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Abstract
Background: The supergroup Euglenozoa unites heterotrophic flagellates from three major clades, kinetoplastids,
diplonemids, and euglenids, each of which exhibits extremely divergent mitochondrial characteristics. Mitochondrial
genomes (mtDNAs) of euglenids comprise multiple linear chromosomes carrying single genes, whereas
mitochondrial chromosomes are circular non-catenated in diplonemids, but circular and catenated in kinetoplastids.
In diplonemids and kinetoplastids, mitochondrial mRNAs require extensive and diverse editing and/or trans-splicing
to produce mature transcripts. All known euglenozoan mtDNAs exhibit extremely short mitochondrial small (rns)
and large (rnl) subunit rRNA genes, and absence of tRNA genes. How these features evolved from an ancestral
bacteria-like circular mitochondrial genome remains unanswered.
Results: We sequenced and assembled 20 euglenozoan single-cell amplified genomes (SAGs). In our phylogenetic
and phylogenomic analyses, three SAGs were placed within kinetoplastids, 14 within diplonemids, one (EU2) within
euglenids, and two SAGs with nearly identical small subunit rRNA gene (18S) sequences (EU17/18) branched as
either a basal lineage of euglenids, or as a sister to all euglenozoans. Near-complete mitochondrial genomes were
identified in EU2 and EU17/18. Surprisingly, both EU2 and EU17/18 mitochondrial contigs contained multiple genes
and one tRNA gene. Furthermore, EU17/18 mtDNA possessed several features unique among euglenozoans
including full-length rns and rnl genes, six mitoribosomal genes, and nad11, all likely on a single chromosome.
Conclusions: Our data strongly suggest that EU17/18 is an early-branching euglenozoan with numerous ancestral
mitochondrial features. Collectively these data contribute to untangling the early evolution of euglenozoan
mitochondria.
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Background
The major components of the eukaryotic tree of life that
remain underexplored comprise heterotrophic flagellates
(HFs) [1]. Investigation of HFs enables improved understanding of both eukaryotic evolution and diversity.
However, traditional methods for acquiring molecular
data from HFs necessitates the establishment of cultures,
which can be difficult [1], especially as many of these
cellular forms depend on symbiotic interactions. New
approaches have focused on leveraging single-cell amplified genome (SAG) sequencing technologies to generate
data enabling placement of these mysterious groups into
the tree of life [2–4]. Single-cell and traditional approaches have recently uncovered HFs that are not part
of well-studied groups (e.g., Rhodelphis, SAG D1, Ancoracysta) [2, 5, 6], and phylogenetic placement of orphan
taxa has helped to resolve major branching relationships
(e.g., Hemimastigophora, Picozoa, telonemids) [7–9].
Further sampling of HFs is predicted to shed light on
key evolutionary transitions that led from ancestral to
diverged states across the eukaryotes.
Among HFs, the phylum Euglenozoa includes lineages with some of the most divergent cellular characteristics. Euglenozoans comprise four well-defined
clades: kinetoplastids, diplonemids, euglenids, and
symbiontids [10–12]. Most euglenozoans, including
diplonemids [13, 14], most kinetoplastids [15], and
most euglenids are free-living HFs [16, 17]. Symbiontids are anaerobic and covered in epibiotic bacteria
[10, 11]. Investigations of the parasitic kinetoplastid
Trypanosoma brucei have shown that although their
mitoribosomes, nuclear pore complexes, and mitochondrial import machineries are extremely diverged
from most other eukaryotes, they function in a similar
manner [18–20]. Increased sampling of rare euglenozoans that branch at the base of each major lineage
will provide insights into how these cellular characteristics diversified in structure and protein composition,
without obvious functional divergence.
Compared to lineages like vertebrates and fungi, in
which relatively little mitochondrial genome (mtDNA)
variation has occurred, euglenozoans have amassed
mitochondrial genomic oddities like no other eukaryotic
group [21]. Juxtaposed with their closest relatives (i.e.,
jakobids, Tsukubamonas, and heteroloboseans), which
have bacteria-like, circular-mapping, gene-rich mtDNAs,
the transcripts of which do not require trans-splicing or
RNA editing [22–25], euglenozoans exhibit diverse
mtDNA architectures and mitochondrial transcript processing mechanisms [26–29]. The mtDNA of the euglenid Euglena gracilis is composed of linear chromosomes
bearing full-length genes, non-functional pseudogenes,
and terminal repeats in diverse arrangements [28, 30].
Kinetoplastid mtDNA, like that of T. brucei, is split into
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mutually interlocked maxi- and minicircles [31]. Maxicircles contain unrecognizable mitochondrial genes, the
transcripts of which undergo extensive uridine insertion/
deletion editing, facilitated by minicircle-encoded guide
RNAs and complex protein machinery [27]. Diplonemids
have mitochondrial genes split into small fragments,
often on separate molecules [32, 33], which require extensive trans-splicing and four kinds of RNA editing to
produce mature transcripts [29, 32–34]. How this diversity evolved in euglenozoans is unclear.
A recently sequenced SAG (called “D1”) branched sister to all known kinetoplastids in phylogenetic analyses
[2]. Its mitochondrial contigs contained genes that were
fragmented in a similar fashion as diplonemids, requiring diplonemid-like trans-splicing to produce mature
transcripts, but lacked any RNA editing [2]. While these
data allow us to infer that the ancestor of kinetoplastids
and diplonemids had a diplonemid-like mtDNA architecture, we cannot infer how the various idiosyncrasies
of euglenozoan mtDNAs emerged from a canonical
architecture. Here, we provide a starting point for understanding early transitions by identifying a deepbranching euglenozoan SAG with an ancestral-like
mtDNA lacking any RNA editing and/or trans-splicing,
which encodes full-length mitoribosomal genes, and
multiple mitochondrial genes not present in other euglenozoan mtDNAs.

Results and discussion
Diverse euglenozoans can be recovered in SAG analyses

We sequenced and assembled 20 SAGs previously amplified and reported to be euglenozoans via V9 18S mapping [4]. Assemblies varied in size from 1.2 Mb (EU20)
to 57.6 Mb (EU16) (Additional file 1: Table S1). Similar
to previous reports [2, 35, 36], our SAGs had very low
BUSCO completion scores (0–26% including fragmented
genes) with the eukaryota_odb9 dataset (Additional file
1: Table S1). Although all SAGs contained predominantly eukaryotic sequences, six (EU3–5, EU7, EU15, and
EU19) were judged to be heavily contaminated as they
had relatively high (53–83%) BUSCO completion scores
when using the bacteria_odb9 dataset. These results
were consistent with the BlobTools plots (Additional file
2: Fig. S1). When the eukaryotic small subunit rDNA
(18S) genes from all 20 SAGs were used as BLAST queries against the NCBI nucleotide database, their top
BLAST hits were all euglenozoan 18S rDNAs (Additional file 1: Table S1).
18S rDNA and concatenated nuclear phylogenies reveal a
deep-branching euglenozoan

Using a previously published 18S dataset [7], we performed phylogenetic analysis including 18S sequences
from a broad diversity of eukaryotes (Fig. 1; Additional
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Fig. 1 18S rDNA sequences from 20 SAGs branch with euglenozoans. 18S rDNA sequences were collected from 20 sequenced SAGs for
phylogenetic analysis. The 18S rDNA alignment, based on a previously published dataset [7], contained 131 taxa and 1551 nucleotide positions.
The maximum likelihood phylogenetic tree was estimated under GTR + Γ with standard bootstrapping (BS) and ultrafast bootstrapping (UFB).
Support values are shown if ≥ 50% and ≥ 75% for BS and UFB, respectively. Fully supported nodes are shown as black circles. For clarity, the
majority of eukaryotes are collapsed (for full tree see Additional file 2: Fig. S2)

file 2: Fig. S2). All 20 SAGs branched within euglenozoans, which were recovered as a monophyletic clade with
full support. The majority of these euglenozoan SAGs
branched within major clades (3 kinetoplastids, 1 euglenid, and 14 diplonemids) with full support. Only SAGs
EU17 and EU18 could not be confidently placed within
any known euglenozoan clade. To better place these two
SAGs, we conducted phylogenetic analyses with additional euglenozoan 18S (332 sequences) and 16 discobid
sequences as an outgroup (Additional file 2: Fig. S3).
Euglenozoan monophyly was obtained, and kinetoplastids, diplonemids, and symbiontids all formed monophyletic groups. As in some previous investigations [37, 38],
euglenids were not retrieved as a monophyletic clade.

EU2 branched sister to Rapaza viridis, confirming its
euglenid identity (100% standard bootstrap [BS]). EU17
and EU18 branched with very low support (35% BS) sister to petalomonads, a basal euglenid lineage [39].
To further investigate the position of EU17 and EU18
within euglenozoans, we performed a multi-gene phylogenetic analysis. Because their 18S sequences differed only
in three nucleotides (not shown) and because of the low
completeness of their individual assemblies (4.0% and
4.3% BUSCOs with eukaryota_odb9, respectively; Additional file 1: Table S1), we co-assembled EU17 and EU18
(Additional file 1: Table S1), producing SAG EU17/18
(6.9% eukaryota_odb9 BUSCOs). Of 20 nucleus-encoded
proteins used in a recent euglenid study [39], only four

Záhonová et al. BMC Biology

(2021) 19:103

Page 4 of 14

Fig. 2 Concatenated nuclear phylogenetic analysis indicates EU17/18 represent a deep-branching euglenozoan. Assemblies of EU17/18 and EU2
were searched for a set of marker proteins based on a previously published study including 20 nucleus-encoded proteins [39] for phylogenetic
analysis. The final alignment contained 62 taxa and 10,366 amino acid positions. EU17/18 and EU2 had 82% and 90% missing data, respectively.
The maximum likelihood tree was estimated under two models, LG + C60 + F + Γ (C60) and LG4X, with standard bootstrapping (BS) and ultrafast
bootstrapping (UFB). The tree topology shown is from the C60 analysis. Support values for < 50% BS and < 75% UFB are denoted by a dash (-),
whereas an asterisk (*) marks a topology that does not exist in a particular analysis. Fully supported nodes are shown as black circles
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and two of these genes were identified in EU17/18 and
EU2, resulting in only 18% and 10% complete
concatenated alignments, respectively. While EU2
branched again sister to R. viridis with 90% BS and 99%
ultrafast bootstrap (UFB) support (LG + C60 + F + Γ), and
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85/97% BS/UFB (LG4X), EU17/18 consistently formed a
sister clade to petalomonads with moderate, but unconvincing support values given the extent of the missing data
(64/94% BS/UFB using LG + C60 + F + Γ model, and 42/
81% BS/UFB using LG4X model) (Fig. 2). Taken together,

Fig. 3 EU17/18 (a) and EU2 (b) mtDNA structure and gene content are unique among known euglenozoans. The reassembly of EU17/18 was
obtained using the SAGAWE pipeline (see “Material and methods”) including reads from both EU17 and EU18 libraries. Horizontal lines represent
mitochondrial chromosomes with genes as predicted by MFannot and lengths above them. Star (★) depicts the nad1 gene that is split to two
contigs most likely because of poor quality of contig ends
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our results suggest that EU17 and EU18 likely represent a
novel basal lineage of euglenids or a basal euglenozoan
lineage. The uncertain placement could be attributed to
the poor data representation, and/or the limited taxon
sampling of basal euglenids and/or euglenozoans.
Concatenated mitochondrial gene phylogeny places
EU17/18 as a deep-branching euglenozoan

We identified 21 and seven ancestrally conserved
mitochondria-encoded proteins in EU17/18 and EU2, respectively (Fig. 3). Full-length rns and rnl genes were
identified in EU17/18 and a very small part of rnl (corresponding to the 3’ half [LSU-R] of the E. gracilis rnl
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[30]) was identified in EU2. Along with the standard
mitochondrial genes, we identified a large number (24)
of open reading frames (ORFs), that, when translated,
have no similarity to any protein in the GenBank database. Furthermore, no protein domains were predicted
by InterProScan, except transmembrane domains in 12
of them (Additional file 2: Fig. S4). One of these ORFs
could represent an extremely divergent nad6, which is
expected to be found as it is rarely lost or transferred to
the nucleus [40]. No additional ORFs were identified in
EU2 (Fig. 3). In both SAGs, several genes encoded TGA
codons as tryptophan (W), a feature found in all known
euglenozoans [28, 33, 41–43], further supporting the

Fig. 4 Concatenated mitochondrial phylogenetic analysis confirms EU17/18 as a member of an early-diverging euglenozoan lineage.
Mitochondrial-encoded protein sequences were predicted from EU17/18 and EU2 mitochondrial contigs and subjected to phylogenetic analysis.
The alignment, based on a previously published study including 15 mitochondrion-encoded proteins [33], contained 37 taxa and 4325 amino
acid positions. EU17/18 and EU2 had 8.35% and 38.81% missing data, respectively. The maximum likelihood tree, estimated under two models, LG
+ C20 + F + Γ (C20) and LG + F + I + G4 (LG; the best-fitting model as determined by IQ-TREE), with 1000 standard bootstraps (BS) and 1000
ultrafast bootstraps (UFB). The tree topology shown is from the C20 analysis. Support values for < 50% BS and < 75% UFB are denoted by a dash
(-), whereas an asterisk (*) marks a topology that does not exist in a particular analysis. Fully supported nodes are shown as black circles
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conclusion that the TGA-W genetic code change is an
ancestral feature of euglenozoans. In addition, trnK was
predicted to be encoded in EU17/18, and trnM in EU2
(Fig. 3).
Since the position of EU17/18 in nuclear phylogenies
was not fully resolved, we sought to reconstruct a mitochondrial phylogeny using a set of 15 proteins used previously [33]. In this concatenated alignment, EU17/18
had only 8.35% missing data, whereas in EU2 38.81%
was missing (in comparison, the model species E. gracilis
had 32.42% missing data). The mitochondrial phylogeny
shows euglenozoans, inclusive of EU17/18, as a fully
supported monophyletic clade with fully supported
euglenid (EU2 branching deeply within), kinetoplastid,
and diplonemid clades (Fig. 4). Glycomonada (kinetoplastids + diplonemids) were also retrieved as monophyletic with nearly full support (99/99% BS/UFB using LG
+ C20 + F + Γ model, and 98/100% BS/UFB using LG +
F + I + G4 model as determined by IQ-Tree as bestfitting model). Support for a monophyletic euglenozoan
clade excluding EU17/18 was moderately supported (74/
89% BS/UFB [LG + C20 + F + Γ], 72/92% BS/UFB [LG
+ F + I + G4]). These data further suggest that EU17
and EU18 represent an early-branching euglenozoan
lineage. We repeated the analysis including the highly
divergent atp6 from EU17/18 identified using Phyre2.
This phylogeny placed EU17/18 as a basal euglenid
(Additional file 2: Fig. S5). However, the support for this
position was low (72/85% [LG + C20 + F + Γ], 52/65%
BS/UFB [LG + F + I + G4]), and many internal euglenid
branches remained unresolved. While this placement is
suggestive of a euglenid identity of EU17/18, the extreme
divergence of atp6 sequences in euglenozoans could also
contribute to long-branch attraction artefacts. More
mitochondrial genomes from deep-branching euglenids
like petalomonads and ploeotids are required to improve
the resolution of the deep-branching relationships within
euglenozoans.
EU17/18 and EU2 bear surprising mtDNA architecture and
gene content

Since architectures of mitochondrial genomes differ significantly among euglenozoan lineages [26], we investigated the mtDNA contigs from EU2 and EU17/18
assemblies. Unlike other discobans, mitochondrial genome structures in euglenozoans exhibit diverse organizations [22]. The ancestral state from which these unique
organizations evolved was likely a circular, gene-rich,
bacteria-like mitochondrial genome. To date, no intermediates between the divergent extant euglenozoan architectures and their ancestral state have been
discovered. Both EU2 and EU17/18 exhibited contigs encoding several mitochondrial genes, unscrambled, and
without need for RNA editing (Fig. 3). To confirm these
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gene arrangements, we inspected read coverage by mapping trimmed reads onto contigs (see “Materials and
methods”). Like previously sequenced SAGs [4], the
mitochondrial to nuclear gene coverage ratios were very
high in our euglenozoan SAGs (Additional file 1: Table
S2), which is probably due to a combination of high
mtDNA copy numbers in euglenozoans [44] as well as
biassed amplification during SAG preparation. Nevertheless, read mapping showed a similar level of coverage
throughout all contigs, supporting the predicted genome
arrangements (Fig. 3).
All euglenozoans encode several subunits of respiratory complexes in their mitochondrial genome. Euglenid
mtDNAs (e.g., E. gracilis and Eutreptiella gymnastica)
encode only eight proteins: an extremely divergent ATP
synthase subunit 6 (atp6), cytochrome b (cob), three
subunits of cytochrome c oxidase (cox1, cox2, and cox3),
and three subunits of NADH dehydrogenase (nad1,
nad4, and nad5) [28, 45]. Diplonemids and kinetoplastids additionally encode seven subunits of NADH dehydrogenase (nad2, nad3, nad4L, nad6, nad7, nad8, and
nad9) and kinetoplastids also possess two mitoribosomal
proteins (rps3 and rps12) as well as a protein of unknown function (murf2) [19, 46]. Diplonemids further
encode two proteins with unknown function (y4 and y7),
although the former might represent a highly divergent
subunit of the respiratory chain complexes or a mitoribosomal protein [32, 33, 47]. So far, no euglenozoan
mtDNA was found to encode a tRNA gene [26, 48].
Small and large subunits of mitoribosomal RNAs (rns
and rnl) of kinetoplastids are extremely short [49–51].
In euglenids, rns and rnl are each split into two halves
that are separately transcribed, though they appear to
fold into more conventional secondary structures [30].
Those in diplonemids are composed of one or more
fragments, called modules (up to three and four for rns
and rnl, respectively, depending on species) [32, 33]. Regardless of the number of modules, diplonemids’ rns are
about 390 nt long, which is only one third of the length
of those in kinetoplastids.
In the EU2 mitochondrial contigs, we were able to
identify the identical protein-coding repertoire of genes
as E. gracilis mtDNA with one exception (cox3) (Fig. 3).
Several genes were identified on a single contig, namely
atp6, cob, cox1, cox2, nad4, nad5, and surprisingly, a
predicted tRNAMet(CAU) gene (Fig. 3; Additional file 2:
Fig. S6). nad1 and an rnl fragment were found on two
separate contigs. Since EU2 is undoubtedly a euglenid
(Figs. 1, 2, and 4; Additional file 2: Fig. S3), its gene arrangement suggests that the mitochondrial genome
architecture in euglenids is not well reflected in the sole
investigated species, E. gracilis [28, 30].
In EU17/18, we identified atp6, cob, all three cox subunits, 10 nad subunits (namely nad1, nad2, nad3, nad4,
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nad4L, nad5, nad7, nad8, nad9, and nad11), six mitoribosomal proteins (rpl2, rpl14, rps2, rps12, rps13, and
rps14), full-length rnl and rns, and a single tRNALys
(UUU) gene (trnK; Fig. 3; Additional file 2: Fig. S6). We
were unable to identify nad6, which may have either diverged beyond recognition (e.g., atp6 in E. gracilis [45])
or have independently transferred to the nucleus [52–
57]. Unlike any other sequenced euglenozoan, EU17/18
exhibited full-length rnl and rns genes that could be easily aligned with ribosomal sequences of E. coli (Additional file 2: Fig. S7).
The gene repertoire and genome architecture of
EU17/18 implies that the ancestral euglenozoan mtDNA
was more complex than anticipated—in line with numerous convergent simplifications of mitochondrial gene
content across the eukaryotes [6]. Our phylogenetic reconstructions suggest that EU17/18 represents either a
deep-branching euglenozoan or a basal member of the
euglenids. Either way, the euglenozoan ancestor can be
inferred to have had a circular-mapping single mitochondrial chromosome encoding at least 16 electron
transport chain components, seven mitoribosomal proteins (i.e., rpl2, rpl14, rps2, rps3, rps12, rps13, and
rps14), full-length rRNA genes, and at least one tRNA.
Euglenozoans exhibit a complex history of endosymbiont
gene transfer of mitoribosomal proteins

Although genes encoding components of the electron
transport chain and mitoribosomal proteins are retained
in the mtDNA of most eukaryotes, these genes can be
lost or transferred to the nucleus [58]. In sampled euglenozoans other than EU17/18, most protein components
of mitoribosomes are encoded in the nuclear genome
[19]. The only two exceptions are rps3 and rps12 genes
in mtDNA of kinetoplastids, which could be retained in
diplonemids but are too divergent to detect [19, 33]. In
the well-characterized mitoribosome of the kinetoplastid
T. brucei, the short length of mito-rRNAs is supplemented by 127 mitoribosomal proteins, assembled by a
number of dedicated factors, making it the largest
known ribosome [19, 59, 60]. While the T. brucei mitoribosome contains some conserved subunits widely distributed in other eukaryotes, it also incorporates
numerous euglenozoa- and kinetoplastid-specific subunits [60–62]. The same applies for the E. gracilis mitoribosome, predicted to be composed of 108 proteins, also
with euglenozoa- and euglenid-specific subunits present
[63]. Indeed, there are eight eukaryotic mitoribosomal
subunits in E. gracilis, which are absent from T. brucei
(L1, L6, L18, L38, L56, S7, S13, and S28), and 16
eukaryotic subunits retained in T. brucei, but likely lacking in E. gracilis (L5, L29, L30, L33, L35, L41, L42, L48,
S14, S21, S26, S30, S33, S37, S38, and Fyv4) [63, 64]. We
sought to identify mitoribosomal genes encoded in the
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nuclear genome of EU17/18, but identified only one candidate rps protein (EG_transcript_13898 homologue)
and two candidate rpl proteins (EG_transcript_7639 and
EG_transcript_26116 homologues) (Additional file 1:
Table S3). However, even if these proteins are orthologous, there is no guarantee that they will perform the
same function as those in other euglenozoans. From
where novel euglenozoan mitoribosomal proteins
emerged and diversified is still unknown, but EU17/18
has provided a starting point for this investigation. As
more sequences from the EU17/18 lineage become available, we will begin to grasp the origins of the divergent
cellular features exhibited by euglenozoans.

Conclusions
Our data strongly suggest that SAG EU17/18 represents
the earliest-branching lineage of known euglenozoans,
or perhaps a novel euglenid lineage with ancestral features. EU17/18 exhibits several unique mitochondrial
characteristics, enabling us to infer the ancestral euglenozoan mtDNA coding content and reconstruct the
transformations that occurred within each major euglenozoan lineage (Fig. 5). From an ancestral
heterolobosean-like mtDNA with a standard genetic
code, several major changes can be traced (Fig. 5 ①).
Prior to the last common euglenozoan ancestor the
TGA-W genetic code change in mtDNA occurred and
several genes were lost or transferred to the nucleus
(②). The ancestral euglenozoan mtDNA was most probably a circular-mapping chromosome encoding atp6,
cob, cox1-3, nad1, 2, 3, 4, 4 L, 5, 6, 7, 8, 9, and 11, rpl2,
14, rps2, 3, 12, 13, 14, full-length rns and rnl, as well as
some tRNA genes (②). When tRNA genes were fully
transferred to the nucleus remains unclear as the euglenid EU2 retains at least one predicted tRNA.
After divergence of EU17/18 from all other euglenozoans, rps2, rpl2, and nad11 were transferred to the nucleus (③). From this point, major changes likely
occurred in the rns and rnl genes, which coincided with
the emergence of a number of novel mitoribosomal proteins [19, 59, 63]. In euglenids this can be seen by split
rns and rnl genes ④, whereas in glycomonads, this is
seen in their accelerated divergence and drastic shortening ⑤. In euglenids, nad2, 3, 4 L, 6, 7, 8, and 9 were either lost or transferred to the nucleus, as only atp6, cob,
cox1, cox2, cox3, nad1, nad4, and nad5 were retained in
the mtDNA ④ (more euglenid mtDNA sequences are
needed to confirm this inference) [63]. In kinetoplastids
and diplonemids, the mitochondrial coding complement
is nearly overlapping in electron transport chain components, both retaining atp6, cob, cox1-3, nad1, 2, 3, 4, 4 L,
5, 6, 7, 8, and 9 ⑤. Kinetoplastids additionally retain
rps3 and rps12 [19, 46]. rps13 and rpl14 are encoded in
the mtDNA of EU17/18, appear to be lost outright in
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Fig. 5 The evolutionary history of mtDNA in euglenozoans. Mitochondrial traits were mapped onto a schematic phylogenetic tree based on this
and previous studies [2, 28, 30, 32, 43]. ① The ancestral discobid-like mtDNA. ② For the last common ancestor of euglenozoans, mtDNA was
represented by a circular-mapping chromosome, meaning of TGA codon was changed to code for W, and genes for atp1, 3, 8, and 9, sdh3, and 4,
and majority of mitoribosomal proteins were transferred to the nucleus. ③ After separation of EU17/18, rps2, rpl2, and nad11 underwent
endosymbiotic gene transfer (EGT). ④ For the common euglenid ancestor, mtDNA was fragmented to chromosomes with single genes and
mito-rRNAs were split to halves. Majority of genes encoding NADH dehydrogenase, rps12, and 13, and rpl14 were transferred to the nucleus, and
rps14 was lost. ⑤ For the glycomonads, genes were split to modules and rRNAs were significantly shortened. While rps14 underwent EGT, rps13
and rpl14 were lost completely. ⑥ Mitochondrial genome structure of early-branching euglenids is currently unknown. ⑦ For the SAG EU2,
chromosomes encoding single genes were joined to a possibly circular molecule, resembling the ancestral state. ⑧ Diplonemids acquired diverse
RNA editing mechanism to produce mature transcripts. ⑨ After separation of SAG D1, mtDNA of the rest of kinetoplastids was catenated into
interlocked mini- and maxicircles. Primary transcripts are processed by U-insertion/deletion RNA editing to restore the coding sequence

glycomonads ⑤ but transferred to the nucleus in euglenids ④. Similarly, rps14 was lost in euglenids ④ but
likely transferred to the nucleus in the lineage leading to
glycomonads ⑤.
In conclusion, SAG EU17/18 has provided significant insight into the origin and diversification of the
euglenozoan mtDNA gene complement (Fig. 6). The
evolutionary reconstruction presented herein shows
that the extreme complexity of mtDNA organization
and transcript processing exhibited by most euglenozoans had rather simple origins, an unexpected
finding for this group known for its highly divergent
mitochondrial characteristics. Our data further demonstrate that single-cell approaches are necessary for
identifying basal protist lineages whose incorporation
into the tree of life is essential for understanding

cellular evolution in particular and eukaryote biology
in general.

Material and methods
Sample origin, genome amplification, and sequencing

We chose to sequence a set of 20 heterotrophic flagellate SAGs that were previously isolated and amplified, and their V9 18S sequences were Sanger
sequenced [4]. V9 18S placement revealed their
phylogenetic affinity to euglenozoans [4]. These SAGs
originated from cells isolated from the deep chlorophyl maximum in the North Pacific Ocean as reported previously [4]. In the current study, we
prepared sequencing libraries with Nextflex Rapid
DNA library preparation kit (BIOO Scientific) and 12
cycles of PCR amplification. Libraries (250 bp paired-
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Fig. 6 The mitochondrial genome of EU17/18 encodes the most complete mitochondrial repertoire of any known euglenozoan. Mitochondrionand nucleus-encoded genes are shown as black and grey rectangles, as explained in graphical legend. For each gene, number of precursor
transcript is indicated by number in the upper half of the rectangle. In case of diplonemids, the range indicates representatives with the smallest
and highest number of modules as identified previously [32, 33]. Presence of any type of RNA editing is shown in blue in the lower half of the
rectangle. The number in parentheses after the lineage name represents number of sequenced species

end) were sequenced on a HiSeq 2500 using Rapid
run SBS v2 reagents (Illumina).
Single-cell genome assembly

Each sequence library corresponding to a SAG was assembled using the SAGAWE pipeline available at https://
github.com/guyleonard/sagawe. Briefly, libraries were
quality controlled and adapter trimmed using Trim Galore! v0.6.4 (https://www.bioinformatics.babraham.ac.uk/
projects/trim_galore), digitally normalised using BBNorm
(part of the BBTools suite v37.93; https://jgi.doe.gov/dataand-tools/bbtools/) to compensate for uneven coverage of
multiple displacement amplification, reads merged using
BBMerge (part of the BBTools suite) to create sets of longer reads, and then assembled with SPAdes v3.13.1 [65] in
single-cell mode under default parameters. Post assembly
statistics were computed to provide general assembly stats
using QUAST v5.0.2 [66], genome completeness estimates
using BUSCO v3.0.1 [67] software, contamination checked
using BlobTools v1.0 [68] and BLAST v2.2.31+ [69]
against NCBI nucleotide database, and coverage estimated
via read mapping using BWA v0.7.17-r1188 [70] and Qualimap v2.2.2-dev [71]. For the reassembly of EU17/18, the
same pipeline was employed using reads from both EU17
and EU18 libraries.
Phylogenetic analysis of 18S rDNA and concatenated
nuclear genes

Small subunit ribosomal DNA (18S rDNA) was extracted from each assembly by BLASTn searches
using a set of euglenozoan 18S sequences as queries.
Extracted 18S rDNAs of SAGs were aligned using
MAFFT v7.458 [72] under FFT-NS-i strategy (as

determined with --auto) with 18S rDNAs of organisms from all major eukaryotic groups [7] and from
other discobans. To remove poorly aligned positions
trimAl v1.4 [73] (-gt 0.8) was used. Maximum likelihood analysis was performed with IQ-TREE v1.6.8
[74] under the GTR + Γ model. Branch supports were
obtained by non-parametric (BS) and ultrafast (UFB)
bootstrap approximation methods [75] with 100 and
1000 replicates, respectively.
Assemblies EU17/18 and SAG EU2 were queried for
20 nucleus-encoded proteins [39]. Found proteins were
aligned in the respective single-gene alignment using
MAFFT v7.458 [72] under L-INS-I strategy (as determined with --auto), and trimmed with trimAl v1.4 [73]
(-gt 0.5). Single-gene trees were inferred from trimmed
alignments using the best-fitting substitution model as
determined by IQ-TREE v1.6.8 [74], and support
assessed with 1000 ultrafast bootstrap replicates [75].
Single-gene trees were visually inspected to identify contaminant and paralogous sequences. The final trimmed
and concatenated dataset consisted of 20 genes from 62
discobans and had 10,366 amino acid positions. A maximum likelihood phylogeny was estimated in IQ-TREE
v1.6.8 [74] under two models: LG + C60 + F + Γ and
LG4X. For the LG + C60 + F + Γ model, 200 BS and
1000 UFB replicates were used, and for the LG4X model,
1000 replicates were estimated with both bootstrapping
methods.
Mitochondrial genome analysis and concatenated
phylogenetic analysis

Reassembly EU17/18 and SAG EU2 were searched for
mitochondrial protein- and rRNA-coding genes using
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Diplonema papillatum [32] and Euglena gracilis [28] sequences as tBLASTn and BLASTn queries, respectively.
The identity of found sequences was confirmed by
BLAST searches against the NCBI non-redundant database. Larger mitochondrial contigs of EU2 and EU17/18
were analysed by MFannot (https://megasun.bch.
umontreal.ca/cgi-bin/dev_mfa/mfannotInterface.pl). Protein domains were predicted by InterProScan search
[76]. The protein translations of identified ORFs were
subjected to search using Phyre2 [77] to identify more
divergent homologues.
For presentation purposes, tRNA and rRNA sequences
were aligned using the built-in aligner of the Geneious
Prime v2020.2.3 software [78] and adjusted in a graphical editor.
Identified mitochondrial protein-coding genes were
added to a dataset from a previous investigation [33].
Datasets were aligned with MAFFT v7.458 [72] under LINS-I strategy (as determined with --auto), and trimmed
with trimAl v1.4 [73] (-gt 0.5). Single-gene trees were inferred from the alignments using the best-fitting substitution model as determined by IQ-TREE v1.6.8 [74] and
1000 UFB replicates. The final trimmed concatenated
dataset consisted of 15 genes from 37 discobans and had
4324 and 4348 amino acid positions with and without
atp6 from EU17/18, respectively. A maximum likelihood
tree was inferred with IQ-TREE v.1.6.8 [74] under the LG
+ F + I + G4 model (determined as the best-fitting model
by IQ-TREE) and 1000 BS and 1000 UFB replicates.
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under the GTR + Γ model with standard bootstrapping. Support values
are shown if ≥ 50%. Fig. S4. Predicted domains in EU17/18 mtDNAencoded ORFs. ORFs annotated by MFannot (https://megasun.bch.
umontreal.ca/cgi-bin/dev_mfa/mfannotInterface.pl) were submitted to an
InterProScan [76] search. Predicted domains are highlighted as explained
in the graphical legend. Fig. S5. Concatenated mitochondrial phylogenetic analysis including atp6 from EU17/18. The alignment contained 37
taxa and 4348 amino acid positions, with EU17/18 missing 3.65% of data.
The Maximum Likelihood tree was estimated under two models, LG +
C20 + F + Γ (C20) and LG + F + I + G4 (LG; the best-fitting model as determined by IQ-TREE), with 1000 standard bootstraps (BS) and 1000 ultrafast bootstraps (UFB). The tree topology shown is from the C20 analysis.
Support values for < 50% BS and < 75% UFB are denoted by a dash (-),
whereas an asterisk (*) marks a topology that does not exist in a particular analysis. Fully supported nodes are shown as black circles. Fig. S6.
Characterization of tRNAs encoded in mtDNA of EU17/18 and EU2. a-b)
Sequences of trnK (a) and trnM (b) were aligned with mitochondrially
encoded tRNAs of other species of Discoba. Residue shading indicates sequence conservation. c-d) Secondary structures of trnK (c) and trnM (d) as
predicted by tRNAScan-SE. Double and triple bonds are depicted as darkand light-blue circles, respectively. Anticodons are highlighted with a
green background. Since all other known euglenozoans import all tRNAs
into mitochondria from the nucleus [48], we built tRNA alignments with
homologues from the mtDNAs of other discobans to take into account
different evolutionary pressures and mutational rates in nuclei and mitochondria [52]. The identity across nine trnK and 20 trnM sequences was
38.7% and 15.8%, respectively (a-b). Predicted secondary structures resembled other tRNAs supporting their functionality (c-d). While most eukaryotes have at least some tRNA mitochondrial-encoded, the longstanding paradigm was that euglenozoans and unrelated apicomplexans
(which share with euglenozoans a range of unique features [79]) import
all tRNAs from the cytosol [80]. This has significant consequences, since
the bacterial-type translation system has to cope solely with the
eukaryotic-type tRNAs [81]. Fig. S7. Mitoribosomal RNAs of EU17/18. Sequences of rns (a) and rnl (b) genes, as predicted by MFannot, were
aligned with sequences of Escherichia coli. E. coli sequences were obtained from http://rna.ucsc.edu/rnacenter/ribosome_images.html, and
their predicted domains [82, 83] are shown as magenta and blue boxes
below the sequences. Nucleotide identities are shown by black background with white nucleotides.

Homology searching

Ancestral and euglenozoan-specific subunits of the
mitoribosome were searched using the previously published dataset of E. gracilis [63]. Candidate homologues
were subjected to a reciprocal BLAST search to validate
orthology. A list of proteins that were searched is available in Additional file 1: Table S3.
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Fig. S2. 18S rDNA phylogeny of eukaryotes. The Maximum Likelihood
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bootstrapping (BS) and ultrafast bootstrapping (UFB). Support values are
shown if ≥ 50% and ≥ 75% for BS and UFB, respectively. Fully supported
nodes are shown as black circles. Fig. S3. 18S rDNA phylogeny of
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Acknowledgements
We thank Zdeněk Paris (Institute of Parasitology, České Budějovice) and
Matúš Valach (Université de Montréal) for their help with tRNA and rRNA
investigation, respectively.
Authors’ contributions
KZ and JGW conceived and designed the project. KZ, GLa, SDS, GLe, and
JGW analysed the data and performed bioinformatic and phylogenetic
analyses. JGW, TAR, and JL supervised the project. KZ and JGW wrote the
manuscript. All authors contributed to the editing of the final manuscript.
The authors read and approved the final manuscript.
Funding
This work was supported by the Czech Grant Agency (20-07186S), ERC CZ
(LL1601), and the ERD funds of the Czech Ministry of Education (16_019/
0000759) to JL. TAR is supported by a Royal Society University Research
Fellowship (URF\R\191005). Computational resources were supplied by the
project “e-Infrastruktura CZ” (LM2018140).
Availability of data and materials
All data needed to evaluate the conclusions in the paper are present in the
paper and/or the Supplementary Information files. Raw sequencing reads
have been previously deposited at NCBI Sequence Read Archive (SRP102236)
under NCBI BioProject PRJNA379597 [4]. Final assemblies are available from
Figshare at https://figshare.com/s/de8998f2e6cc71de6702. BLAST server for
assemblies is accessible at http://evocellbio.com/SAGdb/zahonova_et_al/.
Additional data related to this paper may be requested from the authors.

Záhonová et al. BMC Biology

(2021) 19:103

Declarations
Ethics approval and consent to participate
Not applicable.
Consent for publication
Not applicable.
Competing interests
The authors declare no competing interests.
Author details
1
Institute of Parasitology, Biology Centre, Czech Academy of Sciences, České
Budějovice (Budweis), Czech Republic. 2Faculty of Science, Charles University,
BIOCEV, Vestec, Czech Republic. 3Department of Botany, University of British
Columbia, Vancouver, Canada. 4Center for Mechanisms of Evolution,
Biodesign Institute, School of Life Sciences, Arizona State University, Tempe,
USA. 5Department of Zoology, University of Oxford, Oxford, UK. 6Faculty of
Sciences, University of South Bohemia, České Budějovice (Budweis), Czech
Republic.
Received: 1 March 2021 Accepted: 22 April 2021

References
1. Sibbald SJ, Archibald JM. More protist genomes needed. Nat Ecol Evol.
2017;1(5):145. https://doi.org/10.1038/s41559-017-0145.
2. Wideman JG, Lax G, Leonard G, Milner DS, Rodríguez-Martínez R, Simpson
AGB, et al. A single-cell genome reveals diplonemid-like ancestry of
kinetoplastid mitochondrial gene structure. Philos Trans R Soc Lond B Biol
Sci. 2019;374(1786):20190100. https://doi.org/10.1098/rstb.2019.0100.
3. Sieracki ME, Poulton NJ, Jaillon O, Wincker P, de Vargas C, Rubinat-Ripoll L,
et al. Single cell genomics yields a wide diversity of small planktonic protists
across major ocean ecosystems. Sci Rep. 2019;9(1):6025. https://doi.org/10.1
038/s41598-019-42487-1.
4. Wideman JG, Monier A, Rodríguez-Martínez R, Leonard G, Cook E,
Poirier C, et al. Unexpected mitochondrial genome diversity revealed
by targeted single-cell genomics of heterotrophic flagellated protists.
Nat Microbiol. 2020;5(1):154–65. https://doi.org/10.1038/s41564-0190605-4.
5. Gawryluk RMR, Tikhonenkov DV, Hehenberger E, Husnik F, Mylnikov AP,
Keeling PJ. Non-photosynthetic predators are sister to red algae. Nature.
2019;572(7768):240–3. https://doi.org/10.1038/s41586-019-1398-6.
6. Janouškovec J, Tikhonenkov DV, Burki F, Howe AT, Rohwer FL, Mylnikov AP,
et al. A new lineage of eukaryotes illuminates early mitochondrial genome
reduction. Curr Biol. 2017;27:3717–24 e5.
7. Lax G, Eglit Y, Eme L, Bertrand EM, Roger AJ, Simpson AGB.
Hemimastigophora is a novel supra-kingdom-level lineage of eukaryotes.
Nature. 2018;564(7736):410–4. https://doi.org/10.1038/s41586-018-0708-8.
8. Seenivasan R, Sausen N, Medlin LK, Melkonian M. Picomonas judraskeda gen.
et sp. nov.: The first identified member of the Picozoa phylum nov., a
widespread group of picoeukaryotes, formerly known as “Picobiliphytes”.
PLoS One. 2013;8:e59565.
9. Shalchian-Tabrizi K, Eikrem W, Klaveness D, Vaulot D, Minge MA, Le Gall F,
et al. Telonemia, a new protist phylum with affinity to chromist lineages.
Proc R Soc B Biol Sci. 2006;273(1595):1833–42. https://doi.org/10.1098/rspb.2
006.3515.
10. Edgcomb VP, Breglia SA, Yubuki N, Beaudoin D, Patterson DJ, Leander BS,
et al. Identity of epibiotic bacteria on symbiontid euglenozoans in O2depleted marine sediments: evidence for symbiont and host co-evolution.
ISME J. 2011;5(2):231–43. https://doi.org/10.1038/ismej.2010.121.
11. Yubuki N, Leander BS. Diversity and evolutionary history of the Symbiontida
(Euglenozoa). Front Ecol Evol. 2018;6:100. https://doi.org/10.3389/fevo.2018.
00100.
12. Adl SM, Bass D, Lane CE, Lukeš J, Schoch CL, Smirnov A, et al. Revisions to
the classification, nomenclature, and diversity of eukaryotes. J Eukaryot
Microbiol. 2019;66(1):4–119. https://doi.org/10.1111/jeu.12691.
13. de Vargas C, Audic S, Henry N, Decelle J, Mahe F, Logares R, et al. Ocean
plankton. Eukaryotic plankton diversity in the sunlit ocean. Science. 2015;
348:1261605.

Page 12 of 14

14. Flegontova O, Flegontov P, Malviya S, Audic S, Wincker P, de Vargas C, et al.
Extreme diversity of diplonemid eukaryotes in the ocean. Curr Biol. 2016;
26(22):3060–5. https://doi.org/10.1016/j.cub.2016.09.031.
15. Kostygov AY, Karnkowska A, Votýpka J, Tashyreva D, Maciszewski K,
Yurchenko V, et al. Euglenozoa: taxonomy, diversity and ecology, symbioses
and viruses. Open Biol. 2021;11:200407.
16. Leander BS, Lax G, Karnkowska A, Simpson AGB. Euglenida. In: Archibald JM,
Simpson AGB, Slamovits CH, Margulis L, Melkonian M, Chapman DJ, et al.,
editors. Handbook of the Protists. Cham: Springer International Publishing;
2017. p. 1–42.
17. Jackson C, Knoll AH, Chan CX, Verbruggen H. Plastid phylogenomics with
broad taxon sampling further elucidates the distinct evolutionary origins
and timing of secondary green plastids. Sci Rep. 2018;8(1):1523. https://doi.
org/10.1038/s41598-017-18805-w.
18. Schneider A. Evolution of mitochondrial protein import - lessons from
trypanosomes. Biol Chem. 2020;401(6-7):663–76. https://doi.org/10.1515/
hsz-2019-0444.
19. Ramrath DJF, Niemann M, Leibundgut M, Bieri P, Prange C, Horn EK, et al.
Evolutionary shift toward protein-based architecture in trypanosomal
mitochondrial ribosomes. Science. 2018;362:eaau7735.
20. Butenko A, Hammond M, Field MC, Ginger ML, Yurchenko V, Lukeš J.
Reductionist pathways for parasitism in euglenozoans? Expanded datasets
provide new insights. Trends Parasitol. 2021;37(2):100–16. https://doi.org/1
0.1016/j.pt.2020.10.001.
21. Smith DR, Keeling PJ. Mitochondrial and plastid genome architecture:
reoccurring themes, but significant differences at the extremes. Proc Natl Acad
Sci U S A. 2015;112(33):10177–84. https://doi.org/10.1073/pnas.1422049112.
22. Yang J, Harding T, Kamikawa R, Simpson AGB, Roger AJ. Mitochondrial
genome evolution and a novel RNA editing system in deep-branching
heteroloboseids. Genome Biol Evol. 2017;9(5):1161–74. https://doi.org/10.1
093/gbe/evx086.
23. Burger G, Gray MW, Forget L, Lang BF. Strikingly bacteria-like and gene-rich
mitochondrial genomes throughout jakobid protists. Genome Biol Evol.
2013;5(2):418–38. https://doi.org/10.1093/gbe/evt008.
24. Kamikawa R, Kolisko M, Nishimura Y, Yabuki A, Brown MW, Ishikawa SA,
et al. Gene content evolution in discobid mitochondria deduced from the
phylogenetic position and complete mitochondrial genome of
Tsukubamonas globosa. Genome Biol Evol. 2014;6(2):306–15. https://doi.
org/10.1093/gbe/evu015.
25. Herman EK, Greninger AL, Visvesvara GS, Marciano-Cabral F, Dacks JB, Chiu
CY. The mitochondrial genome and a 60-kb nuclear DNA segment from
Naegleria fowleri, the causative agent of primary amoebic
meningoencephalitis. J Eukaryot Microbiol. 2013;60(2):179–91. https://doi.
org/10.1111/jeu.12022.
26. Faktorová D, Valach M, Kaur B, Burger G, Lukeš J. Mitochondrial RNA editing
and processing in diplonemid protists. In: Cruz-Reyes J, Gray MW, editors.
RNA Metabolism in Mitochondria. Cham: Springer International Publishing;
2018. p. 145–76. https://doi.org/10.1007/978-3-319-78190-7_6.
27. Aphasizheva I, Alfonzo J, Carnes J, Cestari I, Cruz-Reyes J, Göringer HU, et al.
Lexis and grammar of mitochondrial RNA processing in trypanosomes.
Trends Parasitol. 2020;36(4):337–55. https://doi.org/10.1016/j.pt.2020.01.006.
28. Dobáková E, Flegontov P, Skalický T, Lukeš J. Unexpectedly streamlined
mitochondrial genome of the Euglenozoan Euglena gracilis. Genome Biol
Evol. 2015;7(12):3358–67. https://doi.org/10.1093/gbe/evv229.
29. Burger G, Moreira S, Valach M. Genes in hiding. Trends Genet. 2016;32(9):
553–65. https://doi.org/10.1016/j.tig.2016.06.005.
30. Spencer DF, Gray MW. Ribosomal RNA genes in Euglena gracilis mitochondrial
DNA: fragmented genes in a seemingly fragmented genome. Mol Genet
Genomics. 2011;285(1):19–31. https://doi.org/10.1007/s00438-010-0585-9.
31. Shapiro TA, Englund PT. The structure and replication of kinetoplast DNA.
Annu Rev Microbiol. 1995;49(1):117–43. https://doi.org/10.1146/annurev.mi.4
9.100195.001001.
32. Valach M, Moreira S, Hoffmann S, Stadler PF, Burger G. Keeping it
complicated: mitochondrial genome plasticity across diplonemids. Sci Rep.
2017;7(1):14166. https://doi.org/10.1038/s41598-017-14286-z.
33. Kaur B, Záhonová K, Valach M, Faktorová D, Prokopchuk G, Burger G, et al.
Gene fragmentation and RNA editing without borders: eccentric
mitochondrial genomes of diplonemids. Nucleic Acids Res. 2020;48(5):2694–
708. https://doi.org/10.1093/nar/gkz1215.
34. Lukeš J, Kaur B, Speijer D. RNA editing in mitochondria and plastids: weird
and widespread. Trends Genet. 2020;37:99–102.

Záhonová et al. BMC Biology

(2021) 19:103

35. Mangot JF, Logares R, Sánchez P, Latorre F, Seeleuthner Y, Mondy S, et al.
Accessing the genomic information of unculturable oceanic picoeukaryotes
by combining multiple single cells. Sci Rep. 2017;7(1):41498. https://doi.
org/10.1038/srep41498.
36. Gawryluk RMR, Del Campo J, Okamoto N, Strassert JFH, Lukeš J, Richards TA,
et al. Morphological identification and single-cell genomics of marine
diplonemids. Curr Biol. 2016;26(22):3053–9. https://doi.org/10.1016/j.cub.201
6.09.013.
37. Yamaguchi A, Yubuki N, Leander BS. Morphostasis in a novel eukaryote
illuminates the evolutionary transition from phagotrophy to phototrophy:
description of Rapaza viridis n. gen. et sp. (Euglenozoa, Euglenida). BMC Evol
Biol. 2012;12(1):29. https://doi.org/10.1186/1471-2148-12-29.
38. Yubuki N, Edgcomb VP, Bernhard JM, Leander BS. Ultrastructure and
molecular phylogeny of Calkinsia aureus: cellular identity of a novel clade of
deep-sea euglenozoans with epibiotic bacteria. BMC Microbiol. 2009;9(1):16.
https://doi.org/10.1186/1471-2180-9-16.
39. Lax G, Kolisko M, Eglit Y, Lee WJ, Yubuki N, Karnkowska A, et al. Multigene
phylogenetics of euglenids based on single-cell transcriptomics of diverse
phagotrophs. Mol Phylogenet Evol. 2021;159:107088. https://doi.org/10.101
6/j.ympev.2021.107088.
40. Johnston IG, Williams BP. Evolutionary inference across eukaryotes identifies
specific pressures favoring mitochondrial gene retention. Cell Syst. 2016;2(2):
101–11. https://doi.org/10.1016/j.cels.2016.01.013.
41. Vlcek C, Marande W, Teijeiro S, Lukeš J, Burger G. Systematically fragmented
genes in a multipartite mitochondrial genome. Nucleic Acids Res. 2011;
39(3):979–88. https://doi.org/10.1093/nar/gkq883.
42. Alfonzo JD, Blanc V, Estévez AM, Rubio MA, Simpson L. C to U editing of
the anticodon of imported mitochondrial tRNA(Trp) allows decoding of the
UGA stop codon in Leishmania tarentolae. EMBO J. 1999;18(24):7056–62.
https://doi.org/10.1093/emboj/18.24.7056.
43. Verner Z, Basu S, Benz C, Dixit S, Dobáková E, Faktorová D, et al. Malleable
mitochondrion of Trypanosoma brucei. Int Rev Cell Mol Biol. 2015;315:73–
151. https://doi.org/10.1016/bs.ircmb.2014.11.001.
44. Lukeš J, Wheeler R, Jirsová D, David V, Archibald JM. Massive mitochondrial
DNA content in diplonemid and kinetoplastid protists. IUBMB Life. 2018;70:
1567–274.
45. Mühleip A, McComas SE, Amunts A. Structure of a mitochondrial ATP
synthase with bound native cardiolipin. Elife. 2019;8:e51179. https://doi.
org/10.7554/eLife.51179.
46. Faktorová D, Dobáková E, Peña-Diaz P, Lukeš J. From simple to
supercomplex: mitochondrial genomes of euglenozoan protists.
F1000Research. 2016;5:392.
47. Valach M, Léveillé-Kunst A, Gray MW, Burger G. Respiratory chain complex I
of unparalleled divergence in diplonemids. J Biol Chem. 2018;293(41):
16043–56.
48. Alfonzo JD, Söll D. Mitochondrial tRNA import - the challenge to
understand has just begun. Biol Chem. 2009;390(8):717–22. https://doi.org/1
0.1515/BC.2009.101.
49. Eperon IC, Janssen JW, Hoeijmakers JH, Borst P. The major transcripts of
the kinetoplast DNA of Trypanosoma brucei are very small ribosomal
RNAs. Nucleic Acids Res. 1983;11(1):105–25. https://doi.org/10.1093/na
r/11.1.105.
50. Sloof P, van Den Burg J, Voogd A, Benne R, Agostinelli M, Borst P, et al.
Further characterization of the extremely small mitocbondrial ribosomal
RNAs from trypanosomes: a detailed comparison of the 9S and 12S RNAs
from Crithidia fasciculata and Trypanosoma brucei with rRNAs from other
organisms. Nucleic Acids Res. 1985;13(11):4171–90. https://doi.org/10.1093/
nar/13.11.4171.
51. De la Cruz VF, Lake JA, Simpson AM, Simpson L. A minimal ribosomal RNA:
sequence and secondary structure of the 9S kinetoplast ribosomal RNA
from Leishmania tarentolae. Proc Natl Acad Sci U S A. 1985;82(5):1401–5.
https://doi.org/10.1073/pnas.82.5.1401.
52. Adams KL, Palmer JD. Evolution of mitochondrial gene content: gene loss
and transfer to the nucleus. Mol Phylogenet Evol. 2003;29(3):380–95. https://
doi.org/10.1016/S1055-7903(03)00194-5.
53. Adams KL, Rosenblueth M, Qiu YL, Palmer JD. Multiple losses and transfers
to the nucleus of two mitochondrial succinate dehydrogenase genes
during angiosperm evolution. Genetics. 2001;158(3):1289–300.
54. Gray MW, Lang BF, Cedergren R, Golding GB, Lemieux C, Sankoff D, et al.
Genome structure and gene content in protist mitochondrial DNAs. Nucleic
Acids Res. 1998;26(4):865–78. https://doi.org/10.1093/nar/26.4.865.

Page 13 of 14

55. Lang BF, Gray MW, Burger G. Mitochondrial genome evolution and the
origin of eukaryotes. Annu Rev Genet. 1999;33(1):351–97. https://doi.org/1
0.1146/annurev.genet.33.1.351.
56. Adams KL, Qiu YL, Stoutemyer M, Palmer JD. Punctuated evolution of
mitochondrial gene content: high and variable rates of mitochondrial gene
loss and transfer to the nucleus during angiosperm evolution. Proc Natl Acad
Sci U S A. 2002;99(15):9905–12. https://doi.org/10.1073/pnas.042694899.
57. Gray MW. Evolution of organellar genomes. Curr Opin Genet Dev. 1999;9(6):
678–87. https://doi.org/10.1016/S0959-437X(99)00030-1.
58. Roger AJ, Muñoz-Gómez SA, Kamikawa R. The origin and diversification of
mitochondria. Curr Biol. 2017;27(21):R1177–92. https://doi.org/10.1016/j.cub.2
017.09.015.
59. Tobiasson V, Gahura O, Aibara S, Baradaran R, Zíková A, Amunts A.
Interconnected assembly factors regulate the biogenesis of mitoribosomal
large subunit. EMBO J. 2021;40:e106292.
60. Saurer M, Ramrath DJF, Niemann M, Calderaro S, Prange C, Mattei S, et al.
Mitoribosomal small subunit biogenesis in trypanosomes involves an
extensive assembly machinery. Science. 2019;365(6458):1144–9. https://doi.
org/10.1126/science.aaw5570.
61. Desmond E, Brochier-Armanet C, Forterre P, Gribaldo S. On the last
common ancestor and early evolution of eukaryotes: reconstructing the
history of mitochondrial ribosomes. Res Microbiol. 2011;162(1):53–70.
https://doi.org/10.1016/j.resmic.2010.10.004.
62. Jaskolowski M, Ramrath DJF, Bieri P, Niemann M, Mattei S, Calderaro S, et al.
Structural insights into the mechanism of mitoribosomal large subunit
biogenesis. Mol Cell. 2020;79:629–44 E4.
63. Hammond MJ, Nenarokova A, Butenko A, Zoltner M, Lacová Dobáková E, Field
MC, et al. A uniquely complex mitochondrial proteome from Euglena gracilis.
Mol Biol Evol. 2020;37(8):2173–91. https://doi.org/10.1093/molbev/msaa061.
64. Zíková A, Panigrahi AK, Dalley RA, Acestor N, Anupama A, Ogata Y, et al.
Trypanosoma brucei mitochondrial ribosomes. Mol Cell Proteomics. 2008;
7(7):1286–96. https://doi.org/10.1074/mcp.M700490-MCP200.
65. Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS, et al.
SPAdes: a new genome assembly algorithm and its applications to singlecell sequencing. J Comput Biol. 2012;19(5):455–77. https://doi.org/10.1089/
cmb.2012.0021.
66. Gurevich A, Saveliev V, Vyahhi N, Tesler G. QUAST: Quality assessment tool
for genome assemblies. Bioinformatics. 2013;29(8):1072–5. https://doi.org/1
0.1093/bioinformatics/btt086.
67. Simão FA, Waterhouse RM, Ioannidis P, Kriventseva EV, Zdobnov EM.
BUSCO: assessing genome assembly and annotation completeness with
single-copy orthologs. Bioinformatics. 2015;31(19):3210–2. https://doi.org/1
0.1093/bioinformatics/btv351.
68. Laetsch DR, Blaxter ML. BlobTools: interrogation of genome assemblies.
F1000Research. 2017;6:1287.
69. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local alignment
search tool. J Mol Biol. 1990;215(3):403–10. https://doi.org/10.1016/S0022-2
836(05)80360-2.
70. Li H, Durbin R. Fast and accurate long-read alignment with BurrowsWheeler transform. Bioinformatics. 2010;26(5):589–95. https://doi.org/10.1
093/bioinformatics/btp698.
71. Okonechnikov K, Conesa A, García-Alcalde F. Qualimap 2: Advanced multisample quality control for high-throughput sequencing data. Bioinformatics.
2016;32(2):292–4. https://doi.org/10.1093/bioinformatics/btv566.
72. Katoh K, Standley DM. MAFFT multiple sequence alignment software
version 7: improvements in performance and usability. Mol Biol Evol. 2013;
30(4):772–80. https://doi.org/10.1093/molbev/mst010.
73. Capella-Gutiérrez S, Silla-Martínez JM, Gabaldón T. trimAl: a tool for
automated alignment trimming in large-scale phylogenetic analyses.
Bioinformatics. 2009;25(15):1972–3. https://doi.org/10.1093/bioinformatics/
btp348.
74. Nguyen LT, Schmidt HA, von Haeseler A, Minh BQ. IQ-TREE: a fast and
effective stochastic algorithm for estimating maximum-likelihood
phylogenies. Mol Biol Evol. 2015;32(1):268–74. https://doi.org/10.1093/
molbev/msu300.
75. Hoang DT, Chernomor O, von Haeseler A, Minh BQ, Vinh LS. UFBoot2:
improving the ultrafast bootstrap approximation. Mol Biol Evol. 2017;35:
518–22.
76. Jones P, Binns D, Chang HY, Fraser M, Li W, McAnulla C, et al. InterProScan
5: genome-scale protein function classification. Bioinformatics. 2014;30(9):
1236–40. https://doi.org/10.1093/bioinformatics/btu031.

Záhonová et al. BMC Biology

(2021) 19:103

77. Kelley LA, Mezulis S, Yates CM, Wass MN, Sternberg MJE. The Phyre2 web
portal for protein modeling, prediction and analysis. Nat Protoc. 2015;10(6):
845–58. https://doi.org/10.1038/nprot.2015.053.
78. Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S, et al.
Geneious Basic: an integrated and extendable desktop software platform for
the organization and analysis of sequence data. Bioinformatics. 2012;28(12):
1647–9. https://doi.org/10.1093/bioinformatics/bts199.
79. Lukes J, Leander BS, Keeling PJ. Cascades of convergent evolution: the
corresponding evolutionary histories of euglenozoans and dinoflagellates.
Proc Natl Acad Sci U S A. 2009;106(Supplement_1):9963–70. https://doi.
org/10.1073/pnas.0901004106.
80. Schneider A. Import of RNA into mitochondria. Trends Cell Biol. 1994;4(8):
282–6. https://doi.org/10.1016/0962-8924(94)90218-6.
81. Schneider A. Mitochondrial tRNA import and its consequences for
mitochondrial translation. Annu Rev Biochem. 2011;80(1):1033–53. https://
doi.org/10.1146/annurev-biochem-060109-092838.
82. Maly P, Brimacombe R. Refined secondary structure models for the 16S and
23S ribosomal RNA of Escherichia coli. Nucleic Acids Res. 1983;11(21):7263–
86. https://doi.org/10.1093/nar/11.21.7263.
83. Petrov AS, Bernier CR, Hershkovits E, Xue Y, Waterbury CC, Hsiao C, et al.
Secondary structure and domain architecture of the 23S and 5S rRNAs.
Nucleic Acids Res. 2013;41(15):7522–35. https://doi.org/10.1093/nar/gkt513.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 14 of 14

