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Editorial on the Research Topic
 The significance of mitogenomics in mycology, volume II




Mitochondria are essential organelles in most eukaryotic organisms, including obligate aerobic fungi. The mitochondria house essential metabolic pathways and components required for oxidative phosphorylation. Their genomes or “mitogenomes” have limited coding capacity and most genes required for the biogenesis, maintenance, and metabolic activity of mitochondria are encoded within the nuclear genome (Calderone et al., 2015; Zardoya, 2020). Fungal mitogenomes are present in multiple copies and are represented as circular molecules although they may exist as linear concatemers (Valach et al., 2011; Chen and Clark-Walker, 2018) that are compacted into mitochondrial nucleoids (Miyakawa, 2017). In fungi, mitogenomes range from 12.055 to >500 kb (James et al., 2013; Liu et al., 2020); size variation can be due to gene content differences, intron mobility, size variation in intergenic spacers, and in some instances the proliferation of repeats (Liu et al., 2020).

Fungal mitogenomes encode for components needed for translation (small and large ribosomal subunit RNAs, a set of tRNAs) and protein components involved in the oxidative phosphorylation pathway. This includes protein components of Complex I (subunits of NADH dehydrogenase: nad1 to nad6 and nad4L), components of Complex III (cob) and Complex IV (cox1, cox2, and cox3), and some members of Complex V (ATP synthase: atp6, atp8, and usually atp9). Some fungal lineages lost the typical Complex I genes (e.g., members of the Taphrinomycota and Sacharomycetales, Schikora-Tamarit et al., 2021; Wolters et al.) and some fungal mitogenomes lost some of the ATP synthase subunit genes (Déquard-Chablat et al., 2011; Zubaer et al., 2018; Mukhopadhyay et al.). Fungal mitogenomes frequently encode a ribosomal protein (rps3; Freel et al., 2015) and sometimes the RNA (rnpB gene) component for RNaseP (Lang, 2018). Mitogenomes can include orphan genes (genes with unknown function and no homologs) and plasmid derived components (Himmelstrand et al.), and there are records of mitogenomes that encode N-acetyltransferases and amino-transferases (Wai et al., 2019).

Across the Mycota, mitogenomes are variable due to recombination events promoted by repeats and by the presence and activities of mobile elements, such group I and group II introns and intron-encoded proteins (IEPs) (e.g., Aguileta et al., 2014; Repar and Warnecke, 2017; Wu and Hao, 2019; Fonseca et al., 2021). Intron encoded proteins for group I introns tend to be homing endonucleases and for group II introns reverse transcriptase-like proteins; these IEPs catalyze intron mobility to cognate intron-less alleles (Belfort et al., 2002). The IEPs can also be involved in aiding the removal of the self-splicing intron RNAs from precursor transcripts by stabilizing intron RNA folds that are a splicing competent (Prince et al., 2022). Mitochondrial introns are gained and lost, and their impact on gene function and phenotypes are still a subject of debate (Goddard and Burt, 1999; Chatre and Ricchetti, 2014; Rudan et al., 2018).

Mitogenome sequences may provide a source of molecular markers for fungal identification, and core protein coding gene sequences can be applied toward resolving evolutionary relationships (Kanzi et al., 2016; Kulik et al., 2020; Kouvelis et al., 2023; Castrillo et al.; Mukhopadhyay et al.). The studies presented in this collection of articles show that members of the same species show very little sequence variation, and differences are usually due to introns (Himmelstrand et al.). Within a fungal lineage, mitogenome size variation can be quite remarkable but it can be accounted for by intron content (Mukhopadhyay et al.). This may not apply to all fungi, as in members of the Basidiomycota mitogenome, size variation is due to introns, intergenic spacers, and intergenic open reading frames (Himmelstrand et al.). The large number of fungal genomes being generated by various research groups provides a resource from which mitochondrial genomes can be extracted for comparative analysis. This allowed Wolters et al. to study mitogenome diversity across the subphylum Saccharomycotina. By analyzing 353 mitogenomes, the authors noted that intron numbers can be quite variable, and introns are poorly conserved among species and lineages within this subphylum. The authors also noted examples of horizontal transfer of introns. Mitochondrial gene expression is assumed to be regulated at the post-transcriptional level. One aspect of fungal mitochondrial gene expression that is different from most metazoans is the removal of introns from the transcripts that encode products that are essential for translation (rRNAs) and for respiration and energy production (Lipinski et al., 2010; Dujon, 2020). The removal of introns is facilitated by IEPs and various nuclear encoded protein factors (Mukhopadhyay and Hausner, 2021; Prince et al., 2022). Mitochondrial ribogenesis, processing of mitogenome derived transcripts, RNA degradation/turnover, and mRNA translation require many nuclear encoded factors (De Silva et al., 2017; Golik, 2023). The reliance on nuclear elements for mitochondrial gene expression links organellar function with nuclear cues in response to environmental and developmental factors.

Wolters et al. observed that among the various orders within Saccharomycotina, the protein coding genes for Complex I were lost independently in several lineages. The authors propose that variations in the mitochondrially encoded protein genes could be driven by evolutionary pressures at the nuclear level. Mukhopadhyay et al. observed that among members of the Ophiostomatales mitogenomes, there are some biases with regard to intron insertion sites and genes that are more likely to be intron-rich, but that there are no conserved introns (except for mL2450 that encodes for RPS3). If introns are beneficial (Belfort, 2017; Rudan et al., 2018) for fine-tuning mitochondrial gene regulation, this is not based on specific introns, instead the mitogenome intron complement is composed of various introns (located at different sites) that are “functionally” redundant. The reliance on nuclear factors for organellar intron splicing impacts mitonuclear compatibilities (or incompatibilities) and potentially imposes reproductive barriers; therefore, they could be promoting speciation events (Dujon, 2020). There are still many questions that need to be addressed with regard to mitonuclear interactions and the associated “cross talk” that impacts mitogenome sequence diversity and gene expression (Wu et al., 2022). Codon usage or biases for fungal mitochondrial genes have not been explored so far. Li et al. demonstrate that there are indeed synonymous codon preferences, and among the examined Amanita species, these appear to be under selection. These findings add one more criterion that can influence mitochondrial protein coding sequence diversity as codon usage may have implications for environmental adaptation of mitochondrial genes related to energy metabolism.

This Research Topic in its second volume presents exciting new findings with regard to fungal mitogenomes and mtDNA gene expression and their utility in resolving taxonomic issues, providing insights into the impact of nuclear mitochondrial interactions, which may in part shape mitochondrial gene evolution.


Author contributions

TK: Conceptualization, Writing—review & editing. AD: Conceptualization, Writing—review & editing. GH: Conceptualization, Writing—original draft.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was funded by the National Science Center, Poland, Grant Number 2018/31/B/NZ9/00546 (TK); Wageningen University and Research, Netherlands (AD); and the Natural Sciences and Engineering Research Council of Canada (NSERC), Discovery Grants Program, RGPIN-2020-05332 (GH).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 Aguileta, G., De Vienne, D. M., Ross, O. N., Hood, M. E., Giraud, T., Petit, E., et al. (2014). High variability of mitochondrial gene order among fungi. Genome Biol. Evol. 6, 451–465. doi: 10.1093/gbe/evu028

 Belfort, M. (2017). Mobile self-splicing introns and inteins as environmental sensors. Curr. Opin. Microbiol. 38, 51–58. doi: 10.1016/j.mib.2017.04.003

 Belfort, M., Derbyshire, V., Parker, M. M., Cousineau, B., and Lambowitz, A. M. (2002). “Mobile introns: pathways and proteins,” in Mobile DNA II, eds N. L. Craig, R. Craigie, M. Gellert, and A. M. Lambowitz (Washington, DC: ASM Press), p. 761–783.

 Calderone, R., Li, D., and Traven, A. (2015). System-level impact of mitochondria on fungal virulence: to metabolism and beyond. FEMS Yeast Res. 15, fov027. doi: 10.1093/femsyr/fov027

 Chatre, L., and Ricchetti, M. (2014). Are mitochondria the Achilles' heel of the Kingdom Fungi? Curr. Opin. Microbiol. 20, 49–54. doi: 10.1016/j.mib.2014.05.001

 Chen, X. J., and Clark-Walker, G. D. (2018). Unveiling the mystery of mitochondrial DNA replication in yeasts. Mitochondrion. 38, 17–22. doi: 10.1016/j.mito.2017.07.009

 De Silva, D., Poliquin, S., Zeng, R., Zamudio-Ochoa, A., Marrero, N., Perez-Martinez, X., et al. (2017). The DEAD-box helicase Mss116 plays distinct roles in mitochondrial ribogenesis and mRNA-specific translation. Nucleic Acids Res. 45, 6628–6643. doi: 10.1093/nar/gkx426

 Déquard-Chablat, M., Sellem, C. H., Golik, P., Bidard, F., Martos, A., Bietenhader, M., et al. (2011). Two nuclear life cycle-regulated genes encode interchangeable subunits c of mitochondrial ATP synthase in Podospora anserina. Mol. Biol. Evol. 28, 2063–2075. doi: 10.1093/molbev/msr025

 Dujon, B. (2020). Mitochondrial genetics revisited. Yeast. 37, 191–205. doi: 10.1002/yea.3445

 Fonseca, P., De-Paula, R. B., Araújo, D. S., Tomé, L., Mendes-Pereira, T., Rodrigues, W., et al. (2021). Global characterization of fungal mitogenomes: new insights on genomic diversity and dynamism of coding genes and accessory elements. Front. Microbiol. 12, 787283. doi: 10.3389/fmicb.2021.787283

 Freel, K. C., Friedrich, A., and Schacherer, J. (2015). Mitochondrial genome evolution in yeasts: an all-encompassing view. FEMS Yeast Res. 15, fov023. doi: 10.1093/femsyr/fov023

 Goddard, M. R., and Burt, A. (1999). Recurrent invasion and extinction of a selfish gene. Proc. Natl. Acad. Sci. U. S. A. 96, 13880–13885. doi: 10.1073/pnas.96.24.13880

 Golik, P. (2023). RNA processing and degradation mechanisms shaping the mitochondrial transcriptome of budding yeasts. IUBMB Life, 2779. doi: 10.1002/iub.2779

 James, T. Y., Pelin, A., Bonen, L., Ahrendt, S., Sain, D., Corradi, N., et al. (2013). Shared signatures of parasitism and phylogenomics unite Cryptomycota and microsporidia. Curr. Biol. 23, 1548–1553. doi: 10.1016/j.cub.2013.06.057

 Kanzi, A. M., Wingfield, B. D., Steenkamp, E. T., Naidoo, S., and van der Merwe, N. A. (2016). Intron derived size polymorphism in the mitochondrial genomes of closely related Chrysoporthe species. PLoS ONE 11, e0156104. doi: 10.1371/journal.pone.0156104

 Kouvelis, V. N., Kortsinoglou, A. M., and James, T. Y. (2023). “The evolution of mitochondrial genomes in fungi,” in Evolution of Fungi and Fungal-Like Organisms. The Mycota, Vol 14. eds S. Pöggeler, T. James (Springer, Cham).

 Kulik, T., Bilska, K., and Zelechowski, M. (2020). Promising perspectives for detection, identification, and quantification of plant pathogenic fungi and oomycetes through targeting mitochondrial DNA. Int. J. Mol. Sci. 21, 2645. doi: 10.3390/ijms21072645

 Lang, B. F. (2018). “Mitochondrial genomes in fungi,” in Molecular Life Sciences, eds R. D. Wells, J. S. Bond, J. Klinman, B. S. S. Masters (New York, NY: Springer).

 Lipinski, K. A., Kaniak-Golik, A., and Golik, P. (2010). Maintenance and expression of the S. cerevisiae mitochondrial genome—From genetics to evolution and systems biology. Biochim. Biophys. Acta 1797, 1086–1098. doi: 10.1016/j.bbabio.2009.12.019

 Liu, W., Cai, Y., Zhang, Q., Shu, F., Chen, L., Ma, X., et al. (2020). Subchromosome-scale nuclear and complete mitochondrial genome characteristics of Morchella crassipes. Int. J. Mol. Sci. 21, 483. doi: 10.3390/ijms21020483

 Miyakawa, I. (2017). Organization and dynamics of yeast mitochondrial nucleoids. Proc. Japan Acad. B Phys. Biol. Sci. 93, 339–359. doi: 10.2183/pjab.93.021

 Mukhopadhyay, J., and Hausner, G. (2021). Organellar introns in fungi, algae and plants. Cells. 10, 2001. doi: 10.3390/cells10082001

 Prince, S., Munoz, C., Filion-Bienvenue, F., Rioux, P., Sarrasin, M., and Lang, B. F. (2022). Refining mitochondrial intron classification with ERPIN: identification based on conservation of sequence plus secondary structure motifs. Front. Microbiol. 13, 866187. doi: 10.3389/fmicb.2022.866187

 Repar, J., and Warnecke, T. (2017). Mobile introns shape the genetic diversity of their host genes. Genetics. 205, 1641–1648. doi: 10.1534/genetics.116.199059

 Rudan, M., Bou Dib, P., Musa, M., Kanunnikau, M., Sobočanec, S., Rueda, D., et al. (2018). Normal mitochondrial function in Saccharomyces cerevisiae has become dependent on inefficient splicing. Elife. 7, e35330. doi: 10.7554/eLife.35330

 Schikora-Tamarit, M. À., Marcet-Houben, M., Nosek, J., and Gabaldón, T. (2021). Shared evolutionary footprints suggest mitochondrial oxidative damage underlies multiple complex I losses in fungi. Open Biol. 11, 200362. doi: 10.1098/rsob.200362

 Valach, M., Farkas, Z., Fricova, D., Kovac, J., Brejova, B., Vinar, T., et al. (2011). Evolution of linear chromosomes and multipartite genomes in yeast mitochondria. Nucleic Acids Res. 39, 4202–4219. doi: 10.1093/nar/gkq1345

 Wai, A., Shen, C., Carta, A., Dansen, A., Crous, P. W., and Hausner, G. (2019). Intron-encoded ribosomal proteins and N-acetyltransferases within the mitochondrial genomes of fungi: here today, gone tomorrow? Mitochondrial DNA A. DNA Mapp. Seq. Anal. 30, 573–584. doi: 10.1080/24701394.2019.1580272

 Wu, B., and Hao, W. (2019). Mitochondrial-encoded endonucleases drive recombination of protein-coding genes in yeast. Environ. Microbiol. 21, 4233–4240. doi: 10.1111/1462-2920.14783

 Wu, B., Hao, W., and Cox, M. P. (2022). Reconstruction of gene innovation associated with major evolutionary transitions in the kingdom Fungi. BMC Biol. 20, 144. doi: 10.1186/s12915-022-01346-8

 Zardoya, R. (2020). Recent advances in understanding mitochondrial genome diversity. F1000Res. 9, 21490. doi: 10.12688/f1000research.21490.1

 Zubaer, A., Wai, A., and Hausner, G. (2018). The mitochondrial genome of Endoconidiophora resinifera is intron rich. Sci. Rep. 8, 17591. doi: 10.1038/s41598-018-35926-y







OPS/images/crossmark.jpg
(®) Check for updates





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Editorial: The significance of mitogenomics in mycology, volume II



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Microbiology

Editorial: The significance of
mitogenomics in mycology,
volume II





OPS/images/logo.jpg
& frontiers | Frontiers in Microbiology





