mt genomes of M. brunneum ARSEF 3297 and B. bassiana Bb 147 (GenBank Acc Nos: NW_014574670.1 and EU100742.1, respectively).


TABLE 2. 5′RACE primers.
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Phylogenetic Analyses and Methods of Examining Co-evolution

Phylogenetic analyses of mitochondrial Rpo41 and Mtf1 homologs were performed with the inclusion of sequences from four different taxonomic domains (Viruses, Archaea, Bacteria and Eukaryota; Table 3 and Supplementary Table 3). Phylogenetic analyses of Rpo41 and Mtf1 proteins were done separately for each protein at first, and then the matrices were concatenated to a single matrix. The respective proteins from other species were collected after a BLASTp search and all protein sequences were aligned with Clustal Omega (EMBL-EBI). The alignments were transferred to the program PAUP 4.0b10 (Swofford, 2002) for the Neighbor Joining (NJ) method, keeping all the parameters at default values. The topologies of the obtained trees were assessed by the bootstrap method (NJ-BP) and the number of replicates was set to 1,000. Each NJ tree was presented using FigTree v1.4.3.2 The maximum likelihood (ML) method was further employed to construct trees using RaxML (version 8.2.9) (Stamatakis, 2014). The best protein substitution model was found using ProtTest v3 (Darriba et al., 2011). For the matrices of RNA Polymerases and their transcription factors, the WAG + I + G + F model was found as most suitable, while the concatenated matrix had the LG + G model. Alpha values were set to 2.993, 2.694, and 2.959 for the RNA polymerases, Transcription Factors and concatenated matrices, respectively. All other parameters were estimated by RaxML. Results were assessed using 100 bootstrap replicates.


TABLE 3. Distribution of transcription factors and RNA polymerase subunits used in the phylogenetic analyses from species belonging to all domains of life and their taxonomic classification.
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In order to further examine the putatitve co-evolution of Rpo41 and Mtf1, three different methods were applied, STRING (Szklarczyk et al., 2021), Mirror Tree (Ochoa and Pazos, 2010), and Evolutionary Trace (Morgan et al., 2006). For both methods, STRING and ETviewer servers were used.3,4 In STRING method, the single proteins of M. brunneum and S. cerevisiae were used as input, under default parameters, while in the second method, Rpo41 (PDB: 6YMW) and Mtf1 (PDB: 1I4W) of S. cerevisiae were used. For the Mirror Tree, the method was employed through the server5 using as input the amino acid sequences from yeast. The comparison of the trees produced was impossible through the same server and thus, the single trees were obtained in Newick format and then compared with the phylo.io program (Robinson et al., 2016).6




RESULTS


Mitochondrial Genome Annotation and Analysis

The complete mt genomes of both species, i.e., B. bassiana and M. brunneum used in this work are publicly available (Ghikas et al., 2010; Kortsinoglou et al., 2020). In this work, the strains used were ATHUM 4946 and ARSEF 3297, respectively. Since the whole genome sequence of the M. brunneum ARSEF 3297 is available, the mtDNA was retrieved and annotated by comparison to the known and annotated mt genome of strain ARSEF 4556 (Kortsinoglou et al., 2020) as described in “Materials and Methods”. Therefore, the mtDNA of this M. brunneum strain was found to be a circular molecule of 25,521 bp (Supplementary Figure 1 and Supplementary Table 1), with an overall G + C content of 28.8%. It contained all 14 protein encoding genes found in mtDNAs of the Pezizomycotina (Ghikas et al., 2006), the genes encoding for the large and small subunits of the ribosome (rnl and rns), and 25 genes encoding for tRNAs. A putative ribosomal protein (rps3) was also detected within the large ribosomal subunit using the rps3 homologs motif in fungal genomes (Bullerwell et al., 2000; Korovesi et al., 2018). In general, this mitogenome showed to be highly conserved to the genome of ARSEF 4556. Specifically, synteny was identical and the only variability could be observed in three intergenic regions. The ARSEF 3297 and ARSEF 4556 strains presented mt intergenic regions of sizes 4,069 and 4,215 bp, respectively. The largest intergenic region was that of rns-trnY (496 bp) and the smallest was the 1bp overlap of genes nad4L-nad5. The identity of the intergenic sequences for both strains was 100% with the exception of the sequences that differentiated the size of the three intergenic regions, i.e., nad5-cob, atp6-rns, and rns-trnY (with the addition of 198, 452, and 496 bp in ARSEF 3297).



In silico Prediction of Promoters

The complete mt genomes of the species used in this work were searched for the existence of putative promoter sequences along with other known Hypocrealean mitogenomes based on known promoters from other fungal species as described previously in “Materials and Methods.” More emphasis was given to the intergenic regions of the complete mt genomes. It is worth mentioning that the intergenic regions were found to be highly enriched in A/T sequences. More specifically, the intergenic regions of the mt genomes of B. bassiana and M. brunneum presented A/T content of 73 and 76%, compared to the complete genomes’ A/T content of 72 and 71%, respectively. The search of possible repetitive elements did not present any conserved elements (data not shown), making, thus, the in silico identification of putative promoters extremely difficult. However, the consensus putative promoter sequence obtained by these comparative analyses was determined to be TTAGAATATTAT on the mitochondrial genomes of Beauveria and Metarhizium species (WTAGWWHWWHD: a modified consensus mt-promoter sequence within the order Hypocreales—data upon request) and this sequence was found scattered in six (6) intergenic regions (Figure 1).
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FIGURE 1. The promoter and transcription termination sequences as found from the in silico analyses. (A) Putative promoter sequence alignment for different mt genes from M. brunneum ARSEF3297 and B. bassiana Bb147. (B) The motif of the putative mt promoter produced by this alignment analysis. (C) The distinct putative mt transcription termination motifs that are located at a variable distance (1–218 nt) downstream from mRNA and rRNA coding regions in the genera Metarhizium and Beauveria.




3′ End Processing of Mitochondrial Transcripts

Most of the tRNA genes in M. brunneum ARSEF3297 and B. bassiana ATHUM4946 mitochondria are present as two major clusters upstream and downstream from the rnl gene, and are co-transcribed with mRNA sequences, according to the Northern Hybridizations. In at least two cases, initial transcripts (cox2-trnR1-nad4L-nad5-cob-trnC and cox1-trnR2) include tRNA sequences and are subsequently processed to generate the mature RNAs. The endpoints of these abundant mitochondrial transcripts generally coincide with those of tRNA sequences. We therefore conclude that tRNA sequences in some polycistronic transcripts act as primary signals for RNA processing in mitochondria of these entomopathogenic fungi (Punctuation model—single tRNAs may play this role). The situation is somewhat analogous to that observed in mammalian mitochondrial systems (Ojala et al., 1981; Rorbach and Minczuk, 2012) and in other filamentous fungi (N. crassa) (Breitenberger et al., 1985; Burger et al., 1985). In this study, the strongest evidence for tRNA sequences being primary signals in mitochondrial RNA processing comes from an analysis of transcription units 4 and 5 (cox1-trnR2 and nad1-nad4-atp8-atp6, respectively). Experimental results obtained by determining the 5′ end of the polycistronic transcript nad1-nad4-atp8-atp6 (5′ end RACE-PCR approach) indicated that trnR2 is co-transcribed with the gene cox1 (supported also by the Northern hybridization experiments). Furthermore, the 3′-termini of mRNAs and LSU rRNA are proposed to be distinct 5′-TAAATT-3′ motifs that are located at a variable distance (1–218 nt) downstream from mRNA and LSU-rRNA coding regions. Similarly, 3′-RNA processing motifs are also present in budding yeasts that have functionally analogous A + T rich dodecamer processing signals (Osinga et al., 1984; Butow et al., 1989; Hofmann et al., 1993).



Defining the Polycistronic Transcripts

An RT-PCR strategy was developed to determine the number and content of premature polycistronic transcripts. The synteny of both mitogenomes of M. brunneum and B. bassiana are almost identical (with the differences located on the sequences of their intergenic regions; Figure 2). Therefore, the same sets of primers were designed and used for both fungal species, as described in “Materials and Methods.”
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FIGURE 2. The mt transcripts of M. brunneum (A) and B. bassiana (B): Schematic representation of the strategy followed to determine transcripts for both species: (i) The synteny of the mt genome. Black arrows above and below the genes of the mt genome show the primers used for the RT- PCR experiments. (ii) Dark gray arrows represent the successfully obtained RT-PCR amplicons, while light gray arrows with a red “X” represent RT-PCR efforts with no result. (iii) The block of genes included in primary transcripts as acquired by Northern hybridizations. (iv) The amplicons obtained with RT-PCR.


The amplified polycistronic transcripts were produced after amplification of cDNAs using pairs of primers for neighboring genes. This strategy, showing all combinations of primers (both successful and failed ones) in order to determine the polycistronic units is shown in Figure 2. After the completion of all RT-PCR experiments it became evident that there were 6 major pre-mature polycistronic transcripts as shown in Table 4.


TABLE 4. Pre-mature polycistronic transcripts and their sizes as produced by the RT-PCR experiments for both B. bassiana and M. anisopliae.
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Based on these RT-PCR results from both entomopathogenic fungi, it is worth mentioning that the cDNA generated with primer cox1URb produced a monocistronic transcript for cox1 gene, but it is possible that this gene can be co-transcribed with trnR2 as shown from the Northern hybridization experiments and the expected by size band (Supplementary Figure 2). The effort to amplify the cob-cox1 region did not produce any amplicon, indicating that the transcription of these two genes occurs in different polycistronic molecules. However, cob is co-transcribed with nad5, as shown in the case of M. brunneum, where a 2.1 Kb cob-nad5 amplicon is retrieved from the cDNA of cobUR (Table 5 and Figures 2, 3) and the amplification of both nad5 and nad4L-nad5 regions are successful for both species (Table 5 and Figures 2, 3). Moreover, neither nad3 nor atp9 gene could be identified from cDNA generated by primers nad4LRN and cox2UR, suggesting that this set of genes is transcribed separately from the cox2-trnR-nad4L-nad5-cob primary transcript (Figure 2). Additionally, by using either primers atp9R or nad2PR for first strand cDNA, followed by PCR with primers amplifying nad2, nad3, atp9, and the regions trnT-trnQ (which contains tRNA genes for amino acids TEM1M2L1AFKL2Q) and nad3-atp9, amplicons were obtained (Table 5 and Figure 3). However, the region rnl-nad2 was not amplified, suggesting the existence of two different transcripts for these two regions (Figure 2). This implies that the trn gene cluster as well as genes nad2, nad3, atp9 are co-transcribed as a pre-mature unit in both strains (Figure 2). Solely based on RT-PCR, the tRNAs lying upstream of the above transcription unit are co-transcribed with genes nad2, nad3, and atp9. No PCR products were obtained with the primer pairs nad6PF/rnloR and cox3UF/rnloR with cDNA generated with RT primer rnloR (Table 5 and Figure 3). Considering the above-mentioned RT-PCR results, it became clear that cox3 and nad6 are transcribed separately from the rnl-rps3 transcription unit, which was further verified when the cDNA template of nad6PR was used successfully for the amplification of rns, nad6, and cox3 genes (Table 5 and Figure 3). Thus, rns and cox3 are co-transcribed with the adjacent nad6 gene. In view of all these data, co-transcription of rns-trnY-trnD-trnS-trnN-cox3-trnG-nad6 was found. No PCR amplicon of either atp8 or atp6 was obtained from cDNA generated by primer rnsUR (Table 5 and Figure 2), showing the existence of two different transcripts for rns and atp8-atp6. The co-transcription of atp8 with atp6 was confirmed with the partial PCR amplification of the genes included in this cDNA, and with the amplification of the whole targeted sequence, when the cDNA of atp6UR was used as template. Similarly, based on the same cDNA, the corresponding single gene amplicons of nad1 and nad4 genes, as well as, the nad1-nad4 intergenic sequence were produced (Table 5 and Figures 2, 3). Finally, no product for the sequence between cox1-nad1genes was obtained from cDNA generated by primer nad1b (Table 5 and Figure 2). Thus, cox1 is transcribed to a different molecule than the polycistronic transcript which contains nad1-nad4-atp8-atp6 (Figure 2). Therefore, the RT experiments, showed the composition of all polycistronic transcripts with the exception of the five tRNA genes, i.e., trnV, trnI, trnS, trnW, trnP. For that reason, their inclusion to a polycistronic transcript was found by Northern blot hybridization analysis, while all other RT based results were further verified with Northern hybridizations (Table 4).


TABLE 5. Amplicons produced with RT-PCR experiments, and their sizes after the PCR amplification in kbs.
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FIGURE 3. The amplicons of mitochondrial primary transcripts as obtained by RT-PCR followed by PCR in the entomopathogenic fungi M. brunneum ARSEF3297 (A) and B. bassiana ATHUM 4946 (B). The actual amplicons obtained. Ladder 1kb (GeneRuler 1 kb DNA Ladder, Thermo Fisher Scientific Inc, Waltham, MA) was used as marker. TU, transcription unit.


DIG-labeled DNA probes from mitochondrial gene fragments of rnl, rps3, nad3, cob, cox1, nad4, and cox3 were used for verifying the pre-mature transcripts (Table 4). In all cases, several bands were hybridized with the probes in both species (Supplementary Figure 2). However, the largest hybridized band corresponded to the expected size of the primary polycistronic transcripts, and the smaller bands may denote maturation products (Supplementary Figure 2), according to the mechanisms proposed for S. cerevisiae, Neurospora crassa, and Schizosaccharomyces pombe (Kennell and Lambowitz, 1989; Kubelik et al., 1990; Dieckmann and Staples, 1994; Schäfer, 2005).



Determining the 5′ End of the Polycistronic Transcript nad1-nad4-atp8-atp6

Since the in silico putative promoters were further verified with the determination of the polycistronic transcripts, the approach of 5′ end RACE-PCR with subsequent sequencing of the obtained amplicon was selected in the case of transcript V (Table 2), as a sampling test to support further and combine both in silico and in vitro findings. This experiment showed that the 5′ end UTR of an mt transcript in B. bassiana is 46 bp upstream the ATG, which encodes the methionine of nad1 and is located immediately after the promoter of the polycistronic pre-mature transcriptional unit (Figure 4).
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FIGURE 4. The 5′UTR region of the polycistronic transcript nad1-nad4-atp8-atp6 (unit V) in the mt genome of B. bassiana ATHUM 4946. (A) Schematic representation of the polycistronic transcript. The arrow indicated the position of the mt promoter. (B) The amplicon obtained after the RACE-PCR experiment. (C) The trnR2—nad1 sequence as retrieved from EU100742.1 whole mt genome of B. bassiana. Sequence regions of the amplicon: the trnR gene, the 5′ end partial nad1 gene, the promoter sequence and the 5′ UTR (as read by the 5′end RACE-PCR) are highlighted in blue, brown, red, and yellow, respectively. The primer nad1R which was used for the 2nd PCR of the RACE, is shown in green line box. The termination sequence of the previous transcript (Unit IV) is highlighted in orange.




The Mitochondrial Transcription RNA Polymerase Rpo41 and Its Transcription Factor MTF1

All the above transcriptional elements and features, i.e., promoters, maturation signals, and primary polycistronic transcripts, are of utmost importance for the harmonious function of the mt RNA polymerase and its transcription factor MTF1. Both proteins are encoded by genes located in the nucleus of the species examined. Mt RNA polymerase (Rpo41) was found in contigs PPTI01000001.1 and AZNG01000005.1 of the genomes of B. bassiana and M. brunneum species (WGS projects: PPTI01 and AZNG01), respectively. Based on these sequences, primers were designed in order to amplify the whole gene in both species (Figure 5). Their sequences were identical to the corresponding gene sequences found in the WGS and thus, it was possible in all cases to identify (a) the mitochondrial target sequence and (b) the conserved functional regions of these proteins (Figure 5A). Especially in the case of Rpo41 of M. brunneum ARSEF 3297, the tertiary structure of the protein was built, and all expected conserved regions (Figure 5C) were identified (Figure 5D). The phylogenetic analysis performed in this work including representative sequences of RNA polymerases from all living organisms, showed that the Rpo41 proteins of the Hypocrealean entomopathogenic species cluster with their mitochondrial homologs from Pezizomycotina, and subsequently with other fungal subphyla and then with their counterparts from Metazoa (Figure 6). Their ancestral homolog seems to be the RNA polymerases found at phages and most specifically T7 or T3 phages, which are also related to the bacterial RNA polymerase subunit b (Figure 6). These enzymes are the ancestors of archaeal RpoB and all eukaryotic nuclear RNA polymerases like RPA2, RPB2, and RPC2 (Figure 6).
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FIGURE 5. The structure of Rpo41 from M. brunneum ARSEF 3297. (A) Multiple sequence alignment of Rpo41 from selected Ascomycetes (Bb, Beauveria bassiana; Cm, Cordyceps militaris; Ma, Metarhizium acridium; Mb, Metarhizium brunneum; Fo, Fusarium oxysporum; Fp, Fusarium pseudograminearum; Nh, Nectria haematococca; Vd, Verticillium dahlia; Nc, Neurospora crassa; Pd, Penicillium digitatum; Pc, Penicillium chrysogenum; An, Aspergilus nidulans; Ac, Ajellomyces capsulatum; Sc, Saccharomyces cerevisiae; Ca, Candida albicans; Sp., Schizosaccharomyces pombe), for determining conserved regions—domains, using ClustalX. (B) The amplified whole gene rpo41 of M. brunneum ARSEEF 3297. (C) Crystallographic structure of RNA polymerase is bacteriophage T7 (PDB_ 1QLN). Green represented alpha-helices, while red beta-sheets. The random coil structures are displayed in cyan. The greater part of the protein structure consists of a-helices. (D) Prediction of the structure of mt-RNA polymerase (Rpo41p) of M. brunneum ARSEF 3297. All structures were constructed using the softwares PSIPRED, HHpred and PyMol. (E) A comparative schematic representation of all RNA polymerases and their transcriptional factors as described for T3/T7 phages, archaea, bacteria, mitochondria, and nucleus of eukaryotes (based on information provided by Werner, 2007, 2012, Werner and Grohmann, 2011).
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FIGURE 6. The phylogenetic tree produced for Rpo41 and all homologs RNA polymerases from representatives of all living domains, using NJ and RaxML methods. Numbers at the nodes denote NJ-bootstrap support. RAxML-bootstrap was in all topologies above 90% and it is not shown.


Since the phylogenetic topologies of Rpo41 with the rest RNA polymerases showed a preferred but still relaxed association with their bacterial counterpart (Figure 6), it became evident that the phylogenetic history of the only other needed protein for a functional Rpo41, i.e., Mtf1, had to be studied. It is known that Mtf1 protein assembles with the mitochondrial polymerase in order the latter to be functional and moreover, Mtf1 is similar to the bacterial homolog of sigma factor (Cliften et al., 2000). However, the obtained phylogeny (Figure 7) indicated that MTF1 showed relationship with Transcription Binding Protein (TFIII subunit B) and only basally to the RpoD of bacteria.
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FIGURE 7. The phylogenetic tree produced for MTF1 and all homologous transcription factors from representatives of all living domains, using NJ and RaxML methods. RAxML-bootstrap support was in all topologies above 95% and it is not shown. Gene clusters of organisms belonging to the same taxonomic division are shown in different colors.


Moreover, since the evolution of both Rpo41 and Mtf1 proteins was under investigation, a concatenated matrix of these proteins and their nuclear and prokaryotic counterparts from representative species was created, resulting to a phylogenetic tree (Figure 8). This tree showed that their positioning was basal along with the T7/T3 phage RNA polymerases.
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FIGURE 8. The phylogenetic tree of the concatenated Rpo41-Mtf1 matrix using NJ and RAxML methods. RAxML-bootstrap support was in all topologies above 95% and it is not shown. Gene clusters of organisms belonging to the same taxonomic division are shown in different colors.


Furthermore, both Rpo41 and Mtf1 of both species examined in this work had all important amino acids which play role to their activity but also conformation conserved, the based on the analysis from ET-viewer (Supplementary Table 4). In addition, the network relationships of each protein examined under the STRING method showed always the greatest hit with its complementary, i.e., Rpo41 vs. Mtf1 and vice versa, irrelevant to the organism from which they were acquired (Supplementary Table 5). Finally, the last method applied, Mirror Tree showed that both trees present almost identical topologies when compared (Supplementary Figure 6). All methods provided strong indications that these two proteins co-evolved.




DISCUSSION

In this study an effort was made to decipher the mitochondrial transcription of the Hypocrealean entomopathogenic species B. bassiana and M. brunneum, and correlate any insights acquired with the evolutionary history of the mt transcription and its key proteins. In yeasts, many different studies have identified the mt promoter sequences, their role in the mt transcription and their distribution within the mt genome (Christianson and Rabinowitz, 1983; Biswas et al., 1985; Schinkel et al., 1986; Biswas, 1999; Schäfer et al., 2005; Kim et al., 2012; Deshpande and Patel, 2014). On the other hand, the knowledge concerning mt promoters for species belonging to Pezizomycotina is scarce, with the sole exception of Neurospora crassa (Burger et al., 1985; de Vries et al., 1985; Kubelik et al., 1990; Kleidon et al., 2003). Recently, a prediction of putative transcription starting sites for the mt genes of M. anisopliae was published (Bantihun and Kebede, 2021). In that study, the analyses were performed in silico, whereas in the present work, an emphasis was given on data based both on an in silico and experimental evidence, which was further combined with experimental data of the mt gene promoters of yeasts and N. crassa, mentioned above. Thus, the common characteristics of mt promoters are (a) their dispersal throughout the genome, (b) their participation in the transcription of polycistronic molecules which are further maturated into single transcripts and (c) their A-T rich content. In this study, both the in silico and the experimental data confirmed the above-mentioned characteristics of the mt promoters. In accordance to their phylogenetically closest species, i.e., N. crassa, the mt promoter sequence analyses of both entomopathogenic fungi of this work, presented differences to the respective sequence of yeasts. However, a few but distinctive differences of the consensus sequence from all Hypocreales were detected compared to the ones of N. crassa, which belongs to the Order Sordariales, especially in the 3′end of the promoter sequence. More specifically there was an underrepresentation of G in the hypocrealean mt putative consensus promoter sequence (Figure 1). It is worth mentioning that in silico prediction of the mt promoters is still difficult to be achieved, for the following reasons: (a) fungal mt genomes are AT-rich (Gray et al., 1999; Kouvelis et al., 2004), (b) gene order is variable among species of different Orders, let alone different subphyla (Kouvelis et al., 2004; Pantou et al., 2008), and (c) mt intergenic regions are variable in size and content, even between species or strains of the same genus or species, respectively (Kortsinoglou et al., 2019; Theelen et al., 2021). However, it is shown in this work, that the present abundance of sequenced mt genomes from a large number of species belonging to the same Order, like Hypocreales in this case, provides a solution for an in silico approach with good prediction results for determining the sequence of the mt promoter sequences. Moreover, the experimental verification of these predictions with the combined use, primarily, of RT-PCR, secondarily, of Northern Hybridization and thirdly, of 5′ end-RACE PCR, as presented in this study, showed that they may be the most suitable approaches for future similar quests. Still, many difficulties which may burden the results, have been found in this work as well as in previous studies (Burger et al., 1985; de Vries et al., 1985; Bittner-Eddy et al., 1994; Schäfer et al., 2005). In detail, mt polycistronic molecules are under the mechanism of maturation to single transcripts (Bittner-Eddy et al., 1994; Schäfer et al., 2005) and as described earlier, Northern hybridization experiments failed to provide large in size signals, as transcripts are most probably processed before transcription termination (Burger et al., 1985; de Vries et al., 1985). However, Kleidon et al. (2003) have shown that long transcripts may be retained for considerable time periods which allow their detection. RT-PCR and Northern results of this study further verify their conclusion and moreover, may provide indications about the maturation patterns of the polycistronic transcripts (Supplementary Figure 2). It was also shown that mt promoters of Hypocrealean fungal species with their AT-rich composition resemble the prokaryotic −10 element and the eukaryotic (nuclear) TATA box in similar evolutionary studies found in other fungi like N. crassa (Kleidon et al., 2003). The position of the mt promoters and the transcriptional start sites as found in this work present a resemblance to the respective elements of bacteriophage genes (Jang and Jaehning, 1991). The results of promoter sequence and the polycistronic transcripts verified the expected similarity of the mt transcription mechanism with the respective bacterial one. Therefore, these results coincide with the endosymbiotic origin of the mitochondria and their genomes (review Martin et al., 2015 and references therein).

A paradox which remains still unanswered is the origin and evolution of the mtRNA polymerase Rpo41. It is well established that the respective nuclear DNA-dependent RNA polymerases are of archaeal origin (see review Kwapisz et al. (2008) and references therein). According to the most widely accepted endosymbiotic theory of an alpha-proteobacterium as the ancestor of the mitochondrion which became a symbiont to an archaeal progenitor (reviews: Gray et al., 1999; Martin et al., 2015 and references therein), mtRNAP seems to be a descendant of a T7 phage progenitor and not of the bacterial counterpart (see review Shutt and Gray (2006) and references therein). Recently, it was shown that the C-terminal domain of Rpo41 presents homology to the catalytic domain of T7 RNAP and partially to the N-terminal domain, but it also contains a 300 amino acid region which has no similarity to the phage enzyme (Yang et al., 2015). Moreover, Rpo41 has few elements in common with the expected bacterial counterpart (Cermakian et al., 1997; Cliften et al., 2000), which are multi-subunit RNA Polymerase (msuRNAPs), closely related to their archaeal and eukaryotic homologs (Cliften et al., 2000). The structural analysis of this enzyme from the Hypocrealean entomopathogenic species of this work (Figure 5 and Supplementary Table 4) and the phylogenetic tree of these enzymes (Figure 6) showed that mt RNA polymerases of all fungi have conserved domains with both phage and bacterial elements. However, the Rpo41 may initiate non-specific transcription, since it has retained all promoter recognition elements found in the T7 RNAp, but in order to produce the correct polycistronic transcripts, the Mtf1 protein is needed (Yang et al., 2015). Mtf1 has all the necessary and critical amino acids found in eubacterial sigma factors, but otherwise limited homology as whole proteins (Cermakian et al., 1997). Therefore, in this study, an effort was made to concatenate both proteins in one matrix (Figure 8), including sequences from representative RNAPs from all domains of life, i.e., phages, archaea, bacteria, eukaryotes (with sequences of both nuclear and mitochondrial origin), in order to define their phylogenetic signal, as it is well established that single genie phylogenies do not always represent the phylogenetic relationships or the evolution of whole organisms or cluster of genes involved in one process (e.g., Pantou et al., 2008; Korovesi et al., 2018). However, single protein phylogenies of this work were in agreement to the previously mentioned studies. Although the tree of the concatenated dataset must be treated cautiously, due to the lack of congruency support, it showed that the fungal holoenzyme of mtRpo41-MTF1 remains basal to the tree and close to the single unit T7/T3 RNA polymerase which does not need any factor for the transcription of its genome (Figure 8). Moreover, based on the review of de Juan et al. (2013), three different methodologies, i.e., the evolutionary trace (SDP method), STRING (method of phylogenetic profiles), and the mirror tree (an inter-protein co-evolution method), were employed and verified that these proteins remained conserved and co-evolved through evolution, despite their differential origin.

A possible mechanism for the acquisition and usage of the Rpo41, the homolog ssuRNAP of T3/T7 phage, instead of the original multi-subunit bacteria-like RNA polymerase, is the inheritance of a bacteriophage T3/T7-like RNA polymerase at the proto-mitochondrial ancestor in a later (secondarily) stage (Burger and Lang, 2003). While this hypothesis cannot be ruled out, in this work phylogenetic analyses, as well as the comparative enzyme structure analyses of these critical to mt transcription proteins, i.e., Rpo41 and MTF1, showed the following: (a) the phylogenetic positioning of the main transcriptional factor MTF1 confirmed the above results as it was shown that MTF1, due to its sequence alignment, remains sister clade to the transcription factors of bacteria which recognize −10 sequences and the eukaryotic factors which need TATA boxes in order to proceed to transcription of the genes (Figure 7), (b) the resemblance of mtRPO41 with the T7/T3 respective enzyme, based on this analyses of an immense number of sequences compared to the original studies was verified (Figures 5, 6 and Supplementary Tables 4, 5), and (c) the presence of both enzymes in all genomes analyzed, a most probable result of vertical inheritance from the early evolution of the eukaryote. Thus, we may support that during the endosymbiotic incident that led to the genesis of the mitochondrion, the progenitor of the mitochondria might have been an ancestral bacterium which was infected with a phage-like progenitor. This hypothesis has been also considered as the most plausible scenario for explaining the role of this phage-like polymerase in mitochondria (Filée and Forterre, 2005), and may be considered as a variation of the “Viral Eukaryogenesis” (VE) hypothesis, proposed by Bell (2001, 2006) and Forterre (2006). However, VE hypothesis proposes that the first eukaryotic cell was a “simultaneous” consortium of three organisms i.e., an archaeon, an a-proteobacterium and a viral ancestor of the nucleus (Bell, 2009). Additionally, in its current version, the unique features of the nucleus, like the uncoupling of transcription from translation, are of viral origin (Bell, 2020). Even when the objections (Koonin and Yutin, 2018; Krupovic et al., 2019; Slijepcevic, 2021) for the acceptance of this hypothesis are considered, our hypothesis of a mitochondrion originating from an a-proteobacterial ancestor infected by a phage-like progenitor cannot be overruled and seems an alternative new variation of the prophage infected alpha-proteobacerium which acted as the mitochondrial progenitor (Filée and Forterre, 2005). Additionally, the results of this work based on the parallel genetic analyses of the genomes’ transcriptional elements and the phylogenetic analyses of transcription’s key enzymes (as presented above) are in accordance to results of previous studies (Masters et al., 1987; Tracy and Stern, 1995; Cliften et al., 2000), thus supporting further the hypothesis proposed by Filée and Forterre (2005). This work further improves this latter hypothesis by pinpointing the co-operation of phage (RNA polymerase) and a bacterial (sigma-like Mtf1) originated components for the correct transcription of mt genes. The alternative possible hypothesis that the acquisition of an ancestral polymerase related to phages is a result of Horizontal Gene Transfer is weak based on the data of this work, since there are indications mentioned above which show that the mt polymerase and transcription factor were included in the mt gene transcription from the beginning and coevolved from the early start of the mitochondrion’s formation.



CONCLUSION

In conclusion, the mt transcription of the fungal entomopathogenic species B. bassiana and M. brunneum was analyzed in this study, concerning the promoters involved, the polycistronic transcripts which are transcribed and their possible maturation, the structure and phylogeny of the key enzymes of this transcription, i.e., Rpo41 and MTF1. It was shown that there is a certain diversity of the promoter sites and of the content of the polycistronic transcripts among the different species, especially between yeasts and Pezizomycotina. However, a consensus is obvious to the key enzymes and the mechanism of transcription. If the phylogenetic analyses are expanded to all RNA polymerases and their transcriptional factors from representatives from all domains of life, then this comparative analysis provides insights to the evolution of the mitochondrion and the mechanism of transcription of its genome. In detail, it suggests that the mechanism of fungal mt transcription is similar to the bacterial respective process with the inclusion of a single transcription factor. The RNA polymerase is of phage origin and, as suggested previously by other studies, might have been acquired in a very early stage of the mitochondrion’s formation. That is, the bacterial endosymbiont was infected with a phage and for reasons which need further examination, this polymerase of the phage ancestor remained in the mitochondrion progenitor as the functional one. This polymerase, however, coevolved further with the existing primitive sigma factor which evolved to the MTF1 factor.
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Supplementary Figure 1 | The map of the mitochondrial genome of Metarhizium brunneum ARSEF 3297. Arrows indicate the direction of gene transcription. The inner circles show the GC content. All genes identified are indicated in italics.

Supplementary Figure 2 | Northern blots of mitochondrial transcriptome and gene synteny of mt genome for B. bassiana. RNA gel−blot hybridizations with comprehensive sets of labeled oligonucleotides covering the sense DNA strand in B. bassiana ATHUM 4946: (I) rnl, (II) nad3, (III) cob, (IV) cox1, (V) nad4, (VI) cox3. Inferred processing pathway for transcripts of the polycistronic transcription units in mitochondria from B. bassiana. The above pathways result from an analysis of the transcripts that behave as cohorts (six polycistronic transcription units) and are detected by related hybridization probes, in RNA samples from spores at different stages of germination. The triangle symbol denotes a nuclease processing step that occurs for the gene-specific post-transcriptional mechanism in the expression of protein-coding genes in Hypocrealean mitochondria. Transcripts, exons and introns are not drawn to scale. The direction of transcription is from left to right.

Supplementary Figure 3 | The phylogenetic tree produced for Rpo41 and all homologs RNA polymerases from representatives of all living domains, using NJ and RaxML methods. Numbers at the nodes denote NJ-bootstrap support. RAxML-bootstrap was in all topologies above 90% and it is not shown. OTUs are presented as acronyms whose full details are provided in Supplementary Table 3.

Supplementary Figure 4 | The phylogenetic tree produced for MTF1 and all homologous transcription factors from representatives of all living domains, using NJ and RaxML methods. RAxML-bootstrap support was in all topologies above 95% and it is not shown. Gene clusters of organisms belonging to the same taxonomic division are shown in different colors. OTUs are presented as acronyms whose full details are provided in Supplementary Table 3.

Supplementary Figure 5 | The phylogenetic tree of the concatenated Rpo41-Mtf1 matrix using NJ and RAxML methods. RAxML-bootstrap support was in all topologies above 95% and it is not shown. Gene clusters of organisms belonging to the same taxonomic division are shown in different colors. OTUs are presented as acronyms whose full details are provided in Supplementary Table 3.

Supplementary Figure 6 | The comparison of the two single phylogenetic trees of Rpo41 and Mtf1 as produced by MirrorTree and showed by Phylo.io. The species included are shown in numbers (according to the enumeration of species in PBD databank) as follows: Ashbya gossypii 284811, Candida glabrata 284593, Kluyveromyces lactis 284590, Komagataella phaffii 644223, Lachancea thermotolerans 559295, Meyerozyma guillermondii 294746, S. cerevisiae 285006, 307796, 559292, 574961, 643680, and Zygosaccharomyces rouxii 559307.

Supplementary Table 1 | The annotated complete mt-genome of M. brunneum ARSEF 3297.

Supplementary Table 2 | Annotation attributes of the complete mt genomes of M. brunneum strains ARSEF 3297 and ARSEF 4556. Cells highlighted in yellow indicate intronic ORFs. Genes encoding rRNAs, and subunits of ATP synthase, Apocytochrome b, Cytochrome oxidase c and NADH dehydrogenase are shown as highlighted cells in blue, orange, light gray, purple and light green, respectively.

Supplementary Table 3 | The representative species from all domains of life for which the RNA polymerases and their Transcription factors were used in the phylogenetic analyses. Their taxonomic status of these species, the GenBank Accession Numbers of their sequences are provided.

Supplementary Table 4 | Conserved important residues of Rpo41 and Mtf1 proteins as presented by ET1052viewer and the analyses of De Wijngaert et al., 2021.

Supplementary Table 5 | Predicted Complex Interaction of Rpo41 and MTF1 as found by STRING method.
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Species Isolate Repeat Copy Location of the Total

code motif* number of repetition repeats***
the
repeat**
Monilinia 2B1-A5 AT 17 Intron of cob gene 60
laxa MM-B2-A2 AT 17 Intronof cob gene 60
T-B1-A4-2 AT 17 Intron of cob gene 60
Yildirim-1 AT 17 Intron of cob gene 60
Yildirim-2-10th AT 17 Intron of cob gene 60
Ni-B3-A2 AT 17 Intron of cob gene 60
MM-B4-A4 AT 17 Intron of cob gene 59
MT-B1-A3-1 AT 17 Intron of cob gene 59
Monilinia B5-A4 TAC 29 Intergenic region 37
fructicola TC 18
BG-B1-A17 TAC 29 Intergenic region 36
TC 18
SC-B2-A4 TAC 29 Intergenic region 36
TC 18
T-B1-A5 TAC 29 Intergenic region 36
TC 18
Ti-B3-A2 TAC 29 Intergenic region 36
TC 18
BG-B2-A4 TAC 29 Intergenic region 36
TC 18
Yolkenari-1 TAC 29 Intergenic region 34
TC 18
Ti-B3-A3-2 TAC 29 Intergenic region 33
TC 18

*The repeat motif having the highest copy number among the all repeats found in
the mitogenome is shown.

**Copy number of the whole repeat units is given.

**All repeat units found in the mitogenome.
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Isolate Code Species City/Country  Host species Orchard
number
B5-A4 M. fructicola Ganakkale/Turkey Peach 5
T-B1-A5 M. fructicola lzmir/Turkey Peach 10
Ti-B3-A2 M. fructicola lzmir/Turkey Peach 3
Ti-B3-A3-2 M. fructicola lzmir/Turkey Peach 3
Yolkenari-1 M. fructicola lzmir/Turkey Peach Greengrocers
SC-B2-A4 M. fructicola ~ Samsun/Turkey Peach 2
BG-B1-A4 M. fructicola Bursa/Turkey Peach 1
BG-B1-A17 M. fructicola Bursa/Turkey Peach 1
2B1-A5 M. laxa Canakkale/Turkey Peach 1
T-B1-A4-2 M. laxa lzmir/Turkey Peach 1
Ni-B3-A2 M. laxa Nigde/Turkey Peach 3
MM-B2-A2 M. laxa Mersin/Turkey Peach 2
MM-B4-A4 M. laxa Mersin/Turkey Peach 4
MT-B1-A3-1 M. laxa Mersin/Turkey Peach 1
Yildirim-1 M. laxa Bursa/Turkey Peach 1
Yildirim-2-10th M. laxa Bursa/Turkey Peach -
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Sample ID

MM-B2-A2
2B1-A5
MT-B1-A3-1
Yildirim-1
Ni-B3-A2
MM-B4-A4
T-B1-A4-2
Ti-B3-A2
B5-A4
BG-B1-A4
T-B1-A5
Yolkenari-1
Ti-B3-A3-2
Yildirim-2-10th
BG-B1-A17
SC-B2-A4

*N50: length is at least half (50%) of the total base content of the assembly.

Contigs
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4

Largest contig

179780
178431
178421
178358
178357
178353
178351
167471
159656
159648
158607
69540
66346
64887
64885
64884

Total length

179780
178431
178421
178358
178357
1783563
178351
167471
159656
159648
168607
149868
146595
142596
142593
142592

*L.50: is the number of contigs equal to or longer than the N50 length.

N50*

179780
178431
178421
178358
178357
1783563
178351
167471
159656
1569648
168607
59243
59242
56701
56701
56701

N75
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178353
178361
167471
159656
159648
168607
59243
59242
56701
56701
56701

L50**

(RO I T G T G S G WO G "

L75

N RO N NN & 4 4 4 4 4 4 44

GC%

30.09
30.04
30.05
30.06
30.06
30.05
30.05
31.11
30.95
30.94
30.95
31.19
31.21
31.05
31.05
31.05

AT%

69.91
69.96
69.95
69.94
69.94
69.95
69.95
68.89
69.05
69.06
69.05
68.81
68.79
68.95
68.95
68.95

Species

M. laxa
M. laxa
M. laxa
M. laxa
M. laxa
M. laxa
M. laxa
M. fructicola
M. fructicola
M. fructicola
M. fructicola
M. fructicola
M. fructicola
M. laxa
M. fructicola
M. fructicola
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Oligo name Oligo sequence (5'-3)

Oligo d(T)-anchor primer  5'-GACCACGCGTATCGATGTCGAC
TTTTTTTTTTTT T V-3

PCR anchor primer 5-GACCACGCGTATCGATGTCGAC-3'

NAD1.pr.ex.R 5'-CCATAATAACCTACAGCATTAGGCCCTAATCTTC-3
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A/A Gene composition of the polycistronic transcripts Size (Kb)

Bb* Mb*
| rnl (rps3) ~5 ~4.7
Il trnT-trnE-trM1-trmM2-trnlL1-trA-trF-trK-trnL2-trnQ-trnH-trnM3-nad2-nad3-atp9 ~4.5 ~3.5
Ml cox2-trmR1-nad4l.-nad5-cob- tmC ~6 ~5
\% cox1- tmR2 ~4.5 ~2
Vv nadi-nad4-atp8-atp6 ~6 ~4
VI ms-trmY-trD-trnS-trnN-cox3-trnG-nad6-tr\V/(trnL)-trnl-trnS2-tr\W-trnP ~5 kb ~5.5

The mt genes or parts of the genes of M. brunneum which have been used as probes in the Northern hybridization experiments in bold. *Mb, M. brunneum ARSEF3297,

Bb, B. bassiana ATHUM4946.
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First-Strand cDNA

Reverse transcription

Gene or region amplified

Bb amplicon size

Mb amplicon size

Synthesis (Reverse PCR (Primer Pair) after 2nd PCR/length (kb) (kb) (kb)
primer)
cox1URb cox1UFb-cox1URb cox1 1 1
cobUF-cox1URb cob-cox1 ND ND
cobUR cobUF-cobUR cob 0.45 0.45
nad4LF-nad5PoR nad4l-nad5 0.4 0.4
nad5PF-cobUR nad5-cob NT 2.1
nad5PF-nad5PR nad5 0.5 0.5
cox2UR nad3F-cox2UR nad3-cox2 ND ND
atp9F-cox2UR atp9-cox2 ND ND
nad4LRN atp9F-nad4LRN atp9-nadaL ND ND
cox2UF-nad4LRN cox2-nad4l 1.1 1.1
nad2PR TM2F-TM2R trnT-trnM2 1.2 NT
TM2F-AQR trnT-trnQ 1.7 NT
AQF-AQR trnA-trnQ 0.5 0.5
AQF-nad2PR trnA-nad2 186 NT
rnloF-nad2PR rnl-nad2 ND ND
atp9R atp9F-atp9R atp9 02 0.2
nad2PF-nad2PR nad2 NT 0.4
nad3A-nad3B nad3 NT 0.3
nad3A-atp9R nad3-atp9 0.75 NT
rnloR cox3UF-rnloR cox3-ml ND ND
nad6PF-rnloR nad6-rnl ND ND
nad6PR rnsUF-rmsUR ms 0.6 0.6
cox3UF-cox3UR cox3 0.45 0.45
nad6PF-nad6pR nad6 0.4 0.4
rnsUR nad4PF-rnsUR nad4-rns ND ND
atp8UF-msUR atp8-rns ND ND
atp6UR atp8UF-atp6UR atp8-atp6 0.9 0.85
atp6UF-atp6UR atp6 0.256 0.28
nad1UF-nad4PR nadi-nad4 2.4 2.2
nad1UF-nad1UR nadi 0.55 0.55
nad4PF-nad4PR nad4 0.7 0.7
nad4PF-atp6UR nad4-atp6 NT 2
atp8UR cox1UF-nad1UR cox1-nadi ND ND
nadib cox1UFb-nad1b cox1-nadi ND ND

Bb and Mb denote B. bassiana and M. brunneum, respectively. ND, not determined; NT, non-tested.
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Primer name

nad1UF
nad1UR
nadib
cox1UF
cox1UR
cox2UF
cox2UR
cox3UF
cox3UR
cobUF
cobUR
rnsUF
rnsUR
atp6UF
atp6UR
atp8UF
nad2PF
nad2PR
nad4PF
nad4PR
nad4LF
nad5PoR
nad5PF
nad5PR
nad6PF
nad6PR
rps3F
rps3R
trnAF
trnQR
trnTF
trnM2R
atp8UR
atp9F
atp9R
rnloF
rnloR
nad4LFN
nad4LRN
rniF
miR
nad3F
nad3R
Rpo41F
Rpo41R

Primer sequence (5'3')

5-TATGCAAAGAAGAATAGGTCCAAAT-3
5'-TAACCACCTAAGAATAAAATAGTAG-
5'-GCATGTTCTGTCATAAASCCACTAAC-3'
5-CAATTATACAATGTTATAGTTACTGCTCAT-3'
5'-CCAAAACCAGGTATAATTACAATATA-3'

5 -GCTTTCCCTTCATTTAATTTATTGTATTTA-3
5-AAGCAGATGCTTGATTTAATCTACCAG-3
5'-CATATAGTATCACCATCACCTTGACC-3
5'-ACATGTAATCCATGGAAACCTG-3
5-GTTATTACTAATTTATTAAGTGCGTTCC-3'
5'-GCATAGAAAGGTAGTAAGTATCATTC-3
5'-GCCAGCAGTCGCGGTAATAC-3
5-TATAAAGGCCATGATGTCTTGTCTT-3
5'-CATGGATTAGAATTCTTCTCATTA-3
5'-ATATTAGCAGCTAAACTAAAACCTA-3'
5-ATGCCACAATTAGTACCATTTTA-3'
5'-TATTATTAATATCTAGTAGTGATTTAGTATC-3'
5'-ACAAAAGTTGTAACAATTGTAGGTAT-3'
5-GATGGTATATCTATATATTCTGTATTATTGAC-3'
5'-CCTTCTATACCTTGTATTGTATTACTAAA-3'
5'-GAGGAAGTATAGCAATAGAGTATAAATAA-3'
5'-CATCATAAAAGTAAATAAAACTAAATA-3'
5'-TATTTAAGTTTATTTACTTTTATGATG-3'
5'-ACTAAATACTGTAGTTATAGCACCTAATC-3
5-GTATATATAGGAGCTGTATCAATCTTA-3'
5'-CACCTACCATAGCTAATAATAGAAT-3
5'-AAAAATATTCCAAGCCATCAT-3'
5-TTAGTGCCTTCAAAAACATTAT-
5-AGGTTCGATTCCTAGTTTCTCC-3
5'-GTGATTCGAACACCCACTATTG-3
5'-GGCGCGATACCTCCATT-3'
5-TGACTTGAACACTTATTATTACTG-3'
5'-TTATATAT TATTAATAAACATACGTGATAAG-3'
5'-ATGTTACAATCTTCAAAAATAATAGG-3'
5-TTAAGCAACAT TTAATAATAATAATG-3
5'-CTAAGTTGGTTAAGGATAAGTG-3'
5'-CATTTCTTTTCCTGAAGTTAC-3
5-GAATTTTAGGATTCGTATTTAATAG-3'
5'-TTATTTATATTCTATTGAGATACTTCC-3'
5'-CAAAAGATATCAAAAGAGATTC-3'

5’- CACTTATCCTTAACCAACTTAG-3'

5'- ATTTGAATGTGGTTTTCAT-3

5'- AATGCASTTTTACCTAATTCA-3
5'-GCAAGATGCTCAGTCGACAAACAAGGAG-3
5'-GCTCAATAAAATACACCAAATGCCAACTC-3'

Length (bp)

25
25
26
30
26
30
27
26
22
29
26
20
25
24
25
23
31
26
32
29
29
27
27
29
27
25
21
22
22
22
17
24
31
26
26
22
21
25
27
22
22
19
21
28
29

Tm (°C)

52.6
44.2
53.1
51.0
48.7
55
55.7
52.8
50.6
50.2
47.5
54.8
53.2
47.2
46.3
48.2
441
48
48.9
48.8
48.3
44.5
44.5
48.1
45.6
45.9
47.7
46.1
50.4
51.5
50
43
471
48
45.5
43
431
46
45
42.6
43
41.3
44.3
64.5
60.9

GC (%)

32
28
423
26.7
26.9
233
37
423
40.9
27.6
346
60
36
29.2
28
30.4
19.4
26.9
25
27.6
27.6
14.8
445
31
29.6
32
28
27
44
45
58
34
26
23
25
36
33
26
28
27.8
36.4
26.3
28.6
483
36.7

PCR product (bp)

560

600

350

460

400

600

200

800
400

737

400

500

337

400

400

1,200

200
200

800

250

600

250

4,300
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0.00044
0.00018

32(18)

3.12E-05

0.00044

3.16E-05
0.00107
3.06E-05
291E-05
2.93E-05

o(18)

0.00015
3.05E-05
1.79€-04
3.15E-05

0.00013
0.00013
291E-05
2.93E-05

18(9)

3.08E-05
0.00029
0.00107
0.00013

3.01E-05
2.86E-05
2.88E-05

Ho9

2.97E-05
2.93E-05
3.06E-05
0.00013
3.01E-05

2.83E-05
2.85E-05

Ho18

2.88E-05
281E-05
2.78E-05
291E-05
291E-05
2.86E-05
2.83E-05

2.70E-05

Ho32

2.91E-05
9.70E-05
2.80E-05
2.93E-05
2.93E-05
2.88E-05
2.85E-05
2.70E-05

2-tails Mann-Whitney tests were performed with data of the assay with the highest median for each isolate; risk a for type | error was adjusted for multiple testing (n = 36; initial value =
0.05). For the combinations shaded in blue, the hypothesis of an identical data distribution could not be rejected.
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Geographic Latitude Longitude sample ST(no. of

popu!ation (°N) (°wW) size isolates in

(province)/

collecting (city) each ST)

Russia (1) 55.45 87.37 27 (1) 13(2) 14(2)
16(22)

France (2) 45.28 4.2 15 6(1) 4(4) 16(10)

Portugal (3, 4) 38.3 28 65 14(8) 16(45) 17(3)

37(1) 38(8)

Hungary (5) 47.26 19.156 12 2(1) 8(1) 16(1 O)

Southern France (6) 4118 2.06 10 1(1) ( 8(1)

Finland (8, 9) 60.13 245 15 10( 11(N) 1 ( )

15(1) 16(10)

Changning (CN) 24.67 102.14 3 4(1) 45(2)

Dali (DL) 25.69 100.19 9 5(8) 45(1)

Fengaing (FQ) 24.58 99.91 5 45(5)

Jiangcheng (JC) 22.58 101.88 12 9(1) 19(1) 27(1) 31(2)
41(1) 45(6)

Jianchuan (JChuan) ~ 25.82 100.55 16 25(1) 28(1) 30(1) 31(5)
32(1) 40(1) 45(6)

Jinning (UN) 23.88 102.58 9 23(1) 25(1) 31(3)
35(2) 45(2)

Kunming (KM) 25.04 102.73 5 22(1) 28(1) 33(1)
34(1) 36(1)

Lancang (LAN) 23.38 100.55 | 5(1)

Lijiang (LJ) 26.88 100.25 8 7(1) 35(3) 39(1) 45(3)

Lincang (LC) 25.21 100.09 9 40(3) 45(6)

Lufeng (LF) 28,18 101.26 i 5(1)

Menghai (MH) 21.96 100.45 20 5(3) 31(1) 40(5) 45(11)

Nanhua (NH) 2565 101.26 8 23(1) 31(1) 35(5) 47(1)

Nanijian (NJ) 25.04 100.51 1 31(1)

Puer (PE) 23.33 100.50 1 29(1)

Shangyun (SY) 22.35 99.98 5 5(5)

Shizong (SZ) 24.83 1038.98 21 26(1) 27(6) 28(7) 31(2)
32(1) 35(3) 45(1)

Shuangjiang (SJ) 23.45 99.85 7 5(3) 44(1) 45(3)

Xundian (XD) 24.67 108.25 19 18(2) 21(1) 31(1)
40(1) 45(13) 46(1)

Xiangyun (XY) 25.47 100.56 12 26(1) 31(2) 35(7)
45(1) 46(1)

Yimen (YM) 24.57 101.00 23 18(3) 20(1) 40(2)
43(1) 45(14) 46(1)

Yunxian (YX) 24.44 100.12 2 4(1) 24(1)

Yongping (YP) 24.67 102.14 2 5(2)

Zhongdian (ZD, A) 27.78 100.97 20 7(15) 22(1) 24(1) 35(3)

Total 363
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Species groups Sample Phylogenetic rBarD (p value)

size compatibility (p
value)

All samples 327 0.7826 ( < 0.001)  0.1827 ( < 0.001)
Cantharellus sp. 3 9 1(0.035) 1(0.035)

C. tuberculosporus'’ 158 0.9710( < 0.001)  0.3004 ( < 0.001)
Cantharellus sp. 7 5 1(1) n/ad
Cantharellus sp. 9 14 0.8986 ( < 0.001) 0.3488 ( < 0.001)
C. cibarius® 132 1(1) 0.3726 ( < 0.001)

1. Known species from Yunnan; 2. Known species from Europe; 3. Not analyzed
due to small sample size.
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Accession
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Host®

aThe 15 genes include cytochrome c oxidase subunits (cox1, cox2, and cox3), apocytochrome b (cob), ATP synthase subunits (atp6, atp8, and atp9), subunits of NADH
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Wibberg et al., 2013

dehydrogenase (nad1, nad2, nad3, nad4, nad4L, nads, and nad6), and one ribosomal protein (rps3).
bl AGLIDADG homing endonucleases and GIY-YIG endonucleases.
©The host information was inferred from study by Yang and Li (2012).
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AG1-IA RSIAl rps3 ISTPFYAITP RTVIISLCFY FTEQNLKSYY GLTVSHHSAS NLSTLADTER PHALARLDDP DYSPILGAIP TEKINLKPMN TTTTVKNHHS
AGL1-IA XN rps3 ISTPFYAITP RTVIISLCFY FTEQNLKSYY GLTVSHHSAS NLSTLADTER PHALARLDDP DYSPILGAIP TEKINLKPMN TTTTVKNHHS
AG1l-IB RSIB1 rps3 ISTPFYAITP RTVIISLCFY FTEQNLKSYY GLTVPHHSAS NLSTLADTER PHALARLDDP DYSPILGAIP TEKSRFKP-A QSTTVKNHHS
AG1-IB 7/3/14 rps3 ISTPFYAITP RTVIISLCFY FTEQNLKSYY GLTVPHHSAS NLSTLADTER PHALARLDDP DYSPILGAIP TEKSRFKP-A QSTTVKNHHS
AG3 rps3 ISTPFYAITP RTVIISLCFY FTEQNLKSYY ALTVPHHSAS NLSTLADTKG PHGLARLEDP DYSPILGAIP TEKSRFKP-N LTTTVKNHHS
AGl-IC rps3 ISTPFYAITP RTVIISLCFY FTEQNLKSYY ALTVPHHSAS NLSTLADTKG PHGLARLEDP DYSPILGAIP TEKSRFKP-N LTTTVKNHHS
Rhizoctonia LY rps3 ISTPFYAITP RTVIISLCFY FTEQNLKSYY APTMPRHSTA NLTTLADTER PHSLARLEDP DYSPILGAIR TEKSRFKP-N LMTTVNNHHT
Rhizoctonia SM rps3 ISTPFYAITP RTVIISLCFY FTEQNLKSYY APTMPRHSTA NLSTLADTEN QIRLQRLEDP DYSPILGAIP TEKSRFKP-N LMTTVNNHHI
Rhizoctonia JN rps3 ISTPFYAITP RTVIISLCFY FTEQNLKSYY APTMPRHSTA NLTTLADTER PHSLARLEDP DYSPILGAIR TEKSRFKP-N LMTTVNNHHT
Rhizoctonia YR rps3 ISTPFYAITP RTVIISLCFY FTEQNLKSYY APTMPRHSTA NLTTLADTER PHSLARLEDP DYSPILGAIR TEKSRFKP-N LMTTVNNHHT
AGLl-IA RSIAl rps3 TSLFNLGTDK FLFNSIRTQK LLVVLSKLFG KNVKLQLVRL YNPFKDSKIL AQLIGLNGKD YKFYKIEDML FSRAVINKKL NRNSNLIEFT
AG1-IA XN rps3 TSLFNLGTDK FLFNSIRTQK LLVVLSKLFG KNVKLQLVRL YNPFKDSKIL AQLIGLNGKD YKFYKIEDML FSRAVINKKL NRNSNLIEFT
AG1-IB RSIB1l rps3 TSLENLGTDK FLENSIRTQK LLVVLSKLFG KNVKLQLVRL YNPFKDSKIL AQLIGLNGKD YKFYKIEDML FSRAVINKKL NRNNNLIDFT
AGl-IB 7/3/14 rps3 TSLEFNLGTDK FLEFNSIRTQK LLVVLSKLFG KNVKLQLVRL YNPFKDSKIL AQLIGLNGKD YKFYKIEDML FSRAVINKKL NRNNNLIDFT
AG3 rps3 TSLFNLGTDK FLEFNSIRTQK LLVVLSKLFG KNVKLQLVRL YNPFKDSKIL AQLIGLNGKD YKFYKIEDML FSRAVINKKL NRNSNLIEFT
AGl-IC rps3 TSLENLGTDK FLEFNSIRTQK LLVVLSKLFG KNVKLQLVRL YNPFKDSKIL AQLIGLNGKD YKFYKIEDML FSRAVINKKL NRNSNLIEFT
Rhizoctonia LY rps3 TSLFNLGTDK FLEFNSIRTQK LLVVLSKLFG KNVKLQLVRL YNPFKDSKIL AQLIGLNGKD YKFYKIEDML FSRAVINRNL NRNSNPIEFT
Rhizoctonia SM rps3 TSLFENLGTDK FLENSIRTQK LLVVLSKLFG KNVKLQLVRL YNPFKDSKIL AQLIGLNGKD YKFYKIEDML FSRAVINKKL NRNSNLIEFT
Rhizoctonia JN rps3 TSLFNLGTDK FLENSIRTQK LLVVLSKLFG KNVKLQLVRL YNPFKDSKIL AQLIGLNGKD YKFYKIEDML FSRAVINRNL NRNSNPIEFT
Rhizoctonia YR rps3 TSLFNLGTDK FLENSIRTQK LLVVLSKLFG KNVKLQLVRL YNPFKDSKIL AQLIGLNGKD YKFYKIEDML FSRAVINRNL NRNSNPIEFT
AG1-IA RSIAl rps3 QMATILNGIK IRLAGRLTTQ NIVPKNTVTF VERGGFAKGY NNLNDCSTFT TKNKLGTYSV KVWLSHKVTN
AG1-IA XN rps3 QMATILNGIK IRLAGRLTTQ NIVPKNTVTF VERGGFAKGY NNLNDCSTFT TKNKLGTYSV KVWLSHKVTN
AGLl-IB RSIB1 rps3 QMATILNGIK IRLAGRLTTQ NIVPKNTVAF VERGGFAKGY NNLNDCSTFT TKNKLGTYSV KVWLSHKVTN
AG1-IB 7/3/14 rps3 QMATILNGIK IRLAGRLTTQ NIVPKNTVAF VERGGFAKGY NNLNDCSTFT TKNKLGTYSV KVWLSHKVTN
AG3 rps3 QMASILNGIK IRLAGRLITQ NIVPKNTVTEF VERGGFAKGY NNLNDCSTFT TKNKLGTYSV KVWLSHKVTN
AGL-IC rps3 QMASILNGIK IRLAGRLITQ NIVPKNTVTEF VERGGFAKGY NNLNDCSTFT TKNKLGTYSV KVWLSHKVTN
Rhizoctonia LY rps3 QOMATILNGIK IRLAGRLITQ NIVPKNTVTF VERGGFAKGH NNLSDCSTFT TKNKLGTYSV KVWLSHKVAN
Rhizoctonia SM rps3 OMATILNGIK IRLAGRLITQ NIVPKNTVTF VERGGFAKGH NNLSDCSTFT AKNKLGTYSV KVWLSHKVTN
Rhizoctonia JN rps3 QOMATILNGIK IRLAGRLITQ NIVPKNTVTF VERGGFAKGH NNLSDCSTFT TKNKLGTYSV KVWLSHKVAN
Rhizoctonia YR rps3 QOMATILNGIK IRLAGRLITQ NIVPKNTVTEF VERGGFAKGH NNLSDCSTFT TKNKLGTYSV KVWLSHKVAN
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