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Abstract

Mitochondria are essential components of eukaryotic cells, responsible for ATP production through oxidative phosphorylation. Despite their
biological importance, unique challenges have hindered the adoption of automated mitochondrial genome (mitogenome) annotation methods,
obstructing mitochondrial comparative genomics in a broad evolutionary context. Using Fungi as a study system and a Joint Genome Institute
(JGI) annotated high-quality reference set, we observed broad patterns of mitochondrial evolution across the kingdom. We found that the
median fungal mitogenome size is 58 kb and identified exceptionally large examples over 1 Mb in Pezizomycetes. All 14 expected oxidative
phosphorylation protein-coding genes, plus rps3, were generally conserved. We found evidence of major evolutionary transitions within the
Ascomycota, including the transfer of mitochondrially encoded atp8 and atp9 to the nuclear genomes across the Pezizomycotina and shifts in
mitogenome tRNA patterns across the kingdom. We found substantial concordance between mitochondrial and nuclear evolution, enabling us
to document 3131 total fungal mitogenomes from JGI-derived metagenomic datasets. We also identified 6467 total undeclared mitogenomes
embedded in Genbank fungal nuclear assemblies. We provide interactive tools for mitogenome analysis through the JGI MycoCosm platform.
Collectively, this work generated nearly 10 000 new fungal mitogenome annotations, providing a foundation and resources for future exploration
of comparative fungal mitogenomics.
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Introduction ancestral mitochondrial genes either lost or transferred to host

Mitochondria are specialized organelles found within cells
across virtually all eukaryotic lineages [1]. They are one of the
defining features of Eukaryota with a primary core function
of ATP production through oxidative phosphorylation [2].
It is widely accepted that mitochondria are derived from an
ancient endosymbiotic event involving alpha-proteobacteria,
and as such possess their own “mitogenomes”. As a result
of > 1.5 billion years of coevolution, these genomes are re-
duced compared to free-living bacterial relatives, with many

nuclei [3].

Beyond their core role in energy metabolism, mitochon-
dria are indispensable for their hosts as important contrib-
utors to a variety of other biological processes, including lipid
metabolism, homeostasis, and stress responses [4]. Also, the
role of mitochondria in aiding speciation by creating repro-
ductive isolation has been proposed, although direct evidence
for this is limited [5]. While there is no shortage of mitochon-
drial research among more commonly studied organisms, the
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increasing number of eukaryotic nuclear genome sequencing
projects without a corresponding increase in mitogenome ex-
ploration introduces gaps in the understanding of biology and
evolution across the Eukaryota.

Fungi, for example, harbor some of the most reduced mi-
togenomes of all eukaryotes, retaining only a set of genes
related to electron transport and oxidative phosphorylation,
translation, and tRNA processing [3]. Yet accurate, auto-
mated annotation of fungal mitogenomes has remained a chal-
lenging endeavor, often requiring manual curation to pro-
duce high-quality gene models. Many genes contain self-
splicing introns, which not only often contain homing en-
donuclease genes [6] but can be as short as 10 bp, com-
plicating the accurate identification of gene structure. Ad-
ditionally, relaxed selection on fungal mitogenomes has led
to the use of multiple genetic codes [7]: the Standard Code
(code 1), the Yeast Mitochondrial Code (code 3), the Mold,
Protozoan, and Coelenterate Mitochondrial Code, the My-
coplasma/Spiroplasma Code (code 4), and the Chlorophycean
Mitochondrial Code (code 16) (https://www.ncbi.nlm.nih.
gov/Taxonomy/Utils/wprintgc.cgi).

Several automated annotation tools exist, for example,
MFannot [8], MITOS [9], MitoZ [10], and DOGMA [11].
However, only MFannot is both supported and tuned for an-
notation of fungal mitochondria; the others are either unsup-
ported as of this publication (DOGMA) or only applicable to
non-fungal organisms (MitoZ, MITOS). Further complicating
comparative mitogenomic efforts is their inconsistent repre-
sentation in genome repositories: while sometimes complete
and accessible, they may also be improperly embedded within
nuclear genome assemblies and overlooked or separated as
contaminants during submission and ignored.

Fortunately, reference nuclear genomes exist across nearly
all phyla of the Kingdom Fungi, providing an excellent system
within which mitochondrial evolution can be explored. As mi-
tochondria are predominantly vertically inherited, their evolu-
tionary history is largely thought to mirror their hosts [12] and
therefore could be powerful tools for exploring the presence of
eukaryotes within metagenomic datasets. Metagenomic stud-
ies are becoming increasingly popular as they provide excep-
tional insights into microbial communities within environ-
ments. Yet accurate assessments of the eukaryotic components
of such communities, which are typically less abundant with
more complex genomes, remain a challenging research area
under active development (see [13, 14]). Mitogenomes are
smaller and more abundant relative to their hosts, and as such
represent an opportunity for documenting eukaryotic diver-
sity in metagenomic datasets.

Few broad comparative studies have been conducted to
test the mirrored evolution of mitochondria and hosts across
larger timelines, for example, across an entire kingdom like
the Fungi. Further, the existing complete and annotated fun-
gal mitogenomic sequences are biased toward the Ascomycota
and Basidiomycota phyla, limiting the taxonomic breadth that
can be used to construct hidden Markov models (HMMs) and
other profiles that could improve annotation quality. As such,
large-scale comparative analyses have been mostly limited to
specific clades within, e.g. the Saccharomycotina [15] or the
genus Aspergillus [16]. Recently, Fonseca et al., 2021 [17]
characterized mitogenomes across ~800 fungal genomes, rep-
resenting most of the kingdom. Their work revealed a wide
range of GC content (<10% up to 68%) and genome sizes
(12 to 531 kb), yetalso reported the absence of a single con-

served marker across Fungi that could be used for accurate
phylogeny reconstruction of the kingdom. Fungi, unlike many
other eukaryotic kingdoms, regularly engage in multiple un-
usual reproductive processes that may alter the vertical mito-
chondrial transmission paradigm. Filamentous fungi in par-
ticular exhibit such processes as cross-species hyphal fusions,
dikaryon formation and dikaryon-monokaryon matings, a
parasexual cycle, and others. While rare, biparental inheri-
tance and persistent heteroplasmy have been documented with
fungal mitochondria [18]. To be useful as a marker of fungi
within metagenomic datasets, it is essential to confirm that mi-
togenome evolution generally mirrors that of their hosts and
that the impact of horizontal transmission is limited.

Here, we have used a workflow developed at the Joint
Genome Institute (JGI) [19] to annotate a representative set
of ~400 published, high-quality fungal mitochondria from
the JGI MycoCosm genome portal (https://mycocosm.jgi.doe.
gov/) [20]. We present a broad overview of mitogenome an-
notations and evolution from across the Fungal Tree of Life.
In this dataset, we report newly identified huge fungal mi-
togenomes from the Pezizales that are each single-scaffold as-
semblies between 1.1 and 1.3 Mb in size (more than twice as
large as previously reported; Morchella crassipes, 531 kb, [21].
Using our high-quality mitogenome representatives, we reveal
broad kingdom-wide shifts in mitogenome tRNA usage, in-
cluding, amongst other patterns, a major reduction in tRNA
content within Chytridiomycota as well as a transition in As-
comycota of tRNA”®, Additionally, we explored mitogenome
changes that are associated with fungal speciation within indi-
vidual clades, where we found changes in gene order typically
associated with genus boundaries.

Since our annotation pipeline could predict conserved core
genes across the kingdom, we constructed a kingdom-wide
mitochondrial phylogeny. We found substantial concordance
between nuclear and mitochondrial phylogenies (P < 0.01)
across the kingdom. Consequently, we surveyed over 26 000
published metagenomic datasets from the IMG genome por-
tal (https://img.jgi.doe.gov) using mitogenomes as a tool to
detect fungal hosts [22]. This approach identified 3131 mi-
togenomes that were likely to be from fungal hosts, some of
these mitogenomes potentially representing new clades. We
also investigated the presence of cryptic mitochondrial scaf-
folds in publicly available fungal genome assemblies by iden-
tifying and annotating 6467 undeclared mitochondrial assem-
blies embedded in NCBI fungal nuclear genome assemblies.

Finally, to increase visibility and encourage future use of mi-
tochondrial data, we created a new comparative mitogenome
page (https://mycocosm.jgi.doe.gov/fungal_mito_manuscript)
and provided mitochondrial annotation results via individual
MycoCosm web portals (e.g. https://mycocosm.jgi.doe.gov/
Lacind1/organelle/mitochondria). This collective effort will
dramatically expand the set of fungal mitogenome annota-
tions and work toward a better understanding of fungal mi-
tochondrial genome structure and evolution.

Material and methods

Sequencing and assembly

The JGI-derived mitogenomes represented in this manuscript
were generated over a 10-year period of time between 2010-
2020 and, as such, represent evolving sequencing technolo-
gies and assembly algorithms but relied on JGI’s standard pro-
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duction fungal assembly pipelines with stages dedicated to or-
ganelle assembly. The organelle assembly stages generally em-
ploy the same premise of isolating organellar sequence data
for targeted assembly. Assembly methods for each genome are
provided in Supplementary Table S2 and refer to the corre-
sponding sections below.

The earliest automated mitochondrial assembly methods
(assembly method “17) relied solely on assembling either
a 0.75-2X (based on the average genome size of 40 Mb)
or 2-million-read subsample. This was done to dilute away
the nuclear genome and target only very highly represented
content, such as organelles, from the input sequence data.
Later versions (assembly method “2”) offered refinement
and robustness in isolating organellular data, using a 2 mil-
lion read subsample generated with bbtools version 37.93
reformat.sh (http://sourceforge.net/projects/bbmap) (parame-
ters: “sampleseed = 1”). The subsampled data were addition-
ally filtered for length and quality using bbtools version 37.93
reformat.sh (parameters: “qtrim = t trimq = 5 minavgquality
= 5 minlength = 101 maxns = 3”), and subsequently assem-
bled with Velvet version 2.1.7 [23] using velvetg (parameters:
“-cov_cutoff 20”). The resulting assembly was aligned to the
NCBI refseq.mitochondrion database with BLAST megablast
version 2.2.26 (https://blast.ncbi.nlm.nih.gov/Blast.cgi) with
a minimum percent identity of 80% to identify organelle. A
secondary assembly was performed with Velvet version 2.1.7
using cov_cutoff, max_coverage, and exp_cov cutoffs defined
from the coverages associated with the contigs previously
identified as organelle. Read pairs providing linking support
between the assembled contigs are identified by aligning the
original input fastq to a version of the assembled contigs with
all bases masked with N, with the exception of the termi-
nal 300 bases, with bwa version 0.7.4-r385 [24] (parameters:
“mem -t 16”). The linking read pairs are used in conjunc-
tion with NCBI alignment results to refseq.mitochondrion to
identify trusted organelle contigs. The main genome 18S ri-
bosomal elements are identified by alignment to the NCBI
nt database with BLAST megablast version 2.2.26, with a
minimum percent identity of 80% and excluded from the
list of putative organelle reads. An enriched set of organelle
reads was then created from the original input fastq reads by
kmer matching with bbtools version 37.93 bbduk.sh (http:
/Isourceforge.net/projects/bbmap), using defaults, against the
resulting list of organelle contigs to recruit potentially walk-
ing reads. Those that do not match the organelle contigs are
output into a separate nonOrganelle fastq for downstream as-
sembly. To leverage the AllPathsLG algorithm for assembly,
simulated 1000 & 50 bp insert long mate-pairs were gener-
ated from the organelle contigs with wgsim version 0.3.1-r13
(https://github.com/lh3/wgsim) (parameters: “-d 1000 -s 50”),
and coassembled 125X of the enriched organelle matching
read set with AllPathsLG release R46652 [25] to produce a
final mitochondrion assembly.

Support for long read sequence data was added to the
production fungal assembly pipeline, with updated algo-
rithms suitable for long reads and improved organelle han-
dling methodology, starting in 2016 (assembly methods “3”,
“4”). Input Falcon pre-assembled (pread) data was kmer pro-
filed using bbtools kmercountexact.sh (http://sourceforge.net/
projects/bbmap) with default parameters, filtered with bbtools
bbnorm.sh [pigz passes = 1 bits = 16 min=(main peak
x 1.5) target = 9999999] (http://sourceforge.net/projects/
bbmap), and assembled with Flye (parameters: “~pacbio-corr
-g 100k —asm-coverage 100”) version 2.3.6 [26]. Genes were
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called on the initial Flye assembly using Prodigal (https://
github.com/hyattpd/Prodigal) and examined for mitochon-
drial HMM models with hmmsearch [27]. Contigs contain-
ing mitochondrial HMM were masked of ribosomal content
with bbtools bbduk.sh (parameters: “k = 25 mm = f kmask
= N”) and used to recruit Falcon-corrected pre-assembled
reads (“preads”) with bbtools bbduk.sh (parameters: “k =
25 mm = f mkf = 0.03 ordered ow”). Resulting preads were
reassembled using Flye version 2.3.6 (parameters: “-g 100k
—asm-coverage 100”). A total of three rounds of read re-
cruitment and reassembly are conducted to provide the final
assembly.

Certain default production organelle assemblies were iden-
tified as substandard (having > 1 contig) or failures (hav-
ing no mitochondrial contigs). Improvement of such assem-
blies (assembly method “5”) was carried out with iterative
rounds of read recruitment to contigs with evidence of be-
ing of mitochondrial origin (GC, Coverage, BLAST/sketch,
hmm) with bbtools bbduk.sh and reassembly until the assem-
bly size plateaus or generates a circular contig. If no mito-
chondrial contigs could be identified, a variety of techniques
were used to isolate mitochondrial sequences for assembly,
including nucleotide composition filtering, subsampling, not
subsampling, assembled mitochondrial identification and pro-
motion for downstream recruitment, and non-mitochondrial
contig filtering before read recruitment.

Overall, the different methods (1,2, 3,4, and 5) respectively
produced 1, 147, 119, 46, and 30 assemblies (Supplementary
Table S2).

Mitochondrial annotation

We used the mitochondrial annotation workflow, previously de-

veloped at the JGI [19], where protein-coding genes were pre-
dicted using three complementary methods: the prokaryotic
ab initio gene finder algorithm Fgenesb (www.softberry.com),
the homology-based protmap (www.softberry.com), and Ge-
newise with fungal mitochondrial HMM:s. The Fgenesb pre-
dictions are checked using blast against a database of known
mitochondrial proteins, and both protmap and Genewise are
alignment-based methods. To build HMM profiles for Ge-
newise, we collected the non-redundant fungal mitochon-
drial proteins from GenBank as well as the U. Montreal
curated collection [28](http://www.bch.umontreal.ca/People/
lang/EMGP/proteins.html) corresponding to the 15 “core”
fungal mitochondrial genes defined as cox1, cox2, cox3, cob,
atp6, atp8, atp9, nadl, nad3, nad4, nad4L, nad5, nadé, and
rps3). Gene models with overlapping coding sequences are
filtered based on homology score or ORF length. tRNAs
genes were predicted using tRNAscan-SE with the organel-
lar option [29]. Ribosomal RNAs were predicted using In-
fernal (http://eddylab.org/infernal) with covariance models
“LSU_rRNA_bacteria” and “SSU_rRNA_bacteria” from the
RFAM database [30]. Annotated mitogenomes were visual-
ized with Circos [31]. For comparison, we also ran the pub-
licly available mitochondrial genome annotation tool MFan-
not with default parameters on the genomes of our high-
quality dataset.

To identify the presence of potential nuclear-encoded mito-
chondrial genes (atp8 and a#p9), nuclear genome assemblies
were translated in all 6 frames to generate ORFs with a min-
imum length of 30 amino acids. We then used the hmm pro-
files described above with hmmscan (HMMER 3.3.2) and an
e-value cutoff of 1e-10.


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1419#supplementary-data
http://sourceforge.net/projects/bbmap
https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://sourceforge.net/projects/bbmap
https://github.com/lh3/wgsim
http://sourceforge.net/projects/bbmap
http://sourceforge.net/projects/bbmap
https://github.com/hyattpd/Prodigal
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1419#supplementary-data
http://www.softberry.com
http://www.softberry.com
http://www.bch.umontreal.ca/People/lang/FMGP/proteins.html
http://eddylab.org/infernal

4 Ahrendt et al.

Dataset

For our phylogenetic analyses, we focused primarily on fungal
mitogenome assemblies available in MycoCosm that a) have
fewer than 6 scaffolds, b) have at least 12 of the 15 “core”
genes commonly found in fungi, and c) were sequenced along-
side now-published nuclear genomes. Together, these criteria
yielded a dataset of 328 mitogenomes, representing both lin-
ear and circular topologies, which we refer to here as “high-
quality.” We additionally included publicly available outgroup
genomes from Cryptomycota, Chytridiomycota, and Blasto-
cladiomycota lineages (n = 8), non-fungal Eukaryotes (n =
15), and the bacterium Rickettsia prowazekii, for a combined
dataset of 352 genomes. Specific analyses (genome size and
gene order) included additional Pezizaceae (7 = 5) and Phyl-
losticta (7 = 12) genomes. The complete list of 369 species
and their sources can be found in Supplementary Table S2.

Phylogeny reconstruction and clustering

To construct the mitogenome phylogeny, core genes (one copy
per genome) were aligned using Muscle v3.8.1551 [32] and
trimmed with Trimal v1.4.rev15 build[2013-12-17] [33] (pa-
rameters: “-automated”). The trimmed alignments were then
concatenated, and the phylogeny was built with IQ-Tree ver-
sion 2.1.2 [34] (parameters: “-m TEST + R11 + C60 —msub
mitochondrial —fast -T AUTO -b 100”).

To explore conservation of hypothetical clusters, for all
352 fungal mitogenomes, known core genes were removed,
then all remaining proteins were extracted and annotated
using PFAM version 34 [35]. These non-core genes were
then filtered to remove any models with mobile element-
related PFAM domains. We also removed any models that
had PFAM domains present on known mitochondrial genes,
which could represent core gene fragments. This led to the
removal of any model with the following PFAM domains:
COX1, COX2, COX2_TM, COX3, Cytochrom_B_C, Cy-
tochrom_B_N_2, Cytochrome_B, GIY-YIG, LAGLIDADG_1,
LAGLIDADG_2, LAGLIDADG_3, NADHS5_C, NADHdh,
NUMOD1,NUMOD3, Proton_antipo_M, Proton_antipo_N,
RVT_1, RVT_N. Filtered hypothetical genes were then clus-
tered using MCL [36] with inflation factor 1.5.

The fungal nuclear phylogeny was constructed by first
clustering all fungal protein sequences using mmseqs2
version 0188988235¢6f1a8¢90£327827¢73f981db8a19a (pa-
rameters: “—~cov-mode = 0.5”) [37]. For clusters where over
40% of lineages were present, one representative sequence per
individual was selected, aligned with mafft v7.475 [38] using
default parameters, then trimmed with gblocks version 0.91b
[39] (parameters: “-t = p -e = .gb -b4 = 5 -b5 = h”). Af-
ter trimming, the remaining 666 420 sites from 3031 aligned
protein sequences were concatenated, and the phylogeny was
reconstructed using FastTree version 2.1.10 SSE3 [40].

Identification of hidden genomes from public
databases

We downloaded 11491 fungal nuclear genome assemblies
from GenBank on October 10, 2022. After removing 2236
assemblies with declared mitochondrial scaffolds, we used
an HMM-based method to search the remaining 9255 as-
semblies for scaffolds with any of the 15 “core” fungal mi-
tochondrial genes and mitochondrial homing endonuclease
genes (GIY-YIG and LAGLIDADG). Scaffolds with at least
one copy of any mitochondrial genes were collected and an-

notated using the same pipeline as described previously for the
MycoCosm-derived dataset, resulting in 6467 mitogenome
assemblies.

Identification of fungal mitochondria in
metagenomic datasets

Our approach to identifying fungal mitochondria in metage-
nomic datasets involved two main steps: first, a broad search
for mitochondrial rDNA sequences, and second, a more com-
prehensive analysis to identify and validate mitochondrial
metagenome assembled genomes (MAGs).

In the initial step, we searched 26 257 public metagenomes
from the IMG database for contigs containing mitochondrial
rDNA sequences. We used cmsearch (infernal v1.1.4 [41])
with the bacterial SSU rRNA covariance model RF00177
from the Rfam database [42]. To include long sequences, we
selected the —anytrunc option in cmsearch and assembled se-
quential, non-overlapping alignments into single sequences.
We then annotated the recovered SSU rRNA sequences us-
ing the Silva [43], PR2 [44], and MycoCosm [20] databases
with blastn (v.2.13.0), retaining those with a mitochondrial se-
quence as the best hit and an alignment length > 500 bp. This
process yielded 39929 candidate mitochondrial SSU rRNA
genes, of which 8743 contigs with length > 5 Kbp were re-
tained for subsequent analyses.

Building upon these initial findings, we then conducted
a more comprehensive analysis to identify mitochondrial
MAGs. We gathered 18 621 public and unrestricted samples
from the IMG/M database (accessed in October 2022) that
contained underlying read depth information. These samples
included metagenomes, single particle sorts, and cell enrich-
ment projects. To streamline our analysis, we focused on con-
tigs > 5 kbp in length. We performed metagenomic binning
on each sample using Metabat2 version 2.15 [45], with spe-
cific parameters (-minContig 5000, -minClsSize 20 000, and
—cvExt).

We identified putative mitochondrial MAGs by linking the
contigs that contained a fungal mitochondrial SSU to the set
of MAGs generated through binning. We then used CheckM?2
v1.0.2 (https://github.com/chklovski/CheckM2) to estimate
the contamination of the MAGs, excluding those with con-
tamination > 10% from further analysis. For excluded MAGs,
we retained their corresponding contigs containing the puta-
tive mitochondrial 16S for subsequent analyses. We then per-
formed gene prediction to each bin using Prodigal (-p meta)
(version 2.6.3) (https://github.com/hyattpd/Prodigal).

To confirm their phylogenetic placement, we subjected fun-
gal mitochondrial MAGs to phylogenomic analysis, compar-
ing them with known fungal mitochondria downloaded from
NCBI Genbank.

We built an initial species tree from a concatenated
alignment of 17 electron transport chain genes (056_ND1,
062 ND2, 049 ND3, 061 ND4, 059 ND4L, 060 NDS,

058_NAD6, 052_NDUFS2, 051_NDUFS3, 069_CYTB,
018_COX1, 019_COX2, 020_COX3, 005_ATPSF1A,
006_ATP6, 004_ATPS, and 009_ATPSMC2) using ns-

gtree (https://github.com/NeLLi-team/nsgtree). These marker
genes (“mitoETC”) represent a set of eukaryotic genes
described previously [46]. Only genomes that had at
least 20% (3 out of 15) of the marker genes were in-
cluded in the alignment. Alignments were created with
mafft(v7.31) [38] trimmed with trimal (v1.4) [33], concate-
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Figure 1. Features summary of 332 JGI high-quality fungal mitogenomes by lineage. (A) Dendrogram based on order level and built using the
CommonTree tool (https://www.ncbi.nlm.nih.gov/Taxonomy/CommonTree/wwwcmt.cgi). Bubbles on the tips of the tree represent the number of
genomes analyzed. (B) Distribution of mitochondrial assembly size. The y-axis is represented in log10 of base pairs. (C) Distribution of GC content of
mitochondrial assemblies. (D) Heatmap showing the fraction (ranging from 0 to 1) of each core gene by order level.

nated, and the species built with FastTree v2 [47]. PhyloDM
(https://github.com/aaronmussig/PhyloDM) was used to
infer pairwise evolutionary distances from the initial species
tree.

Genomes in this initial tree were then clustered based on
the resulting matrix of pairwise evolutionary distances using
MCL v14-137. The most complete genomes from each cluster,
defined as those with the highest count of different mitoETC
proteins and the lowest number of duplications of mitoETC
proteins, were used as cluster representatives. The tree was
manually inspected, and MAGs that grouped monophyleti-
cally with known fungal mitochondria and the closest branch-
ing non-fungal mitochondria (Opisthokonta - Cnidaria) were
collected. We built a final species tree using only the clus-
ter representatives with IQ-tree (v2.03) and the LG4X model
with 1000 ultrafast bootstrap replications. This yielded a com-
bined set of 1791 MAGs and 1340 single contigs (3131 com-
bined) that grouped in a monophyletic clade with known fun-
gal mitochondria. The 3131 mitochondrial SSU rRNA gene
sequences were clustered using vsearch v2.28 [48] with the
—cluster_fast parameter at 97% identity.

Results

Fungal mitogenomes are diverse in size,
architecture, and content

Genome size. Across our dataset, we observed substantial di-
versity in mitochondrial genome sizes. The median fungal mi-
togenome size was 58 kb, though we found size to be clade-
specific (Fig. 1). Consistent with previous publications, the
Cryptomycota harbor the smallest mitogenomes: Rozella al-
lomycis at 12.1 kb [49] and Mitosporidium daphniae at 13.7
kb [50]. Conversely, the largest mitogenomes encountered are
in the Ascomycete family Pezizaceae. At over 1 Mb, these are
twice as large as the previously reported largest fungal mi-
togenome, Morchella crassipes at 531 kb [21]. Specifically,
these large mitogenomes can be found in the ectomycorrhizal
desert truffles (7 = 5; mean = 1.2 Mb) within the genera Ter-
fezia (T. boudieri at 1.2 Mb and T. claveryi at 1.2 Mb), Mat-
tirolomyces (M. terfezioides at 1.3 Mb), Tirmania (T. nivea
at 1.2 Mb), and Kalaharituber (K. pfeilii at 1.1 Mb), and
are larger than the others in our dataset within the Peziza-
ceae (n = 7; mean = 0.2 Mb) (Welch two-sample, t = 24.4,
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df = 5.6, P < 0.0001). Analyses of these large genomes suggest
that while the average number of introns per genome (mean
= 29.6) is consistent with that of others in this group (mean =
29.9), they have some of the largest introns, with cumulative
intron lengths ranging from 294492 to 405910 nt (mean =
373390 nt). For Pezizaceae, intron lengths range from 77 760
to 181 894 nt (mean = 113 557 nt). These large genomes also
have more and longer genes encoding hypothetical proteins,
with counts between 40 and 143 (1 to 17 for other Peziza-
ceae), and the median lengths per genome ranging from 17 670
to 46 911 nt (2151 to 7806 nt for other Pezizaceae).

Additional diversity can be observed within certain gen-
era where our dataset contains multiple species (Phyllosticta,
Fusarium, Suillus, and Lactarius). For example, mitogenome
sizes in genus Phyllosticta correlate with lifestyle (Welch two-
sample, t = —48.2,df = 9.3, P < 0.0001), showing a bimodal
distribution where the pathogenic strains (n = 12) of P. cit-
ricarpa, P. paracitricarpa, P. citriasiana, and P. citrichinaencis
are > 200 kb (mean 209.3 kb), while non-pathogenic strains
(n = 8) of P. citribraziliensis and P. capitalensis (sometimes
described as an opportunistic pathogen) are <150 kb (mean
125.8 kb) (Supplementary Fig. S7). The mitogenomes from
the genus Fusarium show a general reduction in size, though
no such pattern is seen in either Suillus or Lactarius genomes.

GC content. We observed similar diversity in mitochon-
drial genome GC content, ranging from 18.4% to 44.6%
(mean 27.9%), which is distinct from the nuclear genome GC
content (26.5% to 67.6%, mean 49.4%; Welch two-sample,
t = —52.3, df = 646.3, P-value < 0.0001). Specific phyla
have distinct GC content profiles (Supplementary Fig. S2).
In most instances, phylum-level GC% relative to the average
was consistent between mitochondrial and nuclear genomes.
An exception was observed in the Mucoromycotina (7 = 52),
where the mean nuclear GC% of 38% was far lower than
that overall (Welch two-sample, t = —8.7, df = 28.3, P-
value < 0.0001). We also found unusually high GC profiles
in certain lineages, for example: Hyaloraphidium curvatum
at 43% (Chytridiomycotina), Trametopsis cervina at 43%
(Agaricomycotina), and Pyronema omphalodes at 45% (Pez-
izomycotina). (Supplementary Fig. S2).

Gene content. Previous kingdom-wide analyses used MFan-
not. While MFannot in general performed comparably on
our dataset to the JGI workflow, we note the following dif-
ferences. The JGI workflow consistently captures more and
larger known genes, with a narrower range of predicted sizes
(Supplementary Fig. S1A). Additionally, MFannot failed to
predict at least one core gene in 152 of the 328 JGI genomes.
The most commonly missed gene was 7ps3; however, there
were a small number of instances where other genes were
missed (Supplementary Fig. S1B, C). Importantly, the JGI
pipeline reliably finds conserved marker genes across all Fungi
surveyed (Fig. 1), allowing us to construct a kingdom-wide
mitochondrial phylogeny (Fig. 2). In our dataset, fungal mi-
togenomes contain all expected subunits of cytochrome ¢ oxi-
dase (Complex IV) and cytochrome bc1 (Complex IIT). Of the
three mitogenome-encoded subunits of ATP synthase (Com-
plex V), atpé6 is consistently present, but both atp8 and atp9
are absent from at least eight orders within the class Doth-
ideomycetes (mostly Pleosporales). However, ten species in the
Botryosphaeriales, eight of which are in the genus Phyllosticta,
are only missing atp8 and encode a copy of atp9. Searching
against the nuclear genomes of our study set with hmmscan,
we identified mostly single nuclear copies (“nc-“) of atp8 al-

most exclusively in the Dothideomycetes (95% of genomes),
while atp9 was identified in 92% of the broader Pezizomy-
cotina (including the Dothideomycetes, and found in multiple
copies in some lineages, like Chaetomium spp.). Both of these
genes are almost entirely absent from the nuclear genomes of
all other clades (Supplementary Fig. S7). Our findings, which
cover a wider breadth of fungi, are consistent with previous
smaller analyses reporting on the transfer of atp9 [51], [52]
and atp8 [53]. We similarly surveyed all 15 core genes and
found that Chytridiomycota and Mucoromycota were also
completely missing a mitochondrially-encoded rps3, which is
the only ribosomal protein encoded by fungal mitochondrial
genomes and is known to be absent in some early lineages
[54]. We failed to detect nc-rps3 within the nuclear genome of
Chytridiomycota; however, we observed its presence in Mu-
coromycota. In addition to simply identifying nuclear encoded
genes, we surveyed them for mitochondrial targeting signals
using DeepLoc 2.0 [55] and found that the majority of nuclear
nc-atp8 and nc-atp9 genes, as well as all nc-rps3 genes, display
mitochondrial targeting signals. While rare, we see sporadic
evidence of other core genes within the nuclear genomes, some
of which are similarly supported by the presence of mitochon-
drial targeting signals (e.g. nad1 in Cantharellus anzutake and
nad4 in Cryptococcus terricola). As previously observed [49],
we also found that NADH:ubiquinone oxidoreductase (Com-
plex I) subunits are missing completely from Cryptomycota
lineages (Fig. 1).

Across our representative mitogenome dataset, our annota-
tion pipeline also detected up to 53 hypothetical ORFs per lin-
eage (average 6). After filtering to remove hypothetical ORFs
with homology to known core fungal mitogenes and mobile
elements (see methods), MCL clustering was performed to
identify gene families across the 1951 predicted hypothetical
mitochondrial proteins. This resulted in 767 clusters, includ-
ing 272 multi-copy clusters (Supplementary Table S1). How-
ever, most contained fewer than 10 genes. Several lines of evi-
dence exist suggesting some of these hypothetical genes could
be functional. For example, many gene clusters are found in
single, but sometimes ancient, clades (e.g. cluster 1, present
across Agaricomycotina; Supplementary Fig. S3), a pattern we
would not expect in nonfunctional genes given the rapid muta-
tion rate in mitochondria [56] and rapid loss of non-essential
genes in endosymbionts [57]. For the 22 clusters with >10
genes, the average copy number was 1.27x, indicating that
these hypothetical genes are mostly single copy within mi-
togenomes. Some clusters also contained PFAM domains, in-
cluding the largest multicopy cluster (220 genes from 108 lin-
eages, mostly Agaricomycotina), where 87.73% of genes bore
DNA_pol_B_2 (PF03175) domains, in agreement with the re-
cently characterized dpo distribution across fungi [17].

Phylum-level tRNA patterns detected across Fungal
mitogenomes

Mitochondrial genetic codes are known to vary across
phylogenetically diverse fungi [7], however, little is known
about mitogenome tRNA distribution patterns. To pro-
vide a global picture of fungal tRNA evolution, we an-
alyzed the results of tRNAscan-SE across our represen-
tative set of high-quality mitogenomes. We found that
mitogenomes across the kingdom encode a median of 27
tRNA genes, except for Chytridiomycota. Within this phy-
lum, we detected a reduced set of at most seven tRNA
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Figure 2. Cophyly between mitochondria and their hosts. Links are drawn between mitochondria (left) and hosts (right), revealing overall strong
coevolution (P = 0.0099 using the cospeciation test, as implemented in Phytools) across the fungal kingdom. The mitochondrial tree was generated
using lgTree based on protein sequences from all core mitogenes. 3031 protein orthologs were used to construct the nuclear tree, which was generated
using FastTree. Bootstrap support values across both trees range from 2 to 100.

genes: tRNADS(UUU), tRNAM(CAU), tRNAP(UGG),
tRNAC™(UUG), tRNAT?(CCA), tRNAT"(GUA), and
tRNAP(GUC). Additional losses occurred within the
Rhizophydiales, where tRNAA?(GUC) was not detected.
Chytridiomycota also uniquely possess a suppressor tRNA
for codon UAG. The presence of this suppressor tRNA
generally corresponds to organisms that use the Chloro-
phycean Mitochondrial Code (like Spizellomyces) [58],
except for Monoblepharidomycetes, which use the more
common codon translation code 4. We also detected sev-
eral other global trends across fungi, which we anticipate
have important evolutionary and functional implications for
mitochondria.

To explore discrepancies between codon and tRNA pres-
ence, we compared mitogenome tRNA presence/absence to
codons available within complete mitochondrial core genes.
We found that even though most codon variants are present
within core genes, fungal mitochondria typically retain only
one tRNA per amino acid (Supplementary Fig. S4). We
also observed several cases where predicted tRNAs exist,
but no corresponding codons could be detected, for ex-
ample, tRNA®*(GCA). We found many instances (more
so than any other tRNA) of a lack of the UGC codon,
while still retaining the tRNA®*(GCA) gene. The advantage
of retaining such tRNAs across evolutionary time remains
unclear.

We also found evidence of shifts in tRNA utilization.
These include a phylum-wide shift in Arginine tRNA us-
age (tRNA?®). Except for Chytridiomycota, which lack
tRNAA® genes, all Fungi have tRNAA®(UCU). Blastocla-
diomycota, “Zygomycetes”, and Basidiomycota all addition-
ally possess tRNAA®(UCG). However, at the base of the
Ascomycota, we find a replacement of tRNAA®(UCU) with
tRNAA8(ACG). Some exceptions/possible reversions appear
to have occurred over time, including in Yarrowia (Sac-
charomycotina) and Phyllosticta (Dothideomycetes). Beyond
tRNAA™8 several other global trends were observed, includ-
ing a lack of tRNAYS(GAG) in fungal mitogenomes, de-
spite the frequent presence of the CTC codon. Additionally,
the tRNAT® gene and corresponding UGG codon are spo-
radically missing from members of the Russulales, and the
tRNAT™ gene is completely absent from Ascomycota. We
also found that while fungal nuclear genomes generally have
tRNAU(AAU) and tRNA"(UAU) genes, tRNA"(GAU) ap-
pears mitochondria-specific.

Finally, we can observe distinct genus-specific profiles
within Aspergillus. We see the appearance of tRNASY(ACC),
which is rarely seen in other fungi and mito-specific, and not
only the disappearance of the tRNAT™ gene seen in other As-
comycota, but additionally the corresponding TGG codon.
Additionally observed is the general absence of codon GGC,
which is generally present in other Fungi. Taken together, these
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kingdom-wide mitogenome patterns demonstrate a shifting
evolutionary landscape of tRNA usage.

Mitochondrial evolution mirrors host evolution

Since our annotation pipeline successfully detected all 15 core
genes across fungi, we were able to create a kingdom-wide
mitochondrial phylogeny. We compared this to a maximum
likelihood fungal nuclear phylogeny, and while incongruities
were observed, overall, we detected a high degree of con-
cordance between the two phylogenies (P = 0.009901, Co-
speciation test based on Robinson Foulds distance, 100 simu-
lations; Fig. 2). Incongruities were often observed in locations
with low bootstrap support on the mitochondrial tree, which
often occurred in abundantly sampled genera (e.g. Aspergillus;
Eurotiomycetes, Yarrowia; Saccharomycotina, Suillus; Agari-
comycetes). Overall, our results demonstrate that mitochon-
drial and nuclear tree topologies are highly congruent, even
across large phylogenetic distances.

Unidentified mitochondrial genomes in GenBank
fungal nuclear assemblies

We identified 6467 fungal genome assemblies in GenBank
with at least one undeclared mitochondrial scaffold. Of
these, 202 (3%) are complete (all 15 core genes present),
1574 (24.4%) have more than 11 core genes, and 4893
(75.6%) have fewer than 10 core genes. Regarding the num-
ber of scaffolds, 2182 (33.7%) are single scaffolds, and the
other 64.3% contained two or more scaffolds. Considering
only the mitogenomes with < 6 scaffolds and 12 or more
core genes yielded 957 assemblies, defined as high-quality.
Sordariomycetes (310 - 32.4%) and Eurotiomycetes (397
- 41.5%) classes cover most of them, followed by Doth-
ideomycetes (114 - 11.9%) and Saccharomycetes (54 - 5.6%).
The only high-quality non-Dikarya mitogenomes found were
from Mucoromycota (19 - 1.98%) (Supplementary Table S3,
Supplementary Fig. S5, Fig. S6). We compared our annota-
tions of the 957 NCBI high-quality mitogenomes with those
already present in GenBank. Only 225 (23.5%) were de-
posited with gene predictions, and among the scaffolds pre-
dicted as mitochondrial, an average of 5.24 genes were pre-
dicted (12.32 for JGI mitochondrial annotation), with 78
(34.6%) having 0 genes. This discrepancy can be explained by
the difference between Eukaryotic/mitochondrial gene predic-
tion (e.g. codon usage, exon/intron structures). Since Eukary-
otic gene predictors were used on NCBI mitochondrial scaf-
folds, these gene models are mostly fragmented, chimeric (a
combination of two or more gene models), or simply wrong
due to using the wrong genetic code. These results show that
even with an untargeted mitochondrial assembly, a signifi-
cant amount of high-quality mitochondrial genomes can be
detected in public repositories, providing a rich dataset for
further analysis.

Mitochondria are common in metagenomics
datasets

From the metagenomic sequencing datasets, a total of 3131
assemblies (comprising 1340 single contigs and 1791 MAGs)
were found with our phylogenomic approach to likely rep-
resent partial or complete fungal mitochondria (Fig. 3). Col-
lectively, 1867 were in single scaffolds with 2994 in five or
fewer scaffolds. A total of 388 were determined to be cir-
cular (223 contigs and 165 MAGs). Around 2022 assem-

blies (610 contigs and 1412 MAGs) had more than 12 core
genes, with 1019 (386 contigs and 657 MAGs) having all
15 core genes. The expanded mitochondrial species tree was
built with clusters of metagenomic and reference mitochon-
drial sequences. In this tree, 140 out of 248 representative
mitochondrial genome clusters contained both metagenomic
and reference mitochondrial sequences, while 93 clusters con-
tained exclusively metagenomic sequences, which roughly cor-
responded to 37% of total mitochondrial taxon richness.
Clustering of the 3131 assemblies with vclust [48] yielded 881
species-level OTUs. In the phylogenomic tree, most metage-
nomic mitochondria grouped with Ascomycota and Basid-
iomycota. 888 mitoMAGs clustered together with fungal mi-
togenomes of the diverse order Helotiales in the Ascomycota
and were found to be present across a wide range of biomes
(Fig. 3). Interestingly, we also identified a clade basal to known
fungal mitogenomes. Such a group potentially represents a
new lineage of fungi or another new unexplored lineage in
Opisthokonta.

Mitochondrial gene order changes across genera

To address variation observed in gene order, we looked
across a subset of our dataset consisting exclusively of single-
contig, circular mitogenome assemblies. By using the cox1
gene to orient the circular genomes, we applied the Leven-
shtein distance approach to calculate the pairwise number
of shifts in gene order. Overall, we found that gene order
remains consistent within genera but changes across genera
(Fig. 4).

We investigated five genera in greater detail to explore
gene order within a genus: Cochliobolus (n = 6 strains of
C. heterostrophus), Fusarium (n = 9 species), Suillus (n = 11
species), Lactarius (n = 6 species), and Phyllosticta (n = 16
strains from 6 species). While gene order is maintained in four
out of five of these genera, in Phyllosticta we see a clear sep-
aration into two distinct gene order patterns (Supplementary
Fig. S7). Strains of P. citricarpa, P. paracitricarpa, and P. ci-
triasiana show one gene order pattern: cox1-cox2-nad4L-
nad5(with embedded rps3)-nadl-cob-atp6-nad3-nad6-cox3-
nad4-nad2-atp9. Strains of P. citribraziliensis, P. citrichinaen-
sis, and P. capitalensis show another (characterized by the dif-
ferent order and placement of nad2-nad4): cox1-cox2-nad41.-
nad5 (with embedded rps3)-nad2-nad4-nadl-cob-atp6-nad3-
nad6-cox3-atp9. These distinct patterns nearly correlate with
mitogenome size (itself correlated with lifestyle), except for P.
citricinaensis, a pathogenic species with a larger mitogenome
that shares its gene order with the non-pathogenic species with
smaller mitogenomes.

In C. heterostrophus, all the assemblies are identical except
for six SNPs and three blocks of deletions. This represents
~0.009 snp/kb, compared to ~0.61 snp/kb in the correspond-
ing nuclear genomes. Interestingly, we found that these muta-
tions were correlated with geography. We observed two iden-
tical deletions in the Mexican strains PR9b and PR1 x 412,
both of which harbor LAGLIDADG endonuclease-like se-
quences in the other four strains. Such an observation suggests
that the HEGs are active, and either their presence in the other
four strains is new, or the deletion in these two strains is re-
cent. The first is 1265 bp in an intron of cox3, and the other is
1596 bp in an intron of cob. We also find a 2038 bp deletion
in the intergenic region between the nad2 and cox2 genes in
Hm338, a strain isolated from New York.
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Figure 3. Contribution of mitoMAGs to fungal mitochondrial genome diversity. Phylogenetic tree built from a dereplicated set of mitoMAGs and
mitogenomes from other sources. Branches in black indicate clades exclusively containing mitoMAGs. Grey branches contain mitogenomes from NCBI
only, NCBI and JGI mitogenome collection (blue stars), or exclusively JGI mitogenomes (red stars). Moving outward from the tree: the innermost ring
reproduces this classification. For clades with mitoMAGs, their environmental origin is shown next with separate individual rings. The two outermost
rings use bars to indicate the number of genomes in the cluster that are either from mitogenomes (grey) or mitoMAGs (black).

MycoCosm comparative mitogenomic tools

For all mitochondria annotated at the JGI, including
those in this study (see https://mycocosm.jgi.doe.gov/
fungal_mito_manuscript), we provide mitochondrial genome
annotation tabs on individual MycoCosm genome por-
tals (e.g. https://mycocosm.jgi.doe.gov/Lacind1/organelle/
mitochondria). Such tabs include overall genome assembly
and annotation statistics, as well as a Circos-based [31] visu-
alization showing gene models (colored by type), a line graph
of percent GC, and any identified repetitive regions. Addi-
tionally, a comparative summary of annotated mitogenomes
in MycoCosm is also available, providing a tabular format of
assembly statistics (size, number of scaffolds, and GC%), and
gene counts (known core genes, hypothetical genes, homing
endonucleases, rRNAs, and tRNAs). Such a summary can
be found at https://mycocosm.jgi.doe.gov/mycocosm/mito/
summary?organism=fungal_mito_manuscript. Finally, while

the mitochondrial annotation pipeline currently exists within
the larger context of JGI's nuclear genome annotation and
analysis capabilities, non-JGI sequenced nuclear and mito-
chondrial genomes together can be submitted for annotation
via https://gold.jgi.doe.gov.

Discussion

Mitochondria are ancient eukaryotic endosymbionts essential
for ATP production. The increasing availability of eukary-
otic mitochondrial genomes has made informative compar-
ative analyses more routine. Broad analyses in green plants,
for example, shed light on repeat size and evolution [59].
In fungi, kingdom-wide analyses remain limited; most of-
ten, they remain confined to specific clades. Here, we an-
notated a combined dataset of nearly 10000 diverse fungal
mitogenomes and pursued in-depth exploration of a high-
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Figure 4. Pairwise Levenshtein distance for 100 circular genomes. Gene order was used to calculate Levenshtein distance for each pair of genomes,
reoriented to start at cox1. Gene order is maintained within genera, except in the case of Phyllosticta, which shows two distinct order patterns. Closely
related genera do not share gene order, but some distantly related ones do, possibly due to the limited number of permutations leading to convergence.

quality subset of genomes available within the JGI MycoCosm
portal. With this information, we detected 15 core protein-
coding genes conserved across the kingdom, characterized mi-
togenome architecture and gene content, and discovered an-
cient patterns/shifts in mitochondrial tRNA usage as part of
this process. We were also able to create a robust mitochon-
drial phylogeny, which can serve as a backbone for future mi-
togenome studies. Using this phylogeny, we found substan-
tial agreement between mitochondria and host phylogenies,
allowing us to use mitochondria to document the presence of
fungi across over 25 000 metagenomic datasets. We also de-
tected 6467 (69.8% of the total 9255) hidden mitochondria
within fungal genomes available at the NCBI, revealing a trove
of information for future study.

By surveying our phylogenetically diverse dataset, we found
that mitogenome architecture is more variable than expected.
Most significantly, we observed huge mitogenomes in desert
truffles (Pezizales), where sizes were > 1Mb on average.
These represent the largest fungal mitogenomes identified

to date (the previously reported largest fungal mitogenome,
Morchella crassipes, being only 531 kb [21]). We also see
that the related species, Morchella importuna, also from the
Pezizales, has a mitogenome size of 274 kb. Taken together,
these observations suggest increased plasticity or selective
pressure in the Pezizales to maintain large genomes. Such
expansion of genome size appears related to increased in-
tron sizes, with additional contribution of more and larger
hypothetical proteins. A large proportion of these genomes,
however, is intergenic. Size differences were also observed be-
tween two subclades of Phyllosticta, with notable correlation
with pathogenicity, where longer mitogenomes were observed
in pathogenic strains. Similar interspecies variations in mi-
togenome sizes have been reported in other phytopathogenic
fungi as well, such as species of Monilinia which infect stone
and pome fruits [60].

We see a dynamic range of GC content across mitogenomes
that did not necessarily follow nuclear GC content trends
in their hosts at the subphylum level. We also found several



clades with higher average GC% than expected, for example,
Chytridiomycota, Mucoromycotina, and Pucciniomycotina.
Thus, while low GC content thresholds have been suggested as
useful for identifying mitochondrial scaffolds [12], our overall
assessment of GC% trends suggests that these standards may
not be consistently applicable across the kingdom.

Using a high-quality set of 300 + mostly single-scaffold fun-
gal mitochondrial genomes, we find general conservation of
the 14 genes associated with oxidative phosphorylation com-
plexes I, I, IV, and V across the kingdom. Such a finding
is consistent with other analyses for individual fungal clades
[61]. We observed that the order of genes changes across gen-
era, consistent with a previous study [62] reporting variabil-
ity between and within the major phyla, but which made no
comment on conservation at the genus level. Other work,
for example, in vertebrates, has shown gene order consis-
tency at the order level [63]. Our finding that gene order is
conserved within fungal genera can add to the broader dis-
cussion of mitochondrial gene order variability in fungi. In
particular, the fact that we observe discrete boundaries be-
tween fungal genera with a mitochondrial phylogeny supports
the taxonomic validity observed with nuclear phylogenomic
analyses.

We also detected 1574 and 2022 mitogenomes from NCBI
and IMG metagenomes, respectively, with > 12 core genes.
In general, we found that subunits of cytochrome ¢ oxi-
dase (Complex IV) and cytochrome bcl (Complex III) are
the most conserved across fungi, while rps3 is the most
variable. Subunits of the NADH:ubiquinone oxidoreductase
(Complex I) appear missing from Cryptomycota, despite be-
ing otherwise generally conserved. Similarly, ATP synthase
(Complex V) subunits atp8 and atp9 are missing from mi-
togenomes of most Dothideomycetes, with evidence suggest-
ing that while atp8 may have been transferred to the nu-
cleus in only Dothideomycetes, atp9 might represent poten-
tial transfer in progress for a broader collection of groups.
Our data shows that the presence of atp9 in the nuclear
genomes is primarily restricted to the Pezizomycotina but is
not found in the Pezizales, which is the earliest branching or-
der in the Pezizomycotina. The presence of the nuclear atp9
seems to have allowed specific losses of mitochondrial atp9
in some Pezizomycotina genomes, such as in some members
of the Aulographales and some Chaetomium species. Pre-
vious work has shown that atp8 is missing from the mi-
tochondrial genomes of non-fungal eukaryotes [64-66], as
well as only smaller groups of fungi [51-[53]. Due to the
small size and divergent evolution of atp8, others have ar-
gued that the gene may be simply missed during annotation
[67].

The atp9 component of the ATP synthase-FO is not essen-
tial for survival in some yeasts [68], and it can be experimen-
tally transferred to the nucleus [52]. The experimental relo-
cation required multiple steps, including changes to the cod-
ing sequence, targeting signals, and transmembrane domains.
Our observed pattern, where atp9 is present in both the mi-
tochondrial and nuclear genomes in some clades, may repre-
sent transitional states where the gene is actively being moved
to the nucleus, but full functionality has not been achieved
yet, which would eventually allow the deletion of the mito-
chondrial copy. We find that while rps3 is absent from mi-
togenomes of both Chytridiomycota and Mucoromycota lin-
eages, a nuclear copy is found only in the latter. While rare, we
find other examples of nuclear-encoded mitochondrial genes,
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some of which have supporting mitochondrial targeting sig-
nals. However, none of these organisms show corresponding
losses of these genes from the mitochondrial genomes, and,
given that our dataset lacks close relatives, we can speculate
that these may represent transitions in progress, but additional
sequencing might be necessary to establish any broader evo-
lutionary patterns.

We also observed a significant phylogenetic signal of cospe-
ciation (P < 0.01) between mitochondria and their hosts, in
agreement with findings in other eukaryotes despite the fact
that fungi engage in a variety of non-canonical interactions
where hyphae from one or more partners can fuse and ex-
change genetic material. Combining this observation with our
new detection and annotation tools, we anticipate that mining
of resequencing data and samples with degraded DNAs (e.g.
herbarium specimens) could provide a major source of new
mitochondrial information for exploring biology and taxo-
nomic relationships amongst fungi. In this analysis, we re-
covered over 3000 fungal mitogenomes from metagenome
datasets across a diversity of environmental habitats. We ob-
served that the majority of metagenomic mitochondria clus-
tered with the Helotiales in the Ascomycota, consistent with
certain studies suggesting that Ascomycota species are most
abundant across multiple environmental types [69]. However,
we also see representation of a clade basal to known fungal
mitogenomes. Given that new Opisthokont clades continue
to be described [70], such results are promising targets for ap-
plying our approach for further in-depth exploration of addi-
tional phylogenetic novelty. Given the limitations of using ITS
as a fungal marker sequence [71], these results demonstrate
that mitochondrial genes might offer an attractive alternative
set of markers for microbial community-level analyses, even
if support values might be relatively lower. Indeed, such ap-
proaches have been implemented previously in soil-inhabiting
invertebrates [72], however, no large-scale approach has yet
been reported for Fungi. By augmenting or replacing exist-
ing nuclear markers with those derived from mitogenomes,
researchers can sift existing datasets to identify previously un-
sampled fungal lineages, or potentially explore interactions to
identify the abundance of eukaryotes in connection with bac-
teria.

Related to the development of marker genes, while such
identity can be made on a genus level, the SNP / indel re-
sults seen in Cochliobolus heterostrophus suggest that differ-
ences exist between strains and appear to be related to ge-
ographic origin. Similarly, we see SNP and indel differences
between strains of the same species in the Phyllosticta study
group. Indeed, current annotation data from geographically
distinct strains across the fungal kingdom remains sparse.
However, as such resources grow with additional sampling,
it may become feasible to use mitogenes as markers to track
the movement of species and even strains within metagenome
datasets, as well as provide additional support for geographic
origins.

The patterns of mitochondrially encoded tRNA genes
within Fungi have previously been explored, but in a limited
context, for example: general reductions in a few species of
Chytridiomycota and differences in model organisms such as
Neurospora crassa. Thus, it remains a poorly explored area of
fungal mitochondria regulation, particularly when examined
in the context of codon usage patterns. We analyzed tRNA
patterns across the kingdom and found a general encoding of
a single tRNA per amino acid, consistent with the utilization
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of wobble-pairing to recruit amino acids during translation
and the import of additional tRNAs from their hosts [73].
Consistent with the previous limited observations in Spizel-
lomyces punctatus [58)], Hyaloraphidium curvatum [74], and
four monoblepharidaleans [75], we find evidence suggesting
that the entire Chytridiomycota phylum contains a highly re-
duced set of tRNAs, with additional further reduction in the
order Rhizophydiales. These absences suggest a specific loss
event during the emergence of the Chytridiomycota, as early-
diverging non-fungal eukaryotes exhibit a similar pattern to
non-chytrid Fungi with a few exceptions. Interestingly, in-
cluded in the set of tRNAs is a unique suppressor, correspond-
ing to the use of the Chlorophycean Mitochondrial Code
(code 16) in some members of the phylum, an intriguing obser-
vation given that many chytrids are also frequent pathogens of
chlorophytes [76]. Continuing through the tree, we found the
replacement of tRNAAB(UCU) with tRNAAS(ACG) as well
as two losses of tRNAT™ corresponding to the Russulales in
the Basidiomycota, as well as the emergence of the Ascomy-
cota. These suggest major shifts in mitochondrial translation
regulation. We found several cases where predicted tRNAs
exist, but no corresponding codons could be detected, which
was most frequently observed for tRNA“Y(GCA). Given that
nonessential genes are often rapidly pseudogenized and lost in
obligate endosymbiotic systems [77], the retention of such tR-
NAs across evolutionary time warrants further exploration.
While shifts in nuclear codon usage have been documented
previously [78,79], our work can help assess fungal mitochon-
drial tRNA shifts and whether they follow patterns shown for
nuclear tRNAs.

The resources and utilities made available in this work
should provide opportunities for the fungal and/or mito-
chondrial research community, irrespective of level of famil-
iarity with JGI's MycoCosm platform. Similarly, the analy-
ses presented here provide a solid foundation for growth in
a variety of research directions. Our results highlight spe-
cific fungal clades that demand further exploration of vari-
ous biological mechanisms, such as coding potential. More
broadly, the increasing ease of mitogenomic sequencing and
observed kingdom-wide conservation of marker genes, cou-
pled with phylogenetic congruence of nuclear and mitochon-
drial genome phylogeny, together provide an attractive path
toward the future of fungal metagenomics.
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