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The mitochondrial genomes are very diverse, but their evolutionary history 

is unclear due to the lack of efforts to sequence those of protists (unicellular 

eukaryotes), which cover a major part of the eukaryotic tree. Cryptista comprises 

cryptophytes, goniomonads, kathablepharids, and Palpitomonas bilix, and 

their mitochondrial genomes (mt-genomes) are characterized by various 

gene contents, particularly the presence/absence of an ancestral (bacterial) 

system for the cytochrome c maturation system. To shed light on mt-genome 

evolution in Cryptista, we  report the complete mt-genome of Microheliella 

maris, which was recently revealed to branch at the root of Cryptista. The 

M. maris mt-genome was reconstructed as a circular mapping chromosome 

of 61.2 kbp with a pair of inverted repeats (12.9 kbp) and appeared to be the 

most gene-rich among the mt-genomes of the members of Diaphoretickes (a 

mega-scale eukaryotic assembly including Archaeplastida, Cryptista, Haptista, 

and SAR) studied so far, carrying 53 protein-coding genes. With this newly 

sequenced mt-genome, we inferred and discussed the evolution of the mt-

genome in Cryptista and Diaphoretickes.
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Introduction

Mitochondria, which originated from an endosymbiotic prokaryote, are fundamental 
and unique eukaryotic organelles. All eukaryotes possess mitochondria or organelles 
derived from mitochondria, with a single exception, the amitochondriate eukaryote 
Monocercomonoides exilis (Karnkowska et al., 2016), and their cellular functions have been 
studied extensively (Atteia et al., 2009; Panigrahi et al., 2009; Calvo and Mootha, 2010; Lee 
et al., 2013; Gawryluk et al., 2014). Nevertheless, it is still controversial as to when and how 
the first mitochondrion was established in eukaryotic evolution (Gray et al., 2001; Gray, 
2015; Roger et  al., 2017; Zachar and Boza, 2020). The diversity of the mitochondrial 
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genomes of unicellular eukaryotes (protists) is very high with 
respect to both gene content and genomic structure (Smith and 
Keeling, 2015). To gain deeper insights into the diversity of 
mitochondrial genomes among protists, we need to sample data 
from phylogenetically diverse protists, as the mitochondrial 
genomes of the members of a well-defined taxonomic group are 
similar to one another (Smith, 2015). In other words, novel and/
or poorly studied protists may shed light on previously overlooked 
aspects of mitochondrial genome evolution. In particular, early 
branching species of the taxonomic group of interest, or even 
those of eukaryotes as a whole, are anticipated to retain the 
mitochondrial genomes with some ancestral features. Indeed, 
Ancoracysta twista, which was described recently and was shown 
to belong to diaphoretickes but no clear phylogenetic affinity to 
any known diaphoretickes lineages, was shown to possess a large 
number of genes in its mitochondrial genomes (Janouškovec et al., 
2017). Besides A. twista, jakobids, which belong to Discoba, a 
taxonomic group excluded from Diaphoretickes, have the most 
gene-rich mitochondrial genomes among the eukaryotes studied 
to date (e.g., 67 protein-coding genes in the mitochondrial 
genome of Andalucia godoyi; Burger et  al., 2013; Smith and 
Keeling, 2015; Janouškovec et al., 2017; Roger et al., 2017).

The evolution of the mitochondrial genome of Cryptista, 
which is composed of cryptophytes, goniomonads, kathablepharids, 
and Palpitomonas bilix (Adl et al., 2019), remains to be understood. 
To our knowledge, the complete mitochondrial genomes are 
available for multiple cryptophytes and goniomonads, two 
kathablepharids, and P. bilix (Hauth et al., 2005; Nishimura et al., 
2016, 2020; Cenci et al., 2018; Kim et al., 2018; Suo et al., 2018; 
Wideman et  al., 2019). The cryptist mitochondrial genomes 
analyzed so far are circular, except for P. bilix, the deepest branching 
member of Cryptista. The P. bilix mitochondrial genome is a linear 
molecule that bears a pair of repeat sequences at both ends of the 
genome (~30 kb in length), which have been found in three 
distantly related protists, namely the green alga Polytomella parva, 
alveolate Acavomonas peruviana, and stramenopile Proteromonas 
lacertae (Fan and Lee, 2002; Pérez-Brocal et al., 2010; Janouškovec 
et  al., 2013). Comparative studies of cryptist mitochondrial 
genomes have suggested the complex evolution of the cytochrome 
c maturation system in this protist assemblage (Nishimura et al., 
2016, 2020). The genes encoding the components of the “bacterial” 
cytochrome c maturation system (System I) have been found in the 
mitochondrial genomes of P. bilix and the goniomonad Hemiarma 
marina, although other cryptists use nucleus-encoded, eukaryote-
specific enzymes for cytochrome c maturation (System III). 
Although the evolution of the proteins involved in Systems I and 
III could not be elucidated with confidence, the two evolutionarily 
distinct systems for cytochrome c maturation were exclusively 
distributed in the Cryptista clade. Thus, the shift from System I to 
System III (or that from System III to System I) needs to be invoked 
multiple times during Cryptista evolution (Nishimura et al., 2016, 
2020). To precisely understand the distribution of System I/III in 
Cryptista, we need the mitochondrial genomes of more diverse 

cryptists as well as other eukaryotes, including Microheliella maris, 
which showed an intimate affinity to Cryptista in a recent 
phylogenomic study (Yazaki et al., 2022).

Microheliella maris is a protist that was originally classified 
into the phylum Heliozoa (centroheliozoans) based on several 
characteristics, such as the radiating axopodia with tiny granules 
and the centroplast, which are similar to those of centroheliozoans 
(Cavalier-Smith and von der Heyden, 2007; Yabuki et al., 2012; 
Cavalier-Smith et al., 2015). In the phylogenetic analyses based on 
alignments comprising 319 genes, M. maris branched at the base 
of Cryptista, and the clade of M. maris plus Cryptista was further 
united with Archaeplastida (Yazaki et  al., 2022). The clade of 
M. maris plus Cryptista was proposed to be called Pancryptista, 
and the union of Pancryptista and Archaeplastida was named the 
CAM clade (Yazaki et al., 2022). In the present study, we sequenced 
the mitochondrial genome of M. maris. The mitochondrial 
genome of M. maris was found to be a circular form with a pair of 
inverted repeats, and there were 53 protein-coding genes, which 
were greater than those of any other Diaphoretickes, including 
A. twista. In light of the M. maris mitochondrial genome (Mm 
mt-genome), we  discuss the evolution of the mitochondrial 
genomes of Pancryptista and the CAM clade, as well as 
Diaphoretickes, and that of cytochrome c maturation system 
in Pancryptista.

Materials and methods

Sequencing of Microheliella maris 
mitochondrial DNA

A culture of Microheliella maris, which was studied by Yabuki 
et al. (2012) and kept in our laboratory, was used in this study. The 
same strain is available in the Culture Collection of Algae & Protozoa 
(CCAP).1 Approximately 200 ml of mid-exponential phase cell 
culture was subjected to DNA extraction. The cells were then 
centrifuged at 2,400 × g for 5 min. Total DNA was extracted from the 
cell pellet using a DNeasy Plant Mini Kit (Qiagen) following the 
manufacturer’s protocol. About 4.1 μg of total DNA was sent to 
Macrogen Japan Corp. (Kyoto). The sequence library was 
reconstructed and run on the NovaSeq 6000 system. A total of 1.4 × 
108 pair reads, each up to 150 bp in length, were generated and 
subsequently subjected to contig assembly using SPAdes 3.13 
(Bankevich et al., 2012). From the contig sequences, three possible 
mitochondrial genomic fragments were detected by BLASTN using 
the mitochondrial genome sequence of Ophirina amphinema 
(GenBank accession number: LC369600.1) as a query sequence. A 
circular mitochondrial genome (61,620 bp in length) was 
reconstructed from three fragments by PCR and Bowtie2 (Langmead 
and Salzberg, 2012) analyses (see Supplementary Information). The 

1 https://www.ccap.ac.uk/catalogue/strain-1945-1
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mitochondrial genome sequence was annotated using MFannot.2 
Each open reading frame (ORF) was annotated based on the result 
of MFannot, but the position of the start codon was determined 
following the results of Artemis analysis (Carver et al., 2012). Infernal 
1.1.2 (Eddy and Durbin, 1994) was also used to identify transfer-
messenger RNA (tmRNA) using the covariance model built by Hafez 
et al. (2013).

Phylogenetic analyses of cox11, tufA, 
ccmA, ccmC, and ccmF

We prepared cox11 and tufA alignments, of which taxon 
samplings refer to the cox15 alignments analyzed in He et  al. 
(2016). The cox11 and tufA sequences of M. maris, Marophrys sp. 
SRT127, several eukaryotes, and several alphaproteobacteria were 
also added. The phylogenetic alignments of ccmA, ccmC, and 
ccmF analyzed by Nishimura et al. (2020) were updated by adding 
the M. maris sequences retrieved from the genome data. The 
sequences were aligned using MAFFT with the L-INS-i option 
(Katoh and Standley, 2013). Ambiguously aligned positions were 
manually removed from each alignment. The details of each final 
alignment for phylogenetic analyses are described in 
Supplementary Table S3. The final alignments were subjected to 
maximum likelihood (ML) phylogenetic analyses using IQ-TREE 
2.2.0 (Minh et al., 2020), coupled with a 100-replicate standard 
bootstrap analysis. The substitution models applied in each 
alignment selected by ModelFinder, based on Bayesian 
information criteria, are summarized in Supplementary Table S3. 
Bayesian analysis of each alignment was conducted under the 
CAT + GTR model using PHYLOBAYES-mpi v. 1.8a (Lartillot 
and Philippe, 2004; Lartillot et al., 2013). Two chains of Markov 
chain Monte Carlo (MCMC) were run until maxDiff was less than 
0.1. The first quarter of the trees sampled during MCMC was 
discarded as burn-in, and the consensus tree with branch lengths 
and Bayesian posterior probabilities (BPPs) was calculated from 
the remaining three-quarters of the trees. The cycle numbers of 
MCMC runs and the calculated maxDiff values are summarized 
in Supplementary Table S3.

Results

Overview of the Microheliella maris 
mitochondrial genome and 
mitochondrial genes of interest

The circular-mapping of the mitochondrial genome of 
Microheliella maris (Mm mt-genome) was found to 
be 61,620 bp in length (Figure 1) with G + C contents of 28.7% 

2 http://megasun.bch.umontreal.ca/cgi-bin/mfannot/

mfannotInterface.pl

(Table 1). A total of 79 genes were annotated in this genome, 
namely three ribosomal RNAs (rnl, rns, and rrn5), one 
RNase-P RNA (rnpB), one tmRNA (ssrA), 53 protein-coding 
genes, one functionally unassignable ORF, and 21 tRNAs. trnA 
and trnT were not detected in the Mm mt-genome. The Mm 
mt-genome possesses rnpB and ssrA, which are very rare genes 
in the mitochondrial genomes studied to date. rnpB has been 
found only in some jakobids and restricted species in Fungi, 
and ssrA is found only in some jakobids and Palpitomonas 
bilix (Aguileta et al., 2014; Nishimura et al., 2016; Zardoya, 
2020). No introns were detected in any of the ORFs. The Mm 
mt-genome possesses a pair of inverted repeats, 12,850 bp in 
length, and contains 22 genes (three ribosomal RNAs, seven 
tRNAs, and 12 protein-coding genes; Figure 1). We could not 
detect nad10 and ccmB in the Mm mt-genome, which were 
found in the mitochondrial genome of P. bilix (Pb mt-genome), 
but detected nad10 transcripts in the RNA-seq data generated 
by Yazaki et  al. (2022). The protein sequence of M. maris 
nad10 showed an extension at the N-terminus compared to 
that of P. bilix encoded in its mt-genome. MitoFate (Fukasawa 
et  al., 2015) predicted the N-terminus of M. maris nad10 
sequence as a mitochondrial-targeting signal, suggesting that 
this particular gene is encoded in the nucleus and the gene 
product is imported post-translationally to the mitochondrion 
in M. maris.

Prior to this study, the mitochondrial genome-encoded cox11 
and tufA were only detected in members of Discoba (jakobids and 
Tsukubamonas globosa), a centrohelid Marophrys sp. SRT127, and 
Diphylleia rotans, a member of the CRuMs (only cox11 was 
detected in the D. rotans mt-genome; Kamikawa et  al., 2016; 
Janouškovec et al., 2017; Nishimura et al., 2019). Hence, this is the 
second case in Diaphoretickes, following Marophrys, in which the 
two genes were detected in the mt-genome. As neither cox11 nor 
tufA have been reported from any other member of the CAM 
clade, it was unclear whether they were vertically inherited from 
ancestral eukaryotes or independently acquired from a 
phylogenetically distinct organism via lateral gene transfer. 
Therefore, we addressed their origins using phylogenetic analysis. 
In the cox11 phylogenetic tree, all eukaryotic sequences, including 
cox11 of M. maris (Mm cox11), formed a single clade. Mm cox11 
was monophyletic with the mitochondrion-encoded cox11 of a 
jakobid, Ophirina amphinema. Unfortunately, owing to the lack  
of phylogenetic resolution in the cox11 phylogeny, the precise 
position of Mm cox11 in the eukaryotic clade was unclear 
(Supplementary Figure S1A). In the tufA phylogenetic tree, the 
monophyly of eukaryotes was also recovered, and this clade split 
into nucleus-encoded and mitochondrial genome-encoded 
sequences, but the monophyly of each subclade was not well 
supported. The mitochondrial genome-encoded tufA sequences, 
including tufA of M. maris (Mm tufA), grouped together and the 
Mm tufA branched with the sequences of two jakobids 
(Reclinomonas americana and Jakoba libera), although neither of 
the two relationships mentioned above received high statistical 
support (Supplementary Figure S1B).
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The origin of the mitochondrial genome-encoded cytochrome 
c maturation system in Cryptista is still under debate (Nishimura 
et al., 2016, 2020). Therefore, the information on M. maris, which 
represents the lineage most closely related to Cryptista known to 
date, is important. We detected three cytochrome c maturation 
genes (ccmA, ccmC, and ccmF) in the Mm mt-genome; however, 
we did not detect ccmB or holocytochrome c synthase (HCCS) in 
either the Mm mt-genome or RNAseq data generated by Yazaki 
et  al. (2022). In the ccmA, ccmC, and ccmF phylogenies, the 
M. maris sequences were included in the major eukaryotic clades 
(Supplementary Figures S2A–C). In the ccmA phylogenic tree 
(Supplementary Figure S2A), the M. maris sequence is 
monophyletic with the Ancoracysta twista sequences. The ccmC 
and ccmF phylogenies commonly connected the M. maris 
sequence with the Hemiarma marina sequence. Nevertheless, 
none of the three analyses resolved the relationship between 
M. maris and the Ancoracysta/Hemiarma sequences with high 
statistical support.

Discussion

The evolution of the mitochondrial 
genome in Pancryptista

Protein-coding genes
We successfully determined the mitochondrial genome of 

Microheliella maris (Mm mt-genome), which represents the most 
basal lineage of Pancryptista (Yazaki et al., 2022). The size of the 
Mm mt-genome (61.6 kbp) is similar to those of the Palpitomonas 
bilix mt-genome (Pb mt-genome, 76.9 kbp) and the kathablepharid 
Lecocryptos marina mt-genome (67.3 kbp), whereas those of 
goniomonads and cryptophytes ranges from 35.0 to 66.2 kbp 
(Table  1). Overall, the Mm mt-genome and Pb mt-genome 
appeared to contain 53 and 47 ORFs, respectively, which were 
greater than the ORF numbers found in other cyrptists (ranging 
from 34 to 44; Table 1). If no acquisition of ORF (except those 
associated with mobile elements) is assumed during the evolution 

FIGURE 1

The mitochondrial genome map of Microheliella maris. Protein-coding regions are shown in blue. Transfer RNA genes and other structural RNA 
genes (i.e., rns, rnl, rrn5, rnpB, and ssrA) are shown in green and gray, respectively. Pink arrows indicate a pair of inverted repeats.
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of the pancryptist mt-genomes, the ORF content of the mt-genome 
of the common ancestor of Pancryptsita should be the union set 
of those of the mt-genomes of all members of Pancryptista known 
to date. The putative ORF content in the ancestral pancryptist 
mt-genome likely resembles that in the Mm mt-genome, which 
carries eight extra genes compared to the putative ancestral 
cryptist mt-genome, namely five ribosomal protein genes, sdh2, 
cox11, and tufA (Figure 2B). On the other hand, nad10 and ccmB 
are present in the Pb mt-genome (P. bilix is the putative most basal 
cryptist) but absent in the Mm mt-genome. The M. maris 
transcriptome data contains transcripts encoding nad10, the 
N-terminus of which was predicted to function as a mitochondrial-
targeting signal. Therefore, nad10 in M. maris is thought to have 
migrated from the mt-genome to the nucleus. nad10 was not 
found in the mt-genome of Leucocryptos marina but no evidence 
for the nucleus-encoded version has not been found in the 
transcriptome data. We currently consider that nad10 gene was 
mitochondrion-encoded in the common ancestor of pancryptists 
but translocated to the nuclear genome on the separate branches 
leading to M. maris and L. marina after the divergence of 
pancryptists. As ccmB transcripts were not found in the 
transcriptome data of M. maris, it is still unclear whether ccmB is 
(i) truly absent in M. maris or (ii) present but missing from the 
transcriptome data. If the M. maris ccmB sequence was highly 
divergent, the homology search may have overlooked the ccmB 
sequence in the transcriptome data.

RNA genes
Here, we discuss putative changes in the content of RNA genes 

in the pancryptist mt-genomes. As seen in other mt-genomes, the 
Mm and cryptist mt-genomes possess both small and large 
subunit rRNA genes (rns and rnl). Intriguingly, Mm and Pb 
mt-genomes appeared to possess a unique set of RNA genes, 

namely the 5S rRNA gene (rrn5), which is also present in the 
mt-genomes of cryptophytes, and tmRNA genes (ssrA). Thus, 
we assumed that the ancestral pancryptist mt-genome carried rns, 
rnl, rrn5, and ssrA. After the separation of P. bilix and the common 
ancestor of kathablephalids, goniomonads, and cryptophytes, the 
mt-genome of the latter lineage secondarily lost rrn5 and ssrA 
(Table 1; Figure 2). The mitochondrion-encoded RNAase P RNA 
gene (rnpB) should have been lost from the ancestral cryptist 
mt-genome, as rnpB was detected only in the Mm mt-genome, but 
not in any cryptist mt-genomes. In contrast, the number of tRNA 
species in the Mm mt-genome is 21, which is smaller than that 
identified in the cryptist mt genomes. The Mm mt-genome 
discarded alaninyl and threoninyl tRNAs. We assume that over 28 
tRNA species were present in the ancestral pancryptist 
mt-genome, although a reduction in the tRNA repertory occurred 
in the Mm mt-genome. Regarding tRNAs, the cryptist mt-genomes 
typically encodes approximately 27 tRNAs (24–28), whereas the 
Mm mt-genome encodes only 21 tRNAs (Table 1). Despite no 
experimental validation, the tRNA, of which genes were not found 
in the mitochondrial genome, are likely imported from the 
cytosol, as anticipated for other mitochondria (Gray et al., 1998; 
Tan et al., 2002; Kolesnikova et al., 2004; Schneider, 2011; Salinas 
et al., 2012; Lang, 2018). The Mm mt-genome has more protein-
coding genes but less tRNA genes than the cryptist mt-genomes, 
suggesting that protein-coding genes and tRNA genes have been 
under different evolutionary constraints.

Inverted repeats
Gene synteny is not conserved among the cryptist 

mt-genomes, and likewise, the Mm mt-genome does not share 
gene synteny with any of the cryptist mt-genomes. The Mm 
mt-genome has a pair of inverted repeats, which contain 
multiple genes, as seen in Pb and several cryptophyte 

TABLE 1 Characteristics of the Pancryptista mitochondrial genome.

GenBank 
accession

Genome 
size

G + C% Introns ORFs rRNA tRNA (Unassignable 
ORFs)

Inverted 
repeat

Rhodomonas salina (Hauth et al., 2005) AF288090 48,063 bp 29.8% 2 40 2 27 1 Yes (4.7 kbp)

Rhodomonas salina CCMP1319 (Kim et al., 2018) NC002572 43,375 bp 29.8% 3 41 2 27 1 Yes (4.7 kbp)

Guillardia theta CCMP2712 (Suo et al., 2018) MH844545 35,013 bp 28.9% 1 36 2 28 2 No

Proteomonas sulcata CCMP705 (Kim et al., 2018) MG680945 37,009 bp 31.2% 0 41 2 25 1 No

Teleaulax amphioxeia HACCP CR01 (Kim et al., 2018) MG680944 43,442 bp 32.8% 2 41 2 25 4 Yes

Storeatula species CCMP1868 (Kim et al., 2018) MG680943 54,527 bp 29.8% 4 41 2 28 2 Yes

Cryptomonas curvata FBCC300012D (Kim et al., 2018) MG680942 37,438 bp 30.0% 0 41 2 27 1 No

Hemiselmis andersenii CCMP644 (Kim et al., 2008) NC010637 60,533 bp 28.7% 0 36 2 28 8 No

Chroomonas placoidea CCAP978/8 (Kim et al., 2018) MG680941 44,384 bp 29.4% 2 44 2 27 6 No

Hemiarma marina (Nishimura et al., 2020) LC515367 66,262 bp 40.3% 0 42 2 24 7 No

Goniomonas avonlea (Cenci et al., 2018) AP018919 41,136 bp 32.5% 1 41 2 25 3 No

Leucocryptos marina (Nishimura et al., 2020) LC515368 67,380 bp 30.9% 11 34 2 27 11 No

Palptiomonas bilix (Nishimura et al., 2016) NC031832 76,874 bp 27.6% 0 47 3 26 4 Yes (~30 kbp)

Microheliella maris LC715210 61,620 bp 28.7% 0 53 3 21 1 Yes (12.9 kbp)
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FIGURE 2

Evolution of mitochondrial genomes in Diaphoretickes. (A) Comparison of the gene contents of the mitochondrial genomes in Diaphoretickes. 
We only considered the genes containing functionally assignable open reading frames in this comparison. The presence and absence of genes in 
a mitochondrial genome are shown by closed and open squares, respectively. nad10 was absent in the mitochondrial genome but the 
corresponding transcript was detected in Microheliella maris (highlighted by a square with lower right half painted in black). The putative presence 
and absence of genes in the last common ancestors (LCAs) of Pancryptista, Archaeplastida, SAR, and Haptophyta are shown by gray and open 
squares, respectively. (B) Putative gene loss events during the mitochondrial genome evolution in Diaphoretickes. Only members of Pancryptista, 
Archaeplastida, and Ancoracysta twista with the second gene-rich mitochondrial genome among the member of Diaphoretickes, are depicted in 
this figure. For each node of interest, the putative number of genes and the gene/genes lost comparing to the previous node are indicated. Node 
1, last common ancestor (LCA) of Diaphoretickes; node 2, LCA of CAM clade; node 3, LCA of Archaeplastida; node 4, LCA of Pancryptista; node 5, 
LCA of Cryptista. The terminal node for M. maris is labeled by a star. The 11 genes lost on the branch from the LCA of Diaphoretickes to A. twista 
are also shown in a shaded box.

mt-genomes, but not in goniomonad mt-genomes [Table 1; 
note that short repeats in mt-genomes (e.g., less than 50 bp 
containing no gene) are not regarded as “inverted repeats” in 
this study]. However, the inverted repeats found in the 
pancryptist mt-genomes are not consistent in length or gene 

content, suggesting that they are not of the same origin. The 
inverted repeats in the Mm mt-genome are longer than those 
found in other protists except P. bilix (Pérez-Brocal et  al., 
2010; Janouškovec et  al., 2013; Tikhonenkov et  al., 2014; 
Nishimura et al., 2016). The features of the inverted repeats 
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in the pancryptist mt-genomes suggest that they occurred 
independently during the evolution of Pancryptista.

Cytochrome c maturation
Previous studies assessing the cryptist mt-genomes have 

focused on the evolution of the cytochrome c maturation 
system (Nishimura et  al., 2016, 2020). Two types of 
cytochrome c maturation systems, System I with ccmA-H and 
System III with holocytochrome c synthase (HCCS), were 
found in Cryptista, but each cryptist possesses either of these 
and co-existing cases in a single cryptist has not been 
reported. Whether each system was vertically inherited in 
Cryptista or acquired horizontally is not clear, and the 
evolution of cytochrome c maturation in Cryptista was 
assumed in several scenarios because of the insufficiency of 
the phylogenetic signal of the genes associated with 
cytochrome c maturation. Although the presence/absence of 
ccmB remains uncertain, ccmA, ccmC, and ccmF were detected 
in the Mm mt-genome (Figure  2), and HCCS could not 
be detected in the transcriptome data mentioned above. Thus, 
in M. maris, cytochrome c maturation is likely to occur via 
System I. Molecular phylogenetic analyses of ccmA, ccmC, 
and ccmF, including the M. maris sequences, showed that all 
M. maris sequences were included within the eukaryotic 
clade. Unfortunately, the relationship among the eukaryotic 
sequences in each gene tree was not well resolved, and we 
could not propose the scenario of the transition of the 
cytochrome c maturation system in Pancryptista with 
confidence (Nishimura et al., 2016, 2020).

New insights into mitochondrial genome 
evolution in Diaphoretickes

A recent phylogenomic analysis suggested that 
Pancryptista and Archaeplastida are sisters to each other in 
Diaphoretickes (CAM clade; Yazaki et al., 2022). Combining 
the gene contents of the previously determined mt-genomes 
and the Mm mt-genomes, we reconstructed the putative gene 
contents of the mt-genomes in the common ancestors of the 
CAM clade and Diaphoretickes. Significantly, the Mm 
mt-genome appeared to possess six genes that are absent in 
the mt-genome of Ancoracysta twista, and thus are the most 
gene-rich among the mt-genomes of Diaphoretickes 
determined prior to this study. The putative mt-genomes of 
the common ancestors of the CAM clade and Diaphoretickes 
were predicted to possess two extra genes (i.e., ccmB and 
nad10) and three extra genes (i.e., rpl27, ccmB, and nad10), 
respectively, compared to the Mm mt-genome (Figure 2B). 
The “gene-richness” of the Mm mt-genome seemingly 
corresponds to the deep-branching position of M. maris in 
the tree of Diaphoretickes inferred from a phylogenomic 
alignment (Yazaki et  al., 2022). In future studies, it will 

be  important to sequence the mitochondrial genomes of 
phylogenetically diverged (particularly deep-branching) 
members of Diaphoretickes to infer the early evolution of 
mt-genomes in this assemblage more accurately. For instance, 
the mt-genomes of Hemimastigophora are intriguing for 
predicting the gene content of the common ancestor of 
Diaphoretickes. A phylogenomic analysis revealed no obvious 
affinity between Hemimastigophora and any of the major 
lineages in Diaphoretickes, suggesting that Hemimastigophora 
represents an early branch of Diaphoretickes (Lax et  al., 
2018). It is certain that a number of diaphoretickes remain 
unstudied and some of them are of early branching in the tree 
of Diaphoretickes. Thus, Hemimastigophora, as well as the 
as-yet undescribed early branching diaphoretickes, potentially 
possess more gene-rich mt-genomes than M. maris.

After we  obtain more mt-genome data from early 
branching diaphoretickes (see the above discussion), we can 
achieve a better understanding of the evolution of cox11 and 
tufA in Diaphoretickes. The mitochondrion-encoded cox11 
was found only in Marophrys sp. SRT127 and M. maris among 
diaphoretickes. Likewise, no mitochondrial genomes of 
diaphoretickes, except for maris, retain tufA. As both the 
cox11 and tufA phylogenies were essentially unresolved 
(Supplementary Figures S1A,B), we cannot discard one of the 
two scenarios for the punctuated distributions of cox11 and 
tufA in Diaphoretickes. First, the current distribution of 
cox11/tufA in Diaphoretickes may have been shaped by the 
strict vertical inheritance of cox11/tufA from the common 
ancestor of Diaphoretickes, followed by a (potentially large) 
number of secondary losses. Alternatively, one can 
incorporate the lateral transfer of cox11/tufA to explain the 
punctuated distribution of the two genes of interest in 
Diaphoretickes. If mitochondrion-encoded cox11 and tufA 
are identified in additional early branching Diaphoretickes in 
the future, it will be  clear whether these genes were 
transferred vertically or horizontally.
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SUPPLEMENTARY FIGURE S1

Phylogenetic trees of cox11 and tufA sequences. Maximum likelihood 
(ML) trees inferred from the cox11 and tufA alignments are shown in (A,B), 
respectively. The eukaryotic sequences (and branches) are shown in blue. 
Archaeal and bacterial branches are colored orange and gray, 
respectively. The pink shade indicates nuclear-coded sequences and the 
right blue shade indicates mitochondrial-coded sequences. The 
sequences identified in the mitochondrial genome of Microheliella maris 
are shown in red. Only ML bootstrap values/Bayesian posterior 
probabilities equal to or > 50% / 0.90 are shown.

SUPPLEMENTARY FIGURE S2

Phylogenetic trees of ccmA, ccmC, and ccmF sequences. Maximum 
likelihood (ML) trees inferred from ccmA, ccmC, and ccmF alignments 
are shown in (A-C) respectively. The eukaryotic sequences (and 
branches) are shown in blue. Archaeal and bacterial branches are colored 
orange and gray, respectively. Sequences identified in the mitochondrial 
genomes of Microheliella maris, Palpitomonas bilix, and Hemiarma 
marina are shown in red. Only ML bootstrap values/Bayesian posterior 
probabilities equal to or > 50% / 0.90 are shown.
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