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Abstract
Euglena gracilis is a metabolically flexible, photosynthetic, and adaptable free-living protist of considerable environmental
importance and biotechnological value. By label-free liquid chromatography tandem mass spectrometry, a total of 1,786
proteins were identified from the E. gracilis purified mitochondria, representing one of the largest mitochondrial
proteomes so far described. Despite this apparent complexity, protein machinery responsible for the extensive RNA
editing, splicing, and processing in the sister clades diplonemids and kinetoplastids is absent. This strongly suggests that
the complex mechanisms of mitochondrial gene expression in diplonemids and kinetoplastids occurred late in euglenozoan evolution, arising independently. By contrast, the alternative oxidase pathway and numerous ribosomal subunits
presumed to be specific for parasitic trypanosomes are present in E. gracilis. We investigated the evolution of unexplored
protein families, including import complexes, cristae formation proteins, and translation termination factors, as well as
canonical and unique metabolic pathways. We additionally compare this mitoproteome with the transcriptome of
Eutreptiella gymnastica, illuminating conserved features of Euglenida mitochondria as well as those exclusive to
E. gracilis. This is the first mitochondrial proteome of a free-living protist from the Excavata and one of few available
for protists as a whole. This study alters our views of the evolution of the mitochondrion and indicates early emergence of
complexity within euglenozoan mitochondria, independent of parasitism.
Key words: mitochondria, proteome, protist, Euglenozoa, Euglena gracilis.

The mitochondrion is an important and versatile organelle
with core activities in energy production, iron-sulfur cluster
(ISC) biosynthesis, regulation of apoptosis, and metabolism of
lipids and amino acids. Arising from the endosymbiosis of an
alpha-proteobacterium, before evolving into a truly integrated organelle, mitochondria played a leading role in eukaryogenesis (Lane and Martin 2010). With the remarkable
exception of a single known truly amitochondriate protist
group (Karnkowska et al. 2016), all extant eukaryotes retain
mitochondria or mitochondrion-related organelles which
claim descent from the mitochondria of the last eukaryotic
common ancestor (Roger et al. 2017).
Although the alpha-proteobacterial ancestor is reconstructed as possessing a genome of 5,000 protein-coding
genes (Boussau et al. 2004), all but a few genes in modern
mitochondria have been either transferred to the nuclear
genome or lost. Therefore, most mitochondrial proteins are
imported from the cytosol via a specialized translocation apparatus (Mokranjac and Neupert 2009). Accordingly, the mitochondrial genome is of limited use for predicting the total

mitochondrial proteome (mitoproteome) and its functions.
Indeed, the proteins of modern mitochondria are derived
from multiple eukaryotic and prokaryotic sources, with only
a small fraction estimated to be contributed by the original
endosymbiont (Gray 2015). Although many in silico methods
predict localization to mitochondria (Guda et al. 2004;
Fukasawa et al. 2015), these predictions are hampered by
variability in mitochondrial targeting signals and mechanisms
(Santos et al. 2018), as well as divergence across the eukaryotic
domain (Emanuelsson et al. 2007; Fukasawa et al. 2017). Thus,
direct proteomic approaches remain essential for determining a mitoproteome.
Mitoproteomes have been established for a few unicellular
(Sickmann et al. 2003; Casaletti et al. 2017) and multicellular
animals, fungi (Taylor et al. 2003; Li et al. 2009; Calvo et al.
2016), and plants (Heazlewood et al. 2003; Hochholdinger
et al. 2004; Lee et al. 2013; Mueller et al. 2014). Considering
their abundance and diversity, protists remain underinvestigated in this regard, and only mitoproteomes for parasitic
Trypanosoma brucei (Panigrahi et al. 2009), free-living
Tetrahymena thermophila (Smith et al. 2007),
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proteins (Ebenezer et al. 2019), representing a cohort similar
to the related T. brucei (Peikert et al. 2017), albeit with the
caveats discussed above.
Here, we report a mitoproteome for E. gracilis, obtained
from purified organelles and analyzed by liquid
chromatography-mass spectrometry, which contains 1,786
proteins, and is complemented by in silico analysis. Notably,
we report the identification of five of seven mitochondrially
encoded proteins. We find no evidence for complex RNA
editing and processing machineries orthologous with the
mitochondrion of kinetoplastids and diplonemids, yet still
encountered metabolic and structural complexity that challenges the assumption that protist mitochondria have compositional simplicity.

Results and Discussion
Construction of a Euglena Mitoproteome
For experimental determination of the mitoproteome, pelleted cells were disrupted by sonication, treated with DNaseI,
and subjected to discontinuous sucrose density gradient centrifugation, which clearly separated several distinct cellular
fractions. The mitochondrial fraction formed a sharp and
rather narrow band at the 1.5 and 1.75 M sucrose interface
(supplementary fig. 1, Supplementary Material online). This
mitochondrial fraction initially yielded 2,704 candidate proteins, of which 994 were orthologous to proteins in reference
mitoproteomes, 1,543 were mitochondrially enriched in comparison to both the chloroplast fraction and the whole cell,
and 77 had a majority consensus of mitochondrial targeting
based on signal peptide predictions (fig. 1).

FIG. 1. Diagram of identifying strategies used for majority ID transcripts of Euglena gracilis mitoproteome. List of proteins grouped by
identification strategy is available in supplementary table 4,
Supplementary Material online.
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Chlamydomonas reinhardtii (Atteia et al. 2009), and
Acanthamoeba castellanii (Gawryluk et al. 2014), as well as
the mitochondria-related organelles of parasitic Trichomonas
vaginalis (Schneider et al. 2011), Giarda intestinalis (Jedelsky
et al. 2011), and Entamoeba histolytica have been studied in
some detail (Mi-ichi et al. 2009).
The protist Euglena gracilis arguably represents one of the
most comprehensively studied organisms within Euglenida,
a group of diverse flagellates distinguished by a striated cell
surface or pellicle (Adl et al. 2019). Euglenida belong to the
phylum Euglenozoa along with Diplonemea, a group of marine flagellates recently found to consist of high abundance
and diversity (Flegontova et al. 2016), and Kinetoplastea, a
group notable for numerous parasite members of public
health importance (Gibson 2017). From an evolutionary
perspective, the extensively studied kinetoplastids are
more distant to euglenids than diplonemids (Vesteg et al.
2019). Therefore, any common traits shared between euglenids and kinetoplastids likely represent features possessed
by the euglenozoan common ancestor and are expected to
be distributed throughout extant members of the phylum.
Moreover, their basal phylogenetic position makes euglenids
important from an evolutionary perspective, especially since
close relatives evolved extremely complex systems for mitochondrial RNA editing and/or trans-splicing (Read et al.
2016; Faktorova et al. 2018).
Euglenids are versatile organisms that possess a variety of
nutritional strategies, including eukaryotrophy, bacteriotrophy, and osmotrophy (Leander et al. 2017). Euglena gracilis
can additionally employ photosynthesis due to the presence
of a triple membrane-bound plastid acquired through a secondary endosymbiotic event (Zakrys et al. 2017) and thanks to
an anaerobically capable mitochondrion, which generates energy via fatty acid fermentation, can grow in anoxic environments (Zimorski et al. 2017). The anaerobically produced wax
esters that result from this fermentation are of biotechnological interest as a source of biofuel (Inui et al. 2017), along with a
number of other compounds, such as the storage polysaccharide paramylon and essential amino acids which also serve as
food supplements in parts of Asia (Krajcovic et al. 2015).
Recent advances in elucidating the molecular biology of
E. gracilis include the sequencing of a draft genome, transcriptome and determining a whole cell proteome, identifying
a large genome in excess of 500 Mb with a comparatively
small coding region (<1%) that nonetheless is estimated to
include over 36,000 protein-coding genes (Ebenezer et al.
2019). Comparative transcriptomes for cells grown in light
versus dark (Ebenezer et al. 2019), rich versus minimal media
(O’Neill et al. 2015), and anoxic conditions have been described (Yoshida et al. 2016). Subcellular analyses are also
being pursued, with the completion of a chloroplast proteome, revealing a total of 1,345 proteins of multiple origins and
a seemingly divergent protein translocation apparatus
(Novak Vanclova et al. 2020). The E. gracilis mitochondrial
genome revealed only seven protein-coding genes and no
evidence for posttranscriptional editing and/or splicing that
are extensive in sister lineages (Dobakova et al. 2015). In silico
prediction of the mitoproteome was estimated at 1,100
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supporting the validity of the mitoproteome predictions. Of
the experimentally verified fraction, less than half of proteins
(716) were found to possess a mitochondrial import signal in
at least one of the available E. gracilis transcriptomes as predicted via TargetP, likely arising from variability of import
signals and 50 truncation of some cDNA sequences, highlighting the weakness of relying solely on target prediction software. Bioinformatic predictions of dual-targeted proteins are
notoriously difficult, but certain protein families found in the
mitochondrial matrix have shown a tendency for plastid presence as well, including those involved in nucleotide metabolism, DNA replication, tRNA biogenesis, and translation
(Carrie and Small 2013), which we consider the most likely
candidates within our mitoproteome for dual-localization.
Functional annotation could be assigned to 788 proteins,
leaving an unexpected total of 998 (56%) proteins with unknown function. Of the annotated proteins, “core metabolic
pathways,” “ribosome, aminoacyl-tRNA biosynthesis and
translation,” and “protein transport, folding, processing and
degradation” were most represented (fig. 2). When compared
with the categorization of the predicted mitoproteome, we
see notable increase in the proportion of proteins with functions attributed to the “ribosome” and “protein transport”
categories as well as a reduction in “oxidative phosphorylation
and electron transport proteins” (supplementary fig. 4,
Supplementary Material online).

The E. gracilis Mitoproteome Is Complex
The E. gracilis mitoproteome is larger than that predicted for
all other eukaryotes, for which well-curated mitoproteomes
based on both predictions and experimental data are available, and specifically A. thaliana (843) (Lee et al. 2013),
T. brucei (1,120) (Peikert et al. 2017), Saccharomyces cerevisiae
(1,187) (Gonczarowska-Jorge et al. 2017), and Mus musculus
(1,158) (Calvo et al. 2016). Although varied criteria are often
used in different studies to determine genuine mitochondrial
components making direct comparisons and estimates of
reliability difficult, we consider the number of E. gracilis mitoproteins to be notable, especially as the estimated proteome
sizes in these other model organisms were initially reported as
lower (Werhahn and Braun 2002; Chang et al. 2003; Sickmann
et al. 2003; Panigrahi et al. 2009) and have steadily increased
over the past 20 years through improved protein identification, increased mass spectrometry sensitivity, and experimental mitochondrial analysis (Calvo et al. 2016; GonczarowskaJorge et al. 2017; Peikert et al. 2017).
Moreover, when compared with the high confidence protist mitoproteomes of Acanthamoeba castellanii (709)
(Gawryluk et al. 2014), Tetrahymena thermophila (573)
(Smith et al. 2007), and C. reinhardtii (347) (Atteia et al.
2009), the complexity of the analyzed mitoproteome is
even more impressive. Euglena gracilis displays the largest
number of unknown sequences (57%) for any mitoproteome
surveyed thus far, with corresponding frequencies in other
mitoproteomes ranging from 17% in C. reinhardtii to 53% in
T. brucei.
With 2,500 sequences, the total predicted mitoproteome of E. gracilis (supplementary table 5, Supplementary
2175
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Together, the verified (i.e., experimentally determined and
in silico validated) E. gracilis mitoproteome consists of 1,786
majority identified proteins, which were distributed into 1,756
protein groups (supplementary tables 2 and 4,
Supplementary Material online). Of these, 4 sequences have
been shown to be encoded by the organellar genome (supplementary table 2, Supplementary Material online) and the
remaining 1,782 are of nuclear origin (supplementary file 1,
Supplementary Material online). This total cohort excludes 24
proteins which were identified through functional annotation
as likely contaminants for their clear nonmitochondrial functions but includes another 35 proteins, which were initially
excluded based on low enrichment values, but reintegrated
based on predicted mitoproteome data and their functional
annotation, indicating clear mitochondrial function (supplementary table 4, Supplementary Material online).
Excluding razor and redundant peptides, 1,667 protein
groups were identified with more than one unique peptide,
whereas 85 were identified from a single unique peptide only
(supplementary table 2, Supplementary Material online). The
proteome showed wide variation in protein molecular
weight, ranging from 416.09 to 10.33 kDa, with 1,307 proteins
exhibiting a predicted molecular weight <50 kDa, representing 74% of all experimentally verified proteins. When compared with the predicted mitoproteome, 552 of the 1,092
previously predicted proteins were experimentally verified
(Ebenezer et al. 2019). Other organisms also show similar
differences when confirming the expressed proteome, with
two-thirds of the Arabidopsis thaliana predicted mitoproteome still to be recovered as expressed proteins (Lee et al.
2013). As mentioned previously, 35 of these predicted proteins were initially rejected due to insufficient mitochondrial
enrichment; 12 had greater enrichment in the chloroplast
and 23 in whole cells, but these were ultimately included
due to their functional annotation and previous
transcriptome-based prediction (Ebenezer et al. 2019) (supplementary table 4, Supplementary Material online).
Together with unconfirmed in silico sequences (Ebenezer
et al. 2019) and the additional sequences identified in this
study (supplementary file 2, Supplementary Material online),
we currently expect the complete mitoproteome of E. gracilis
to consist of 2,500 proteins (supplementary table 5,
Supplementary Material online). Although mitochondrial enrichment represents an obvious criterion for verifying presence within the organelle, there are clearly exceptions to be
accounted for, particularly proteins with multiple
localizations.
Indeed, of the verified mitoproteome, 211 proteins showed
greater enrichment in the chloroplast fraction (supplementary fig. 2, Supplementary Material online), which were
retained based on the presence of orthologs in reference
mitoproteomes and/or high likelihood of mitochondrial targeting sequence, indicating a very low level of contamination
of the chloroplast fraction with mitochondrial components.
Importantly, the vast majority (1,567) shows mitochondrial
fractional enrichment, with volcano plots revealing minimal
contamination with other organelle components (supplementary fig. 3 and table 6, Supplementary Material online),
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Material online) represents a size more typical of plant mitochondria, as several software prediction analyses of
A. thaliana have consistently predicted 2,000–3,000 proteins
residing within its mitochondria (Heazlewood et al. 2004;
Millar et al. 2005; Lee et al. 2013). We suggest that a common
factor contributing to potentially accelerated mitochondrial
complexity is the presence of the plastid. Euglena gracilis has
numerous proteins dually localized to both mitochondria and
plastids, and additionally carries some plastid-derived pathways within the mitochondria, as well as what appears to be
metabolic cycles which complement plastid function, indicating that plastid interactions with the mitochondrion can foster an overall greater complexity. In contrast to E. gracilis,
experimental verification of many predicted plant mitoproteomes has remained challenging (Hochholdinger et al. 2004;
Huang et al. 2009; Mueller et al. 2014). Indeed, experimentally
verified mitoproteomes >1,000 sequences remain a rarity
(Salvato et al. 2014), a situation thought to reflect difficulty
in detecting hydrophobic and low-abundance proteins
(Millar et al. 2005). Recent investigations into the subcellular
compartmentalization of metabolic pathways in E. gracilis
2176

have been lacking extensive proteomic information on the
mitochondria (Inwongwan et al. 2019), which we hope to
rectify here.

Mitochondrial Termination Factor Proteins
Mitochondrial termination factor (mTERF)-like proteins are
involved in transcription termination/activation and ribosome biogenesis (Roberti et al. 2009). Although initially discovered in mitochondria, mTERFs are also present in
chloroplasts, sometimes being dually localized (Kleine and
Leister 2015). Whereas four groups of mTERFs have been
described in vertebrates, plants have undergone a major
expansion with 31 and 35 mTERFs in Zea mays and
A. thaliana, respectively (Kleine and Leister 2015), of which
10 A. thaliana mTERFs have been confirmed by proteomics
as mitochondrial (Lee et al. 2013). Of an unprecedented 192
mTERFs identified in the E. gracilis transcriptome, at least
8 are identified in the mitoproteome (supplementary table
7, Supplementary Material online), of which 4 show exclusive localization to the mitochondrion, raising the possibility
that the remaining 4 have dual localizations. We observed
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FIG. 2. Functional categories of 743 mitochondrially enriched transcripts with predicted function (42% of the entire proteome) including the
logarithmic enrichment ratio of the mitochondrial versus chloroplast preparation (log 10MT/CP) ratio for each category, shown in shades of
orange (infinite, 0–1 representing 1–10 greater protein amount in mitochondrial fraction, 1–2 for 10–100; full category names are listed in
Materials and Methods).

A Uniquely Complex Mitochondrial Proteome . doi:10.1093/molbev/msaa061

RNA Editing and Processing
Kinetoplastids and diplonemids developed highly complex,
yet distinct systems of RNA editing and processing of their
mitochondrial transcripts. Although in kinetoplastids uridines
are extensively inserted into and deleted from mRNAs (Read
et al. 2016), in diplonemids mRNAs of systematically fragmented genes undergo trans-splicing and C-to-U, A-to-I,
and G-to-A, as well as U- and A-appendage editing (Valach
et al. 2017; Kaur et al. 2020). Although E. gracilis does not have
RNA editing (Dobakova et al. 2015), we raise the question of
whether the common euglenozoan ancestor possessed preadaptations for these baroque mechanisms.
From the 90 proteins involved in mitochondrial RNA
editing and processing in T. brucei, only homologs to 12
proteins were present in the E. gracilis mitoproteome:
MRB3010, RBP16, RGG2, PAMC, KPAF1, MHEL61, KRET2,
KREX2, poly(A) polymerase, p22 precursor, a PAMC (polyadenylation mediator complex) component Tb927.6.3350,
and pentatricopeptide (PPR) protein Tb927.10.10160. An
additional 19 proteins are predicted to be involved in mitochondrial RNA processing in E. gracilis. These include six
DEAD-box RNA helicases, one PPR protein, eight and two
proteins similar to MRB3010 and RGG2, respectively, and
two splicing factors belonging to the arginine/serine-rich 4/
5/6-like family. Remarkably, these splicing factors have
homologs only in diplonemids (our unpublished data).
Our data indicate that although the last common

euglenozoan ancestor did not perform mitochondrial
RNA editing, it already had a basic set of RNA processing
proteins in its mitochondrion that were repurposed in the
evolution of kinetoplastids and potentially diplonemids as
key RNA editing enzymes. Those include RNA binding proteins, RNA helicases, terminal uridyl-transferase (TUTase),
and the exonuclease listed above. This prompts the question
of which preadaptions within the common euglenozoan
ancestor triggered emergence of highly complex RNA editing and/or processing systems. One driving force might have
been an increasingly scrambled mitochondrial genome
(Flegontov et al. 2011). The emergence and evolution of
excessive molecular complexity are best explained via purely
neutral drift, which becomes irreversible due to rachet
mechanisms preventing subsequent simplification
(Stoltzfus 1999; Lukes et al. 2011; McShea and Hordijk 2013).

Mitochondrial-Encoded Proteins
The mitochondrial genome of E. gracilis encodes only seven
proteins (nad1, nad4, nad5, cob, cox1, cox2, and cox3), all of
which are respiratory complex subunits (Dobakova et al.
2015). Our data revealed nad1 of complex I, cob of complex
III, and cox1, 2, and 3 of complex IV, providing proteomic
evidence for all complexes consisting of mitochondrialencoded subunits (supplementary table 2, Supplementary
Material online). In trypanosomes, recovery of these complexes has required specific extraction procedures (Horvath
et al. 2000; Skodova-Sverakova et al. 2015), and hence detection of five mitochondrially encoded proteins is notable
and further demonstrates the quality of our data set. Since
the transcriptome was assembled from polyadenylated
RNAs (Ebenezer et al. 2019), the presence of cox3 was surprising (supplementary table 4, Supplementary Material online). The status of RNA polyadenylation in the E. gracilis
mitochondrion is currently unknown (Dobakova et al.
2015), but it is assumed that in most eukaryotes the
polyA tails in mitochondrial transcripts are generally shorter
than their nuclear-encoded counterparts (Chang and Tong
2012). Although the C-terminal end of cox1 is nuclearencoded, arising from an ancient gene fission event
(Gawryluk and Gray 2010), no sequences showing homology
to this region were found in the transcriptome. Cox3-like
sequences are also present in the transcriptomes of Yoshida
and O’Neill, both of which show a sequence of extended
length, whose N-terminal region contains a predicted
mitochondrial target peptide. Thus, we suggest cox3 is
also dual-encoded, and that the recovered transcript in
fact represents the nuclear-encoded region of cox3.

Respiratory Complexes
So far, 25 conventional respiratory complex subunits have
been detected in E. gracilis from complex I along with 14
euglenozoan-specific subunits and 20 unknown proteins
(Perez et al. 2014; Miranda-Astudillo et al. 2018). Through
our analysis, we recovered 19 of these conventional subunits,
along with subunit NDUFA8, which has not been identified
previously, 7 euglenozoan-specific subunits and 10 unknown
proteins. Additionally, we found two potentially novel
2177
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six additional mTERFs with considerable enrichment in the
chloroplast (supplementary table 7, Supplementary Material
online), suggesting that E. gracilis also partitions its mTERF
family between these two endosymbiont-derived organelles.
This raises questions of why E. gracilis contains such a large
suite of mTERF proteins. The large mitochondrial genomes
of plants, which exhibit considerable gene rearrangement
and numerous introns, may require greater transcriptional
regulation facilitated by the additional mTERFs (Kleine and
Leister 2015). However, such an explanation does not seemingly apply to E. gracilis which, while containing fragmented
mitoprotein-coding genes, nonetheless has a reduced set,
importantly lacking the complex posttranscriptional modifications seen in other euglenozoan lineages (Dobakova
et al. 2015).
Experimental studies suggest that in plants the expanded
mTERF family enables functional diversification, fostering resistance to various abiotic stresses such as increased light,
heat, and salt concentrations (Quesada 2016; Robles et al.
2018), whereas mTERF18 confers heat tolerance to
A. thaliana through regulating redox-related gene expression
(Kim et al. 2012). mTERF-like gene MOC1-deficient mutants
of C. reinhardtii display reduced growth under high light intensity (Schönfeld et al. 2004). Adaptions to abiotic stress may
underly the dramatic expansion of mTERFs in E. gracilis.
Moreover, since in metazoans mTERFs have also been observed mediating ribosome biogenesis (Wredenberg et al.
2013), we suggest that the expanded set of ribosomal subunits in E. gracilis (see below) may require additional mTERFs
for proper ribosome assembly and/or function.
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Mitochondrial Contact Site and Cristae-Organizing
System Complex
The mitochondrial contact site and cristae-organizing system
(MICOS) mediates the formation of cristae and increases
membrane area available for respiratory complexes (KozjakPavlovic 2017). MICOS supports this function across eukaryotes and may also be involved in protein import into the
inner membrane (Kaurov et al. 2018). Although only Mic10
was identified in the E. gracilis genome (Ebenezer et al. 2017),
we report its proteomic detection along with Mic20, Mic40,
Mic60, and a putative Mic34 (supplementary fig. 5,
Supplementary Material online). Mic10 typically carries two
transmembrane domains, yet these were not predicted for
E. gracilis with high confidence. The Mic20 of E. gracilis contains, same as its ortholog in trypanosomes, a thioredoxin-like
domain (supplementary fig. 5, Supplementary Material online), and thus likely also represents a functional analog to
Mia40, which is seemingly absent from excavates (Kaurov
et al. 2018). Since T. brucei Mic60 lacks a mitofilin domain
(supplementary fig. 5, Supplementary Material online), which
is present in opisthokonts and responsible for interaction
with the topogenesis b-barrel (TOB) complex (KozjakPavlovic 2017), it may be unable to fulfill this function
(Kaurov et al. 2018). Euglena gracilis Mic60 not only lacks a
C-terminal mitofilin domain but is also 100 amino acids
2178

shorter than its trypanosome ortholog, possessing a transmembrane domain near to the N-terminus. Mic34 of both
E. gracilis and T. brucei carries two coiled-coil domains (supplementary fig. 5, Supplementary Material online), which in
the latter has been suggested to support mitofilin-based interactions with the TOB complex (Kaurov et al. 2018). Although
Mic34 of E. gracilis was initially dismissed because of a high
bias HMM score, the presence of two coiled-coil domains
(supplementary fig. 5, Supplementary Material online) and
detection in the mitoproteome fraction, along with its seemingly essential organellar role, has led us to conclude this as a
genuine component. In comparison to the nine MICOS subunits in T. brucei, E. gracilis presents itself as an evolutionary
intermediate between opisthokonts and the expanded and
diverged MICOS apparatus of trypanosomes.

Alternative Respiratory Pathway
In the bloodstream stage of T. brucei, an alternative respiratory pathway, composed of glyceraldehyde 3-phosphate dehydrogenase, alternative oxidase (AOX), and a type II
alternative NADH dehydrogenase (Verner et al. 2015), is essential. The pathway is present in other life stages in conjunction with the oxidative phosphorylation machinery, where it
fosters greater metabolic flexibility in response to nutrient
and oxygen availability (Chaudhuri et al. 2006), and also likely
plays a role in regulating the level of reactive oxygen species
(Fang and Beattie 2003). Both trypanosome-like AOX and
glyceraldehyde 3-phosphate dehydrogenase have been identified in E. gracilis previously (Perez et al. 2014; MirandaAstudillo et al. 2018), as well as here (supplementary table
7, Supplementary Material online). For the first time, we also
report the detection of type II NADH dehydrogenase. The
presence of a full alternative respiratory pathway and multiple
paralogs in E. gracilis further encourages the view of its mitochondrion as highly versatile and adaptable to a variety of
environmental conditions.

Protein Import: Outer Mitochondrial Membrane
Opisthokonts make use of a translocase of outer membrane
(TOM) complex to translocate proteins across the outer
mitochondrial membrane (Mani et al. 2016). In kinetoplastids, a diverged atypical translocation of outer membrane
(ATOM) complex fulfills the same role (Schneider 2018).
Both complexes consist of a central pore-forming subunit,
two or more protein receptors, and many smaller subunits
(Mani et al. 2016).
The E. gracilis mitoproteome contains 22 proteins associated with import and subsequent processing in the mitochondria that were recovered at the protein level, with an
additional 12 identified in silico (supplementary table 7,
Supplementary Material online). There are two orthologs
of 40 kDa b-barrel pore-forming ATOM (fig. 3), which is
essential in related species for proper mitochondrial import
through the outer membrane (Eckers et al. 2012). Homologs
to ATOM46 and 69 are also present, which in trypanosomes
display preference for hydrophobic carrier proteins and presequence containing substrates, respectively (Mani et al.
2016). Another characteristic subunit of the T. brucei
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subunits of complex I (supplementary table 7, Supplementary
Material online). It is plausible that some complex I subunits
may represent highly diverged paralogs of conventional subunits so far not identified in euglenids, such as Nad2, 3, 4L, and
6, but presumably with potential to increase functional
flexibility.
Of complex III, eight conventional and two euglenozoanspecific subunits have been identified, along with three
novel proteins (Perez et al. 2014; Miranda-Astudillo et al.
2018). Within this mitoproteome, we recovered five conventional and one euglenozoan-specific subunit, along with
all three novel proteins. Cytochrome c was detected as three
paralogs, indicating duplication events (supplementary table 7, Supplementary Material online). The possibility that
E. gracilis possesses functional variants of cytochrome c is
intriguing and recommends itself for further study.
Seven conventional subunits, nine euglenozoan-specific
subunits, and eight novel proteins have been identified for
complex IV (Perez et al. 2014; Miranda-Astudillo et al. 2018).
Nine conventional subunits were also detected in the mitoproteome, including five previously identified ones and four
subunits (cox15, cox4, cox11, and cox10) that are new additions. Moreover, we found five euglenozoan-specific subunits and eight previously assigned unknown proteins
(supplementary table 7, Supplementary Material online).
Finally, although seven conventional and eight
euglenozoan-specific subunits have previously been found
to encompass the ATP synthase (Perez et al. 2014; MirandaAstudillo et al. 2018), our mitoproteome contains five subunits of both these groups, as well as two OSCP homologs
(supplementary table 7, Supplementary Material online),
which again suggests increased functional flexibility.
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Protein Import: IMS, Inner Mitochondrial Membrane,
and Matrix
Translocation of inner membrane (TIM) protein TIM9 of the
hexameric TIM9/10 complex was identified at the protein
level, whereas only in silico evidence is available for its binding
partner TIM10 (fig. 3). The two together traditionally serve to
chaperone hydrophobic precursors across the IMS
(Wiedemann et al. 2004). We found no orthologs for TIM
complex 11/13 or TIM8 and tiny TIMs (fig. 3). The TIM23
complex imports signal-bearing proteins into the inner membrane and the mitochondrial matrix (Wiedemann et al. 2004).
We provide mass spectrometric evidence for the existence, in
E. gracilis, of this complex containing orthologs of TIM16,
TIM17, TIM23, TIM44, TIM50, Hsp70, and Mge1 (fig. 3).
TIM17, TIM23, and TIM50 constitute the membraneanchoring component, with TIM50 traditionally working as
a receptor for precursors, whereas TIM17 and TIM23 serve as
the pore-forming units (Schneider 2018). Moreover, TIM14
and TIM15 were identified in silico (fig. 3) and presumably

serve as a part of the motor protein complex and prevent
protein aggregation (Fraga et al. 2013).
All trypanosomes studied so far prominently lack the
TIM23 pore-forming subunit, presumably forming a channel
only via TIM17, suggesting that E. gracilis contains a less restricted import apparatus. The presence of two orthologs of
TIM17, confirmed by mass spectrometry in E. gracilis, is similar
to Trypanosoma cruzi (Eckers et al. 2012), suggesting that a
specific duplication event likely occurred in the common
euglenozoan ancestor. Moreover, the absence of TIM21 and
Pam17 in both protist species implies that they represent
Euglenozoa-specific losses (Verner et al. 2015). Trypanosoma
brucei exhibits an expanded set of membrane-anchored subunits (TIM47, TIM54, TIM62, TIM42, RHOM 1, and RHOM 2)
with undefined functions, of which only TIM47 was identified
in our data with confidence (Harsman et al. 2016) (supplementary table 7, Supplementary Material online). A weakly
homologous sequence to TIM42 was recovered, which we
term a putative protein (supplementary table 7,
Supplementary Material online).
The TIM22 complex, which in opisthokonts inserts proteins into the inner mitochondrial membrane (Mokranjac
and Neupert 2009), seems to be absent in trypanosomes
(Schneider 2018). Hence, the detection by mass spectrometry
of an ortholog to the main functional subunit TIM22 (fig. 3)
supports the idea of a relatively expanded import system in
euglenids, when compared with its highly diverged and
streamlined version in trypanosomes. However, other subunits of the TIM22 complex were not found, so that the functional significance remains unclear (fig. 3).
The membrane-anchored Oxa1 is an insertase of the inner
membrane (Mokranjac and Neupert 2009), and although an
ortholog was identified in the mitoproteome (fig. 3), its binding partner Mba1 was not. Proteins translocated via Oxa1 are
associated with removal of IMS sorting signal, undertaken by
inner membrane peptidases (IMPs) (Gakh et al. 2002). An
IMP2 ortholog is also present but as in T. brucei (Verner
et al. 2015), IMP1 seems to be absent (fig. 3). In opisthokonts,
amoebozoans, and plants, the Erv1-Mia40 complex imports
and oxidatively folds small cysteine-rich proteins in the IMS
(Allen et al. 2008). Although Erv1 is present in E. gracilis, Mia40
could not be identified and is also absent in parasitic chromalveolates (Ebenezer et al. 2019). As proposed for trypanosomes, Mia40 may be functionally complemented by a
dedicated subunit of the MICOS complex (Kaurov et al.
2018). Euglena gracilis is notable in that it represents the first
nonparasitic excavate lacking Mia40, which supports the notion that this protein is absent from euglenozoans (Allen et al.
2008), and may possibly import intermembrane proteins by
an as yet unknown pathway.
Proteins transported through the TIM23 complex require
removal of the import signal, mediated by the mitochondrial
processing peptidase (MPP) complex consisting of a and b
subunits. MPP-a recognizes the presequence, whereas MPP-b
performs the cleavage (Gakh et al. 2002). As in T. brucei (Desy
et al. 2012), both proteins were recovered from the mitoproteome (fig. 3). Once cleaved, some proteins will self-assemble,
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complex, the peripheral receptor pATOM36, which mediates insertion and assembly of N-terminal anchored outer
membrane proteins (Schneider 2018) and was previously
assumed to be trypanosome-specific, was also confirmed
at protein level (fig. 3). A homolog of TOM34, which in
opisthokonts serves as a cochaperone with heat shock proteins for mitochondrial translocation of sequences (Faou
and Hoogenraad 2012), was identified in silico (fig. 3).
Although a protein similar to ATOM19 was predicted
within transcriptome and also recovered in the verified
mitoproteome, only weak hits were found for ATOM11
and 12 (fig. 3). Given that opisthokonts also contain four
small, stabilizing subunits within their TOM complex
(TOM5, 6, 7, and 22, serving a similar role to ATOM11, 12,
14, and 19 in trypanosomatids) (Schneider 2018), it is likely
that they are present in E. gracilis, but have diverged beyond
recognition. Peculiarly, a homolog to ATOM14 and TOM22,
which represents the single subunit conserved between
opisthokonts and kinetoplastids (Schneider 2018), could
not be identified (fig. 3).
TOB55 inserts b-barrel-containing proteins into the outer
mitochondrial membrane from the intermembrane space
(IMS). In E. gracilis, two orthologs of TOB55 were detected
by proteomics (supplementary table 7, Supplementary
Material online), reminiscent of the duplicated TOB55 of
Trypanosoma cruzi (Eckers et al. 2012), whereas TOB38 was
identified only in silico. TOB55 and TOB38 are essential in
fungi (Sharma et al. 2010), whereas the third subunit of the
TOB55 complex, SAM37, is dispensable (Desmond et al.
2011). Indeed, this subunit appears absent from E. gracilis.
Additional peripheral proteins associating with the TOB55
complex with undefined functions are the metaxins, which
have been identified in both opisthokonts and trypanosomes
(Verner et al. 2015). Two orthologs of metaxin were also
identified in the E. gracilis transcriptome (supplementary table 7, Supplementary Material online).
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whereas others require assistance, and are folded by heat
shock protein (Hsp) 60 and 10 (Martin 1997). Hsp10 was
identified in silico, whereas Hsp60 was detected by mass
spectrometry (fig. 3).

Tricarboxylic Acid Cycle
The tricarboxylic acid (TCA) cycle is a key component of all
aerobic mitochondria, allowing efficient generation of energy. Euglena gracilis employs a modified TCA cycle reminiscent of certain alpha-proteobacteria, where the
oxoglutarate dehydrogenase complex is replaced with 2oxoglutarate decarboxylase and succinate semialdehyde
(SSA) dehydrogenase (Green et al. 2000). TCA cycle and
associated components show numerous duplication events
with multiple copies of key enzymes (supplementary table 7,
Supplementary Material online). Under aerobic conditions,
pyruvate is transported to the mitochondrion and metabolized by the pyruvate dehydrogenase (PDH) complex,
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producing acetyl-coenzyme A (CoA), which enters the
TCA cycle (Hoffmeister et al. 2004). All four PDH subunits
were recovered in vivo (Ebenezer et al. 2019) (fig. 4A). The
first three steps of the TCA cycle, following the generation of
acetyl-CoA, follow a conventional path and all enzymes
from these steps (citrate synthase, aconitase, and isocitrate
dehydrogenase) were recovered by mass spectrometry
(fig. 4A). Notably, isocitrate dehydrogenase was among the
identified proteins initially rejected based on low mitochondrial enrichment compared with the whole cell but was
accepted based on functional annotation.
Traditionally, a-ketoglutarate is catabolized using the aketoglutarate dehydrogenase complex, before employing
the succinyl-CoA synthetase complex to generate succinate
(Zimorski et al. 2017). Again, canonical subunits of succinylCoA synthase are present in the mitoproteome, as well as one
of three conventional subunits (E3 dihydrolipoyl dehydrogenase) of the a-ketoglutarate dehydrogenase, the other two
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FIG. 3. Mitochondrial protein import apparatus of Euglena gracilis. Blue for proteomically confirmed sequences, light blue for sequences identified
in transcriptome, gray for absent sequences, and purple for “putative” sequences with weak homology that nonetheless show presence within the
mitoproteome. Sequences taken from translocation apparatus of Trypanosoma brucei, or Saccharomyces cerevisiae in the case of opisthokont
TIM22 complex and transmembrane proteins, Mba 1, Mia40, and IMP1.
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being absent from the E. gracilis genome (Ebenezer et al.
2019), suggesting the pathway is either nonfunctional or
uses unconventional components (fig. 4). Retention of both
E3 and succinyl-CoA subunits for a seemingly nonfunctional
pathway can be explained through their bifunctionality, since
E3 exists as a subunit of the PDH complex, while succinyl-CoA
synthase also acts in the methylmalonyl-CoA pathway for
fatty acid synthesis (fig. 4A). Euglena gracilis bypasses the
need for the a-ketoglutarate dehydrogenase complex
through the use of a-ketoglutarate decarboxylase and SSA
dehydrogenase. a-Ketoglutarate is first catalyzed to SSA by
a-ketoglutarate decarboxylase and then converted to succinate via SSA dehydrogenase (Müller et al. 2012). We find
evidence for both essential enzymes of this pathway (fig. 4A).
A second variant pathway, the gamma-aminobutyric
(GABA) shunt, employs glutamate dehydrogenase, glutamate
decarboxylase, and GABA transaminase to generate SSA,
which in turn is converted to succinate by SSA dehydrogenase (Zhang et al. 2016). In the mitoproteome, glutamate
dehydrogenase and GABA transaminase were detected,
whereas glutamate decarboxylase remains identified only in
silico (fig. 4A). The GABA shunt allows for optimized

photosynthetic conditions in cyanobacteria (Nogales et al.
2012), which may also be applicable within E. gracilis.
After generation of succinate, the E. gracilis TCA cycle
proceeds conventionally with succinate dehydrogenase (respiratory complex II) functioning with fumarate hydratase
and malate dehydrogenase to complete the cycle, with
both of these proteins detected by mass spectrometry.
Succinate dehydrogenase is composed of two conserved subunits, one of which, SDH2, is further split into two components (Gawryluk and Gray 2019). These conserved subunits,
along with three of eight euglenozoan-specific subunits
(SDHTC 6, 7, and 8) were identified (fig. 4A). Two genes
encoding for euglenozoan-specific subunit 7 were present,
likely representing a recent duplication (supplementary table
7, Supplementary Material online).
Notably, E. gracilis is one of few organisms to localize the
glyoxylate cycle to the mitochondria, as opposed to glyoxysomes (Zimorski et al. 2017). The glyoxylate cycle represents
an anabolic variant of the TCA, which enables synthesis of
complex carbohydrates from compounds such as lipids, with
both cycles sharing several enzymes. In general, the glyoxylate
cycle proceeds with the first two TCA reactions, yielding
2181
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FIG. 4. Core metabolic pathways and their proteomic presence within Euglena gracilis. (A) TCA cycle showing the conventional pathway rendered
nonfunctional by absence of key protein subunits along with alpha-proteobacterial shunt and aminobutyric (GABA) shunt. Components involved
only in the glyoxylate cycle are transparent. (B) Glyoxylate cycle, highlighting associated enzymes from TCA cycle. Blue for proteomically confirmed
sequences, light blue for sequences identified in transcriptome, and gray for absent sequences. Duplicated sequences are available in supplementary table 7, Supplementary Material online.
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Mitochondrial Ribosomes
One hundred and eight mitochondrial ribosomal (mitoribosomal) subunits were identified in silico, representing 68 additional subunits in comparison to the earlier reported
complement (Ebenezer et al. 2019). A total of 83 of these
were experimentally verified, consisting of 47 large and 34
small mitoribosomal subunits with 2 unclassified (supplementary table 7, Supplementary Material online). From a
phylogenetic perspective, these are further classified into a
variety of categories: “Core” subunits are of alphaproteobacterial origin, likely present in the last common eukaryotic ancestor, whereas “accessory” subunits subsequently
emerged in different eukaryotic lineages. Thirty-five core and
15 accessory mitoribosomal proteins were recovered, with an
additional 6 and 2 in silico predicted but not detected, respectively. Compared with the well-studied mitoribosomes of
T. brucei, 20 subunits (L5, L14, L29, L30, L33, L35, L41, L2, L48,
L53, S6, S14, S21, S26, S30, S33, S35, S37, S38, and Fyv4) appear
lost in euglenids yet retained in trypanosomes (Zıkova et al.
2008), whereas 10 subunits (L1, L6, L18, L38, L56, S2, S3, S7,
S13, and S28) are present solely in the E. gracilis mitoribosome
(supplementary table 7, Supplementary Material online).
These compositional distinctions potentially underpin major
differences in protein synthesis between euglenids and
kinetoplastids.
Kinetoplastids also contain a uniquely large number of
novel mitoribosomal subunits, indicating expansions that occurred later in euglenozoan evolution (Desmond et al. 2011).
Based on structural analysis, many have been reclassified as
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core or accessory subunits (Ramrath et al. 2018), with only
one found outside kinetoplastids, in Naegleria gruberi
(Desmond et al. 2011). Of the 79 kinetoplastid-specific subunits, 15 were recovered in the E. gracilis mitoproteome, with
a further 20 predicted within the transcriptome (supplementary table 7, Supplementary Material online). This finding
rules out the possibility that these subunits developed in response to a parasitic lifestyle, as previously proposed
(Desmond et al. 2011). Of shared mitoribosomal proteins, a
greater percentage of predicted small ribosomal subunit proteins (7/12) were recovered in vivo when compared with the
large subunit (7/23). One ribosomal protein identified in
T. brucei that localizes to both large and small subunits
(Zıkova et al. 2008) was also recovered here (supplementary
table 7, Supplementary Material online).
A total of 18 mitoribosomal proteins, which did not match
previously defined subunit groups were present either in the
mitoproteome or predicted in silico and are therefore potential novel E. gracilis subunits. Twelve and four of them were
predicted to reside in large and small mitoribosomal subunits
respectively, whereas two were unclassified (supplementary
table 7, Supplementary Material online). Finally, eight putative
homologs of mitoribosomal proteins were identified in
E. gracilis. Given high divergence generally encountered
among this category of proteins (Petrov et al. 2019), and
the fact that these eight proteins with E-values above the
stated cutoff were detected by mass spectrometry, we classify
them as putative mitoribosomal components (supplementary table 7, Supplementary Material online). Our results suggest that considerable mitoribosome protein expansion
occurred already in the common euglenozoan ancestor
(Desmond et al. 2011).

Aminoacyl-tRNA Synthetases
Aminoacyl-tRNA synthetases (aaRSs) are responsible for
attaching amino acids to their cognate tRNAs (de Duve
1988). Two classes exist, which differ in their domain architecture, ATP binding conformation and modes of aminoacylation (Burbaum and Schimmel 1991). Along with direct
aminoacylation carried out by aaRSs, some archaea, bacteria,
and chloroplasts lacking GlnRS and AsnRS enzymes possess
indirect aminoacylation pathways, where a nondiscriminating
GluRS and tRNA-dependent amidotransferase (AdT) carries
out biosynthesis of Gln-tRNAGln and Asn-tRNAAsn (Schön
et al. 1988). We identified 46 transcripts encoding all class I
and II aaRSs in E. gracilis (supplementary table 8,
Supplementary Material online). Each of the identified proteins had at least one paralog (or isoform) with predicted
mitochondrial localization, except ArgRS and TrpRS, likely
missing in the mitochondrion, whereas MetRS, IleRS, and
GluRS appear to be dually targeted to the mitochondrion
and chloroplast (supplementary table 8, Supplementary
Material online). Moreover, each of these aaRSs has an additional paralog of low sequence identity (varying from 24% to
44%) targeted exclusively to the mitochondrion. The identification of several aaRSs in the mitochondrial fraction suggests that some of them might have unconventional
functions (Francklyn et al. 2002). The presence of GlnRS
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isocitrate, which is then cleaved by isocitrate lyase to form
glyoxylate and succinate (Zimorski et al. 2017). Subsequently,
glyoxylate is converted to malate via malate synthase,
whereas succinate is converted to fumarate by fumarate reductase and further metabolized into malate by fumarate
hydratase again. By the activity of malate dehydrogenase,
malate is converted into oxaloacetate, which can reenter
the TCA cycle, or be processed into phosphoenolpyruvate
by phosphoenolpyruvate carboxykinase, initiating gluconeogenesis (Dolan and Welch 2018). To facilitate the glyoxylate
cycle, E. gracilis uses a bifunctional enzyme, containing
domains for both isocitrate lysis and malate synthesis
(Nakazawa et al. 2011), which was present within the mitoproteome, whereas fumarate reductase was identified only in
silico (fig. 4B). Phosphoenolpyruvate carboxykinase was recovered at the protein level, initially rejected for low enrichment, yet eventually recalled (fig. 4B). The E. gracilis
mitochondrion can additionally initiate gluconeogenesis by
converting pyruvate directly to oxaloacetate via pyruvate carboxylase, which was proteomically detected (supplementary
table 7, Supplementary Material online), and is then processed through the activity of phosphoenolpyruvate carboxykinase. Our analysis of the TCA cycle and associated pathways
demonstrates a highly versatile organelle, able to generate and
store ATP using a variety of energy sources under a range of
conditions; the presence of paralogs for several critical
enzymes also reinforces the potential for environmental
flexibility.
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and AsnRS along with the absence of clear homologs of AdTs
in any of the publicly available E. gracilis transcriptomes indicates that only the direct aminoacylation pathway is functional in both organelles and cytoplasm. This is in agreement
with recent identification of a plastidial version of GlnRS in
the nonphotosynthetic Euglena longa (Zahonova et al. 2018).

Amino Acid Metabolism

Sulfate Assimilation
A remarkable feature of the E. gracilis mitochondrion is the
ability to assimilate and metabolize sulfate (Saidha et al. 1988).

This represents an exceptionally rare feature among eukaryotes, as the vast majority employ the sulfate assimilation
pathway in either resident plastids or the cytosol. Some of
the enzymes involved in this process have a plastid origin, but
over time have been retargeted to the mitochondria, presumably after their genetic incorporation into the nucleus (Patron
et al. 2008). Components of the sulfate assimilation pathway
have additionally been found in the mitosomes of Entamoeba
histolytica, though these are thought to have been acquired
independently from e-proteobacteria and other sources (Miichi et al. 2009). This pathway is important for the generation
of sulfur-containing amino acids such as cysteine, methionine,
and various other metabolites, which supply necessary sulfur
for the Fe-S cluster generation in euglenids (Saidha et al.
1988). Except for sulfate permease and cysteine synthase, all
enzymes for sulfate assimilation were identified by proteomics (supplementary table 7 and file 3, Supplementary
Material online).

Fe-S Cluster Biosynthesis
Iron-sulfur (Fe-S) cluster biosynthesis provides essential and
ubiquitous cofactors for many proteins (Lill 2009). In most
eukaryotes, the first step, referred to as ISC biosynthesis, is
located in the mitochondrion (Braymer and Lill 2017).
Among euglenozoans, Fe-S cluster assembly is best studied
in T. brucei, whereas in the euglenids and diplonemids, the
pathway remains unexplored (Ali and Nozaki 2013; Pe~
na-Diaz
and Lukes 2018). We find conservation of all predicted central
components of this pathway, with some notable expansions.
The ISC pathway consists of three central steps, starting
with Fe-S cluster assembly on a scaffold protein IscU. Sulfur is
donated by cysteine desulfurase NfsI and Isd11, after the cluster is reduced by ferredoxin in coordination with ferredoxin
reductase (Ollagnier-de-Choudens et al. 2001). Iron (II) cation
is imported into the matrix via mitochondria carrier protein
17 (Braymer and Lill 2017), where it is donated to the scaffold
with the assistance of frataxin (Bridwell-Rabb et al. 2014). In
E. gracilis, two ferredoxin orthologs were identified (fig. 5),
corresponding to T. brucei ferredoxin A and B (Changmai
et al. 2013). The second step involves detachment of the
Fe-S cluster from the IscU scaffold. Grx5, Mge1, Ssc1, and
Hep1 assist as chaperones, transporting the cluster to the
relevant apoprotein (Maio et al. 2014). Peptides for Grx5,
Mge1, and Ssc1 were identified at the protein level, with
Hep1 being identified only in silico (fig. 5). The final step
involves alternative scaffold proteins Isa1 and Isa2, with assistance from Iba57, which insert the Fe-S clusters into various
apoproteins (Sheftel et al. 2012). All three sequences were
confirmed at a protein level (fig. 5).
Depending on protein specificity, various factors are subsequently required for holoprotein maturation, such as Nfu,
involved in maturation of respiratory complexes I and II components (Lukes and Basu 2015). In E. gracilis, four Nfu factors
are identifiable from the transcriptome, with two being recovered as peptides (fig. 5 and supplementary table 7,
Supplementary Material online). One Nfu homolog was initially rejected due to insufficient enrichment but reintegrated
based on functional prediction. Most eukaryotes contain only
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We identified most of the biosynthesis pathways for 11 amino
acids: valine, leucine, isoleucine, aspartate, cysteine, glutamate,
glutamine, glycine, serine, proline, and tyrosine (supplementary fig. 6, Supplementary Material online), suggesting that
the repertoire of amino acid biosynthesis enzymes is substantially richer in the mitochondrion of E. gracilis than in its
plastid (Novak Vanclova et al. 2020). Although hydroxymethyltransferase catalyzes serine and glycine interconversion in
E. gracilis mitochondria, glutamate is synthesized from 2-oxoglutarate by the action of aspartate aminotransferase and can
be subsequently converted to glutamine or proline (supplementary fig. 6, Supplementary Material online), and aspartate
can be synthesized from pyruvate using pyruvate carboxylase
and aspartate aminotransferase.
The biosynthesis of valine and leucine from pyruvate does
not appear possible in the E. gracilis mitoproteome, since only
one enzyme of the pathway, 2-isopropylmalate synthase, is
present. Another branched-chain amino acid, isoleucine, can
be obtained in a five-step reaction from threonine, whereas
cysteine is synthesized de novo from serine, and tyrosine is
formed from phenylalanine by phenylalanine hydroxylase
(supplementary fig. 6, Supplementary Material online).
The use of amino acids as an energy source in mitochondrion in E. gracilis is limited to the ability to degrade valine,
leucine, isoleucine, glutamate, glycine, proline, aspartate, alanine, and possibly cysteine (supplementary table 8,
Supplementary Material online). Almost all enzymes of the
branched-chain amino acids degradation pathway leading to
formation of acetyl-CoA, in the case of leucine and isoleucine,
and succinyl-CoA or valine, were identified. Proline is converted to glutamate in a two-step reaction carried out by
proline dehydrogenase and d-1-pyrroline-5-carboxylate dehydrogenase, and glutamate can then be degraded either to aketoglutarate and ammonia or to succinate. In contrast to
human mitochondria, it appears that cysteine degradation in
the organelle of E. gracilis leads to pyruvate formation. We
identified a putative homolog of thiosulfate/3-mercaptopyruvate sulfurtransferase, catalyzing the second step of this process. Cysteine aminotransferase was not detected, however,
leaving the possibility that the initial reaction of the process is
catalyzed by aspartate aminotransferase, similar to some bacteria (Andreeßen et al. 2017). Although glycine is oxidatively
cleaved by the glycine cleavage system, the saccharopine
pathway of lysine degradation appears to be nonfunctional,
since only three enzymes out of nine were identified (supplementary table 8, Supplementary Material online).
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a single Nfu protein, whereas expansion into three and four
Nfus occurred in T. brucei and Leishmania spp., respectively,
of which most are mitochondrially localized (Benz et al. 2016).
Arabidopsis thaliana contains a higher number of Nfu paralogs, but most are localized in the plastid (Leon et al. 2003). By
contrast, in E. gracilis both Nfu proteins show mitochondrial
enrichment when compared with the chloroplast (supplementary table 4, Supplementary Material online). The Fe-S
clusters bound for export out of the mitochondrion are transported by Atm1 and Erv1 (Braymer and Lill 2017), both being
identified in silico, and Atm1 also at the protein level (fig. 5).

Fatty Acid Metabolism
Under anaerobic conditions, the mitochondrion of E. gracilis
can employ acetyl-CoA as a terminal electron acceptor and
synthesize fatty acids in a malonyl-independent manner, enabling net ATP production (Hoffmeister et al. 2005). AcetylCoA is first produced from the catalysis of pyruvate, mediated
by an oxygen-sensitive pyruvate:NADPþ oxidoreductase
(PNO) complex (Zimorski et al. 2017). Both a and b subunits
of the PNO complex were recovered at a protein level (supplementary table 7, Supplementary Material online).
Although the b subunit showed low mitochondrial enrichment, likely due to the oxygen-sensitive nature of PNO (Rotte
et al. 2001) and the aerobic conditions of this study, it was
included based on strong prediction criteria. The synthesis of
fatty acids involves reversal of the b-oxidation of acetyl-CoA
pathway. Several enzymes involved in this process can work in
both directions (Zimorski et al. 2017). In E. gracilis, acetyl-CoA
is first condensed by acetyl-CoA-C-acetyltransferase, then reduced via b-hydroxyacyl-CoA and dehydrated by enoyl CoA
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hydratase. The final step is mediated by unique trans-2-enoyl
CoA reductase, as the enzyme responsible for the reverse
reaction (acyl-CoA dehydrogenase) operates catalytically in
one direction (Zimorski et al. 2017). The activity of trans-2enoyl CoA reductase produces elongated fatty acyl-CoA as an
end product, which is reduced to alcohol, esterified, and deposited in the cytosol as wax esters (Hoffmeister et al. 2005).
Upon returning to aerobic conditions, in the mitochondrion,
these wax esters can be converted back to acetyl-CoA
(Zimorski et al. 2017).
We have detected peptides for all four enzymes required
for fatty acid synthesis, whereas oxidative acyl-CoA dehydrogenase was identified only by a homology search. Although
E. gracilis was cultivated in aerobic conditions, trans-2-enoyl
CoA reductase, which is exclusively used for anaerobic fatty
acid synthesis, was detected (supplementary table 7,
Supplementary Material online). Its expression under aerobic
conditions is in agreement with previous studies and reflects
the adaptability of E. gracilis for environments deprived of
oxygen (Hoffmeister et al. 2004). All proteins involved in
long-chain acyl-CoA import into the mitochondrion, as well
as components for odd-numbered fatty acid synthesis (excepting fumarate reductase and propionyl-CoA subunits),
were also proteomically recovered (supplementary file 3,
Supplementary Material online).

In Silico Mitoproteome of Eutreptiella gymnastica
To gain a better understanding of mitoproteome evolution
within euglenida and to resolve the seemingly unique features
of E. gracilis, we compared the verified mitoproteome with
the publicly available transcriptome of fellow photosynthetic
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FIG. 5. ISC biosynthesis in Euglenac gracilis mitochondrial matrix and IMS. Blue for proteomically confirmed sequences, light blue for sequences
identified in transcriptome, and white for proteins requiring ISC insertion for functionality.
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euglenid Eut. gymnastica, the outcome of which yielded 1,162
transcripts corresponding to 900 ortholog groups (supplementary table 9, Supplementary Material online). Six hundred
and twenty of these Eut. gymnastica transcripts were orthologous to functionally uncategorized sequences of E. gracilis,
which suggests shared heritage to a large expansion of these
unknown genes within the ancestor of photosynthetic
euglenids.
Although analysis of the E. gracilis transcriptome identified
an extensive 192 mTERF factors identified in E. gracilis, no
orthologs could be identified from Eut. gymnastica.
Comparison with the transcriptome of Eut. gymnastica indicated conservation of all components of the alphaproteobacterial shunt, whereas only orthologs to GABA
transaminase of the GABA shunt could be identified (fig. 6
and supplementary table 9, Supplementary Material online).
Components necessary for the glyoxylate cycle were not identified, suggesting this pathway may be unique to E. gracilis.
Interestingly, Hidden Markov Model searches identified a sequence above the detection threshold to subunit E2 of oxaglutarate dehydrogenase (supplementary table 9,
Supplementary Material online), suggesting that the conventional TCA pathway could in fact be functional in Eut.
gymnastica.
The recovery of inner membrane translocation pores
TIM22 and TIM23 in E. gracilis represents a first for
Euglenozoan mitochondria, and their identification within
the transcriptome of Eut. gymnastica suggests they are distributed throughout euglenida as well (fig. 6 and supplementary table 9, Supplementary Material online). Although four

protein maturation factors were identified for E. gracilis, no
Nfu factors could be identified from the Eut. gymnastica transcriptome, suggesting that this high Nfu number may be
confined to E. gracilis.
Orthologs to the majority of sulfate assimilation enzymes
(seven of nine) were additionally identified in the Eut. gymnastica
transcriptome
(supplementary
table
9,
Supplementary Material online), suggesting that the mitochondrial retargeting of sulfate occurred in the common ancestor of these two species. Additionally, orthologs for the
majority of components for fatty acid synthesis and import
(nine of seventeen) were also identified, including crucial enzyme trans-2-enoyl CoA reductase (supplementary table 9,
Supplementary Material online), suggesting that malonylindependent fatty acid synthesis is a conserved feature in
euglenids (fig. 6).

Conclusions
The exceptionally rich mitoproteome of E. gracilis can be
partially attributed to extensive duplications, including mitoribosomal subunits and the AOX pathway as well as core
metabolic pathways where multiple paralogs may indicate
considerable flexibility. However, the main contributing factor
to this unique complexity is the exceptionally large fraction of
proteins with unknown function. Additionally, over 700 predicted proteins such as the extensive mTERF family still require validation through additional functional studies.
Although we report the identification of various anaerobic
enzymes such as trans-enoyl-reductase and oxygen-sensitive
2185
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FIG. 6. Evolutionary schematic showing unique mitochondrial features to euglenida, with features observed only in Euglenac gracilis denoted by *.
Common features discovered in this study with the Trypanosoma brucei mitoproteome are listed, which were likely present in the mitochondria of
the last euglenozoan common ancestor. Over 30 RNA editing enzymes appear to be present in this ancestor, which led to development of different
RNA editing pathways in diplonemid and kinetoplastid lineages, denoted by.
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Materials and Methods
Cell Culture and Isolation of Mitochondria
Euglena gracilis strain Z1 cells were axenically cultured in total
volume of 600 ml in Hutner’s medium at 27  C in aerobic
conditions under permanent light (10 mm/m2 s1) with
constant shaking at 150 rpm until they reached exponential
growth (1.5–2  106 cells/ml). Cells were collected by centrifugation at 800  g for 10 min and resuspended in SHE buffer
(250 mM sucrose, 10 mM HEPES, 1 mM EDTA, pH 7.3) supplemented with 0.4% fatty acid–free bovine serum albumin.
All the following steps were performed on ice. Euglena cells
were disrupted by sonication at 80% power using a thick 19.5mm probe (ultrasonic homogenizer 3,000; Biologics, Inc.).
Sonication was performed in six 10-s pulses cycles with 2min breaks. The sonicate was centrifuged for 15 min at
800  g and 4  C and the resulting supernatant centrifuged
for 15 min at 8,500  g at 4  C. The pellet was resuspended in
3 ml of STM buffer (250 mM sucrose, 20 mM Tris–HCl, 2 mM
MgCl2, pH 8.0) with 40 U of DNase I (Thermo Scientific) and
incubated on ice for 30–60 min. DNase-treated lysate (5 ml)
was loaded on top of a discontinuous sucrose density gradient. The gradient was prepared by layering decreasingly dense
sucrose solutions upon one another from 2.0, 1.75, 1.5, 1.25, 1,
to 0.5 M (5 ml each) and centrifuged in a SW-28 rotor at
87,000  g at 4  C for 4.5 h (L8-M, Beckman).
The mitochondrial fraction was separated from chloroplast and peroxisome fractions, located at the interface of
1.7 and 1.5 M sucrose layers and collected with a syringe.
To remove excess sucrose, mitochondria were washed twice
in SHE buffer. The final pellet was gently resuspended with a
cutoff pipette tip in 500–1,000 ll of SHE buffer supplemented
with 0.4% bovine serum albumin, and then spun for 30 min at
16,000  g at 4  C and stored at 80  C.

Mass Spectrometry–Based Protein Identification and
Quantification
Samples were sonicated in NuPAGE LDS sample buffer
(Thermo Sci.) containing 2 mM dithiothreitol and separated
on a NuPAGE Bis-Tris 4–12% gradient polyacrylamide gel
2186

(Thermo) under reducing conditions. The sample lane was
divided into eight slices that were excised from the
Coomassie-stained gel, destained, and subjected to tryptic
digest and reductive alkylation. The treated fractions were
subjected to liquid chromatography tandem mass spectrometry on an UltiMate 3000 RSLCnano System coupled
to a Q exactive mass spectrometer (Thermo Sci.). Mass spectra were analyzed using MaxQuant V. 1.56 (Cox and Mann
2008) and by searching the predicted translated transcriptome of Ebenezer et al (2019). Minimum peptide length was
set to six amino acids, isoleucine and leucine were considered
indistinguishable and false discovery rates of 0.01 were calculated at the levels of peptides, proteins, and modification
sites based on the number of hits against the reversed sequence database. Ratios were calculated from label-free
quantification intensities using only peptides that could be
uniquely mapped to a given protein. If the identified peptide
sequence set of one protein contained the peptide set of
another protein, these two proteins were assigned to the
same protein group. P values were calculated applying ttest based statistics using Perseus (Tyanova et al. 2016).
Protein sequences (2,704) were initially identified in the mitochondrial fraction which satisfied these criteria (supplementary table 1, Supplementary Material online).
Proteomics data have been deposited to the
ProteomeXchange Consortium by the PRIDE (Vizcaıno
et al. 2016) partner repository with the data set identifier
PXD014767.

Identification of Mitochondrially Encoded Proteins
Proteins encoded in the E. gracilis mitochondrial genome,
determined by Miranda-Astudillo et al. (2018) and
Dobakova et al. (2015) (supplementary table 2,
Supplementary Material online), were missing from the translated transcriptome, except for cox3. The MaxQuant LFQ
analysis was repeated using this search database composed
of seven protein sequences. The resulting quantifications of
four additional mitochondrial-encoded proteins were included in the candidate data set.

Reference Mitoproteome Comparison
Proteins of the mitochondrial fraction of E. gracilis were compared with data sets containing the mitoproteomes of A.
thaliana, M. musculus, S. cerevisiae, and T. brucei (supplementary table 3, Supplementary Material online). For S. cerevisiae,
1,010 mitochondrial proteins were selected using a combination of the following criteria: 1) Gene ontology term
“mitochondrion” assigned to the protein and 2) annotation
as mitochondrial assigned manually based on experimental
studies, or identified as mitochondrial in 2 high-throughput
analyses, or one high-throughput analysis plus computational
evidence. The data set for A. thaliana is composed of 722
mitochondrial proteins based on Lee et al. (2013) (supplementary table 3, Supplementary Material online).
Mitochondrial proteins of M. musculus were downloaded
from the Mitocarta database v.2.0, whereas for T. brucei, mitochondrial importome comprising 1,120 proteins identified
using ImportOmics method was used. For each species within
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PNO, it is likely that many strictly anaerobic proteins have
eluded detection due to the aerobic nature of the extracted
mitochondria. Subsequently, a study of the organelle from the
anaerobically grown E. gracilis is a logical successive step.
Characterization of the E. gracilis mitoproteome represents
an important step in our understanding of the uniquely rich
evolution of this organelle in different euglenozoan lineages
and enables the prediction of mitochondrial traits present in
the euglenozoan common ancestor. Such traits include newly
identified mitoribosomal and MICOS subunits, protein import machinery, respiratory proteins, components of the Fe-S
cluster biosynthesis as well as the prominent absence of RNA
editing and processing machinery (fig. 6). Combined, the
mitoproteome of E. gracilis demonstrates an unparalleled
protein count, which may reflect the influence of the co-occurring plastid, and reveals a remarkable metabolic flexibility
and adaptability.
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Functional Characterization and Mitochondrial
Protein Families
Proteins considered as candidate mitoproteome components were annotated automatically using BLAST against
the NCBI nonredundant protein database (August 2016 version). These annotations were checked manually consulting
UniProt database and putative homologs inferred using
OrthoFinder 2.2.7 as necessary (Emms and Kelly 2015).
Proteins annotated as having roles in specific metabolic
pathways or molecular complexes were sorted manually
into 16 custom-defined categories roughly based on the
KEGG pathway classification. Twenty-four proteins were removed from the mitoproteome based on functional annotation showing clear nonmitochondrial function as well as a
lack of orthologs in any reference mitoproteomes.
Annotations of the predicted mitoproteome of E. gracilis
(Ebenezer et al. 2019) were first compared with the 2,704
sequences of mitochondrial fraction (supplementary table 1,
Supplementary Material online) to determine functional
proteins that were present (552). Functional protein families
determined were then complemented via manual search for
functionally annotated members from the experimentally
verified mitoproteome. Missing key sequences from established mitochondrial protein families were then investigated
with a combination of BLAST and Hidden Markov Model
searches.

Hidden Markov Models
Sequences underwent ClustalW alignment via Mega10.0.5
(Kumar et al. 2018) and were searched using HMMER software against proteins generated primarily from the E. gracilis
transcriptome (O’Neill et al. 2015; Yoshida et al. 2016;
Ebenezer et al. 2019), which were accepted with an E-value
of 103 or lower and a bias score lower than 1. Topogenesis of
b-barrel protein TOB38, Sorting and assembly machinery
SAM37, ATOM subunits 19, 14, 12, and 11, peripheral
ATOM36, TIM8, 11, 13, 40, 47, 54, 62, tiny TIMs, MICOS
subunits 10-1, 10-2, 16, 17, 20, 32, 34, 40, and 60, Hsp10,
Nfu’s, and Coq7 were queried for with HMM profiles constructed using all available functionally annotated kinetoplast sequences from TriTryp website (Aslett et al. 2010).
IMP1 and IMP2 were also determined using a spread of
sequences from Amoebozoa, Archaeplastida, and
Alveolata. Presequence translocated–associated motor subunits 17 and 18 were searched for using a selection of metazoan sequences. Metaxin sequences were searched for using
a combination of metazoan, plants, and protist sequences.
TIM18 and TIM54 (both nontrypanosome), mammalian
MICOS19/25, Coq6, and TOM22 were searched for using a
selection of opisthokont sequences. Proteins identified as
MICOS hits were analyzed with TMHMM (Kroph and
Rapacki 2013) and Coiled Coils (Combet et al. 2000) to identify structural features.

BLAST Searches
Mitochondrial ribosomes, subunits of respiratory complexes,
and protein import machinery (TIM11, TIM13 RHOM 1,
RHOM 2, TINY TIM, Oxa2, and TIM42) were searched using
BLAST against the assembled E. gracilis transcriptome
(Ebenezer et al. 2019) with T. brucei sequences as the query.
Sequences with an E-value of 103 or less were accepted.
Mitochondrial ribosomal subunits from databases of
T. brucei (Zıkova et al. 2008; Desmond et al. 2011; Ramrath
et al. 2018), and Diplonema papillatum (our unpublished
data) were employed for BLAST searches. For mitochondrial
ribosomal subunits not present in excavates, sequences from
Homo sapiens and S. cerevisiae were used as queries
(Desmond et al. 2011). mTERF-like proteins of A. thaliana
and H. sapiens (Kleine and Leister 2015) were used for
BLAST searchers. Protein sequences of E. gracilis respiratory
complex subunits from previous studies (Perez et al. 2014;
Miranda-Astudillo et al. 2018) were used as queries.

Survey of aaRSs and Amino Acid Metabolism
The search for aaRSs and related enzymes (tRNA-dependent
AdTs) was performed using annotated sequences of
H. sapiens, Plasmodium falciparum, and A. thaliana as queries
and all transcripts and predicted proteins of E. gracilis as database for BLAST searches with an E-value cutoff of 1020. For
AdTs (Pfam models PF01425, PF02686, and PF02934), additional HMM-based searches were performed using HMMER
package v.3.1 (Eddy 2009) and predicted proteins from this
study, as well as publicly available E. gracilis transcriptomes
(O’Neill et al. 2015; Yoshida et al. 2016). InterProScan, Pfam,
and BlastKoala were used to facilitate functional annotation of
2187
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the data set, only one representative protein isoform for each
gene was included. Euglena gracilis sequences were included
in accepted mitoproteome if an orthologous sequence was
detected in at least one of the mitoproteomes (994 sequences) (supplementary table 4, Supplementary Material online).
Predicted proteins from three available transcriptomes
(O’Neill et al. 2015; Yoshida et al. 2016; Ebenezer et al.
2019) were analyzed via TargetP 1.1 for predicted organellar
localization (Emanuelsson et al. 2000). Transcript open reading frames starting with methionine and predicted to be
imported into the mitochondrion in the majority of transcriptomes were considered as mitoproteome components
(77 sequences). Mitochondrial fraction proteins were additionally compared against in silico predicted E. gracilis mitoproteome (Ebenezer et al. 2019), including any predicted
sequences that were identified by liquid chromatography
tandem mass spectrometry from the mitochondrial fraction
(552) (supplementary table 4, Supplementary Material online). Proteins with mitochondria to chloroplast and mitochondria to whole cell ratios >1, indicating mitochondrial
enrichment compared with the chloroplast and whole cell,
were considered as mitochondrial (1,543) (supplementary
table 5, Supplementary Material online). Mitochondrial-tochloroplast enriched sequences were assigned confidence
values of the logarithmic enrichment ratio of the mitochondrial versus chloroplast preparation (log 10Mt/Cp), and
sorted into groups of 0.0–1.0, >1.0 (supplementary table
5, Supplementary Material online).
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the hits (Kanehisa et al. 2016; Kanehisa 2017; El-Gebali et al.
2019; Mitchell et al. 2019). NLStradamus, SeqNLS, and NLSMapper were employed for nuclear localization signals prediction (Ba et al. 2009; Kosugi et al. 2009; Lin and Hu 2013).
Reconstruction of mitochondrial amino acid metabolic pathways was performed with KEGG Mapper v.2.8 following KEGG
IDs assignment to putative mitochondrial proteins using
BlastKoala (Kanehisa et al. 2016).

The experimentally determined E. gracilis mitoproteome was
compared with the translated transcriptome of Eut. gymnastica strain NIES-381 with Orthofinder 2.2.7 (Emms and Kelly
2015). The Eut. gymnastica transcriptome additionally underwent Hidden Markov Model searches (with previously described parameters) against all available kinetoplastid
sequences from TriTrypDB for the oxoglutarate decarboxylase complex subunits E1 and E2.

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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Andreeßen C, Gerlt V, Steinbüchel A. 2017. Conversion of cysteine to 3mercaptopyruvic acid by bacterial aminotransferases. Enzyme
Microb Technol. 99:38–48.
Aslett M, Aurrecoechea C, Berriman M, Brestelli J, Brunk BP, Carrington
M, Depledge DP, Fischer S, Gajria B, Gao X, et al. 2010. TriTrypDB: a
functional genomic resource for the Trypanosomatidae. Nucleic
Acids Res. 38(Suppl 1):D457–D462.
Atteia A, Adrait A, Brugière S, Tardif M, van Lis R, Deusch O, Dagan T,
Kuhn L, Gontero B, Martin W, et al. 2009. A proteomic survey of
Chlamydomonas reinhardtii mitochondria sheds new light on the
metabolic plasticity of the organelle and on the nature of the alphaproteobacterial mitochondrial ancestor. Mol Biol Evol.
26(7):1533–1548.
Ba ANN, Pogoutse A, Provart N, Moses AM. 2009. NLStradamus: a simple Hidden Markov Model for nuclear localization signal prediction.
BMC Bioinformatics 10:202.
Benz C, Kovarova J, Kralova-Hromadova I, Pierik AJ, Lukes J. 2016. Roles
of the Nfu Fe-S targeting factors in the trypanosome mitochondrion.
Int J Parasitol. 46(10):641–651.

2188

Boussau B, Karlberg EO, Frank AC, Legault BA, Andersson S.
2004. Computational inference of scenarios for alphaproteobacterial genome evolution. Proc Natl Acad Sci U S A.
101(26):9722–9727.
Braymer JJ, Lill R. 2017. Iron-sulfur cluster biogenesis and trafficking in
mitochondria. J Biol Chem. 292(31):12754–12763.
Bridwell-Rabb J, Fox NG, Tsai CL, Winn AM, Barondeau DP. 2014.
Human frataxin activates Fe-S cluster biosynthesis by facilitating
sulfur transfer chemistry. Biochemistry 53(30):4904–4913.
Burbaum JJ, Schimmel P. 1991. Structural relationships and the classification of aminoacyl-transfer RNA-synthetases. J Biol Chem.
266(26):16965–16968.
Calvo SE, Clauser KR, Mootha VK. 2016. MitoCarta2.0: an updated inventory of mammalian mitochondrial proteins. Nucleic Acids Res.
44(D1):D1251–D1257.
Carrie C, Small I. 2013. A reevaluation of dual-targeting of proteins to
mitochondria and chloroplasts. Biochim Biophys Acta Mol Cell Res.
1833(2):253–259.
Casaletti L, Lima PS, Oliveira LN, Borges CL, Bao SN, Bail~ao AM, Soares C.
2017. Analysis of Paracoccidioides lutzii mitochondria: a proteomic
approach. Yeast 34(4):179–188.
Chang JH, Tong L. 2012. Mitochondrial poly(A) polymerase and polyadenylation. Biochim Biophys Acta Gene Regul Mech. 1819(9–
10):992–997.
Chang JS, Van Remmen H, Cornell J, Richardson A, Ward WF. 2003.
Comparative proteomics: characterization of a two-dimensional gel
electrophoresis system to study the effect of aging on mitochondrial
proteins. Mech Ageing Dev. 124(1):33–41.

Changmai P, Horakova E, Long S, Cernot
ıkova-Strıbrna E, McDonald LM,
Bontempi EJ, Lukes J. 2013. Both human ferredoxins equally efficiently rescue ferredoxin deficiency in Trypanosoma brucei. Mol
Microbiol. 89(1):135–151.
Chaudhuri M, Ott RD, Hill GC. 2006. Trypanosome alternative oxidase:
from molecule to function. Trends Parasitol. 22(10):484–491.
Combet C, Blanchet C, Geourjon C, Deleage G. 2000. NPS@: Network
Protein Sequence Analysis. Trends Biochem Sci. 25(3):147–150.
Cox J, Mann M. 2008. MaxQuant enables high peptide identification
rates, individualized p.p.b.-range mass accuracies and proteomewide protein quantification. Nat Biotechnol. 26(12):1367–1372.
de Duve C. 1988. Transfer RNAs: the second genetic code. Nature
333(6169):117–118.
Desmond E, Brochier-Armanet C, Forterre P, Gribaldo S. 2011. On the
last common ancestor and early evolution of eukaryotes: reconstructing the history of mitochondrial ribosomes. Res Microbiol.
162(1):53–70.
Desy S, Schneider A, Mani J. 2012. Trypanosoma brucei has a canonical
mitochondrial processing peptidase. Mol Biochem Parasitol.
185(2):161–164.
Dobakova E, Flegontov P, Skalicky T, Lukes J. 2015. Unexpectedly streamlined mitochondrial genome of the euglenozoan Euglena gracilis.
Genome Biol Evol. 7(12):3358–3367.
Dolan SK, Welch M. 2018. The glyoxylate shunt, 60 years on. In:
Gottesman S, editor. Annual review of microbiology. Vol. 72. Palo
Alto (CA): Annual Reviews. p. 309–330.
Ebenezer TE, Carrington M, Lebert M, Kelly S, Field MC. 2017. Euglena
gracilis genome and transcriptome: organelles, nuclear genome assembly strategies and initial features. In: Schwartzbach S, Shigeoka S,
editors. Euglena: biochemistry, cell and molecular biology. Vol. 979.
Cham (Switzerland): Springer. p. 125–140.
Ebenezer TE, Zoltner M, Burrell A, Nenarokova A, Novak Vanclova
AMG, Prasad B, Soukal P, Santana-Molina C, O’Neill E, Nankissoor
NN, et al. 2019. Transcriptome, proteome and draft genome of
Euglena gracilis. BMC Biol. 17(1):11.
Eckers E, Cyrklaff M, Simpson L, Deponte M. 2012. Mitochondrial protein
import pathways are functionally conserved among eukaryotes despite compositional diversity of the import machineries. Biol Chem.
393(6):513–524.
Eddy SR. 2009. A new generation of homology search tools based on
probabilistic inference. Genome Inform. 23(1):205–211.

Downloaded from https://academic.oup.com/mbe/article-abstract/37/8/2173/5803078 by ESIEE Paris user on 06 August 2020

Comparison to Eut. gymnastica

MBE

A Uniquely Complex Mitochondrial Proteome . doi:10.1093/molbev/msaa061

presequence translocase of trypanosomatids contains two essential
rhomboid-like proteins. Nat Commun. 7(1):12.
Heazlewood JL, Howell KA, Whelan J, Millar AH. 2003. Towards an
analysis of the rice mitochondrial proteome. Plant Physiol.
132(1):230–242.
Heazlewood JL, Tonti-Filippini JS, Gout AM, Day DA, Whelan J, Millar
AH. 2004. Experimental analysis of the Arabidopsis mitochondrial
proteome highlights signaling and regulatory components,
provides assessment of targeting prediction programs, and
indicates plant-specific mitochondrial proteins. Plant Cell
16(1):241–256.
Hochholdinger F, Guo L, Schnable PS. 2004. Cytoplasmic regulation of
the accumulation of nuclear-encoded proteins in the mitochondrial
proteome of maize. Plant J. 37(2):199–208.
Hoffmeister M, Piotrowski M, Nowitzki U, Martin W. 2005.
Mitochondrial trans-2-enoyl-CoA reductase of wax ester fermentation from Euglena gracilis defines a new family of enzymes involved
in lipid synthesis. J Biol Chem. 280(6):4329–4338.
Hoffmeister M, van der Klei A, Rotte C, van Grinsven KWA, van
Hellemond JJ, Henze K, Tielens AGM, Martin W. 2004. Euglena
gracilis rhodoquinone: ubiquinone ratio and mitochondrial proteome differ under aerobic and anaerobic conditions. J Biol Chem.
279(21):22422–22429.
Horvath A, Berry EA, Maslov DA. 2000. Translation of the edited mRNA
for cytochrome b in trypanosome mitochondria. Science
287(5458):1639–1640.
Huang S, Taylor NL, Narsai R, Eubel H, Whelan J, Millar AH. 2009.
Experimental analysis of the rice mitochondrial proteome, its biogenesis, and heterogeneity. Plant Physiol. 149(2):719–734.
Inui H, Ishikawa T, Tamoi M. 2017. Wax ester fermentation and its
application for biofuel production. In: Schwartzbach S, Shigeoka S,
editors. Euglena: biochemistry, cell and molecular biology. Vol. 979.
Cham (Switzerland): Springer. p. 269–283.
Inwongwan S, Kruger NJ, Ratcliffe RG, O’Neill EC. 2019. Euglena central
metabolic pathways and their subcellular locations. Metabolites
9(6):115.
Jedelsky PL, Dolezal P, Rada P, Pyrih J, Smid O, Hrdy I, Sedinova M,
Marcincikova M, Voleman L, Perry AJ, et al. 2011. The minimal
proteome in the reduced mitochondrion of the parasitic protist
Giardia intestinalis. PLoS One 6(2):e17285.
Kanehisa M. 2017. Enzyme annotation and metabolic reconstruction
using KEGG. In: Kihara D, editor. Protein function prediction: methods and protocols. Vol. 1611. New York: Humana Press. p. 135–145.
Kanehisa M, Sato Y, Morishima K. 2016. BlastKOALA and GhostKOALA:
KEGG tools for functional characterization of genome and metagenome sequences. J Mol Biol. 428(4):726–731.
Karnkowska A, Vacek V, Zubacova Z, Treitli SC, Petrzelkova R, Eme L,
arsky V, Barlow LD, Herman EK, et al. 2016. A
Novak L, Z
eukaryote without a mitochondrial organelle. Curr Biol.
26(10):1274–1284.
Kaur B, Zahonova K, Valach M, Faktorova D, Prokopchuk G, Burger G,
Lukes J. 2020. Gene fragmentation and RNA editing without borders:
eccentric mitochondrial genomes of diplonemids. Nucleic Acids Res.
48(5):2694–2708.
Kaurov I, Vancova M, Schimanski B, Cadena LR, Heller J, Bıly T, Potesil D,
Eichenberger C, Bruce H, Oeljeklaus S, et al. 2018. The diverged
trypanosome MICOS complex as a hub for mitochondrial cristae
shaping and protein import. Curr Biol. 28(21):3393–3407.e5.
Kim M, Lee U, Small I, des Francs-Small CC, Vierling E. 2012. Mutations in
an Arabidopsis mitochondrial transcription termination factorrelated protein enhance thermotolerance in the absence of the major molecular chaperone HSP101. Plant Cell 24(8):3349–3365.
Kleine T, Leister D. 2015. Emerging functions of mammalian and plant
mTERFs. Biochim Biophys Acta Bioenerg. 1847(9):786–797.
Kosugi S, Hasebe M, Tomita M, Yanagawa H. 2009. Systematic identification of cell cycle-dependent yeast nucleocytoplasmic shuttling
proteins by prediction of composite motifs. Proc Natl Acad Sci U
S A. 106(25):10171–10176.

2189

Downloaded from https://academic.oup.com/mbe/article-abstract/37/8/2173/5803078 by ESIEE Paris user on 06 August 2020

El-Gebali S, Mistry J, Bateman A, Eddy SR, Luciani A, Potter SC, Qureshi
M, Richardson LJ, Salazar GA, Smart A, et al. 2019. The Pfam protein
families database in 2019. Nucleic Acids Res. 47(D1):D427–D432.
Emanuelsson O, Brunak S, von Heijne G, Nielsen H. 2007. Locating
proteins in the cell using TargetP, SignalP and related tools. Nat
Protoc. 2(4):953–971.
Emanuelsson O, Nielsen H, Brunak S, von Heijne G. 2000. Predicting
subcellular localization of proteins based on their N-terminal amino
acid sequence. J Mol Biol. 300(4):1005–1016.
Emms DM, Kelly S. 2015. OrthoFinder: solving fundamental biases in
whole genome comparisons dramatically improves orthogroup inference accuracy. Genome Biol. 16(1):157.
Faktorova D, Valach M, Kaur B, Burger G, Lukes J. 2018. Mitochondrial
RNA editing and processing in diplonemid protists. In: Cruz-Reyes J,
Gray M, editors. RNA metabolism in mitochondria. Vol. 34. Cham
(Switzerland): Springer. p. 145–176.
Fang J, Beattie DS. 2003. Alternative oxidase present in procyclic
Trypanosoma brucei may act to lower the mitochondrial production
of superoxide. Arch Biochem Biophys. 414(2):294–302.
Faou P, Hoogenraad NJ. 2012. Tom34: a cytosolic cochaperone of the
Hsp90/Hsp70 protein complex involved in mitochondrial protein
import. Biochim Biophys Acta Mol Cell Res. 1823(2):348–357.
Flegontov P, Gray MW, Burger G, Lukes J. 2011. Gene fragmentation: a
key to mitochondrial genome evolution in Euglenozoa? Curr Genet.
57(4):225–232.
Flegontova O, Flegontov P, Malviya S, Audic S, Wincker P, de Vargas C,
Bowler C, Lukes J, Horak A. 2016. Extreme diversity of diplonemid
eukaryotes in the ocean. Curr Biol. 26(22):3060–3065.
Fraga H, Papaleo E, Vega S, Velazquez-Campoy A, Ventura S. 2013. Zinc
induced folding is essential for TIM15 activity as an mtHsp70 chaperone. Biochim Biophys Acta Gen Subj. 1830(1):2139–2149.
Francklyn C, Perona JJ, Puetz J, Hou YM. 2002. Aminoacyl-tRNA synthetases: versatile players in the changing theater of translation. RNA
8(11):1363–1372.
Fukasawa Y, Oda T, Tomii K, Imai K. 2017. Origin and evolutionary
alteration of the mitochondrial import system in eukaryotic lineages.
Mol Biol Evol. 34(7):1574–1586.
Fukasawa Y, Tsuji J, Fu SC, Tomii K, Horton P, Imai K. 2015. MitoFates:
improved prediction of mitochondrial targeting sequences and their
cleavage sites. Mol Cell Proteomics 14(4):1113–1126.
Gakh E, Cavadini P, Isaya G. 2002. Mitochondrial processing peptidases.
Biochim Biophys Acta Mol Cell Res. 1592(1):63–77.
Gawryluk RMR, Chisholm KA, Pinto DM, Gray MW. 2014.
Compositional complexity of the mitochondrial proteome of a unicellular eukaryote (Acanthamoeba castellanii, supergroup
Amoebozoa) rivals that of animals, fungi, and plants. J Proteomics
109:400–416.
Gawryluk RMR, Gray MW. 2010. An ancient fission of mitochondrial
cox1. Mol Biol Evol. 27(1):7–10.
Gawryluk RMR, Gray MW. 2019. A split and rearranged nuclear gene
encoding the iron-sulfur subunit of mitochondrial succinate dehydrogenase in Euglenozoa. 2:16.
Gibson W. 2017. Kinetoplastea. Handbook of protists. Cham
(Switzerland): Springer International Publishing. p. 1089–1138.
Gonczarowska-Jorge H, Zahedi RP, Sickmann A. 2017. The proteome of
baker’s yeast mitochondria. Mitochondrion 33:15–21.
Gray MW. 2015. Mosaic nature of the mitochondrial proteome: implications for the origin and evolution of mitochondria. Proc Natl Acad
Sci U S A. 112(33):10133–10138.
Green LS, Li YZ, Emerich DW, Bergersen FJ, Day DA. 2000. Catabolism of
alpha-ketoglutarate by a sucA mutant of Bradyrhizobium japonicum:
evidence for an alternative tricarboxylic acid cycle. J Bacteriol.
182(10):2838–2844.
Guda C, Guda P, Fahy E, Subramaniam S. 2004. MITOPRED: a web server
for the prediction of mitochondrial proteins. Nucleic Acids Res.
32(Web Server):W372–W374.
Harsman A, Oeljeklaus S, Wenger C, Huot JL, Warscheid B, Schneider A.
2016. The non-canonical mitochondrial inner membrane

MBE

Hammond et al. . doi:10.1093/molbev/msaa061

2190

Biochemistry and evolution of anaerobic energy metabolism in
eukaryotes. Microbiol Mol Biol Rev. 76(2):444–495.
Nakazawa M, Nishimura M, Inoue K, Ueda M, Inui H, Nakano Y,
Miyatake K. 2011. Characterization of a bifunctional glyoxylate cycle
enzyme, malate synthase/isocitrate lyase, of Euglena gracilis. J
Eukaryotic Microbiol. 58(2):128–133.
Nogales J, Gudmundsson S, Knight EM, Palsson BO, Thiele I. 2012.
Detailing the optimality of photosynthesis in cyanobacteria through
systems biology analysis. Proc Natl Acad Sci U S A. 109(7):2678–2683.
Novak Vanclova AMG, Zoltner M, Kelly S, Soukal P, Zahonova K, Füssy
Z, Ebenezer TE, Lacova Dobakova E, Elias M, Lukes J, et al. 2020.
Metabolic quirks and the colourful history of the Euglena gracilis
secondary plastid. New Phytol. 225(4):1578–1592.
Ollagnier-de-Choudens S, Mattioli T, Takahashi Y, Fontecave M. 2001.
Iron-sulfur cluster assembly—characterization of IscA and evidence
for a specific and functional complex with ferredoxin. J Biol Chem.
276(25):22604–22607.
O’Neill EC, Trick M, Hill L, Rejzek M, Dusi RG, Hamilton CJ, Zimba PV,
Henrissat B, Field RA. 2015. The transcriptome of Euglena gracilis
reveals unexpected metabolic capabilities for carbohydrate and natural product biochemistry. Mol Biosyst. 11(10):2808–2820.
Panigrahi AK, Ogata Y, Zıkova A, Anupama A, Dalley RA, Acestor N,
Myler PJ, Stuart KD. 2009. A comprehensive analysis of Trypanosoma
brucei mitochondrial proteome. Proteomics 9(2):434–450.
Patron NJ, Durnford DG, Kopriva S. 2008. Sulfate assimilation in eukaryotes: fusions, relocations and lateral transfers. BMC Evol Biol. 8(1):39.
Peikert CD, Mani J, Morgenstern M, K€aser S, Knapp B, Wenger C,
Harsman A, Oeljeklaus S, Schneider A, Warscheid B. 2017.
Charting organellar importomes by quantitative mass spectrometry.
Nat Commun. 8(1):15272.
Pe~
na-Diaz P, Lukes J. 2018. Fe-S cluster assembly in the supergroup
Excavata. J Biol Inorg Chem. 23(4):521–541.
Perez E, Lapaille M, Degand H, Cilibrasi L, Villavicencio-Queijeiro A,
Morsomme P, Gonzalez-Halphen D, Field MC, Remacle C, Baurain
D, et al. 2014. The mitochondrial respiratory chain of the secondary
green alga Euglena gracilis shares many additional subunits with
parasitic Trypanosomatidae. Mitochondrion 19:338–349.
Petrov AS, Wood EC, Bernier CR, Norris AM, Brown A, Amunts A. 2019.
Structural patching fosters divergence of mitochondrial ribosomes.
Mol Biol Evol. 36(2):207–219.
Quesada V. 2016. The roles of mitochondrial transcription termination
factors (MTERFs) in plants. Physiol Plant. 157(3):389–399.
Ramrath DJF, Niemann M, Leibundgut M, Bieri P, Prange C, Horn EK,
Leitner A, Boehringer D, Schneider A, Ban N. 2018. Evolutionary shift
toward protein-based architecture in trypanosomal mitochondrial
ribosomes. Science 362(6413):eaau7735.
Read LK, Lukes J, Hashimi H. 2016. Trypanosome RNA editing: the complexity of getting U in and taking U out. WIREs RNA 7(1):33–51.
Roberti M, Polosa PL, Bruni F, Manzari C, Deceglie S, Gadaleta MN,
Cantatore P. 2009. The MTERF family proteins: mitochondrial transcription regulators and beyond. Biochim Biophys Acta Bioenerg.
1787(5):303–311.
~ez-Delegido E,
Robles P, Navarro-Cartagena S, Ferrandez-Ayela A, Nun
Quesada V. 2018. The characterization of Arabidopsis mterf6
mutants reveals a new role for mTERF6 in tolerance to abiotic stress.
IJMS 19(8):2388.
Roger AJ, Mu~
noz-Gomez SA, Kamikawa R. 2017. The origin and diversification of mitochondria. Curr Biol. 27(21):R1177–R1192.
Rotte C, Stejskal F, Zhu G, Keithly JS, Martin W. 2001. Pyruvate:
NADP(þ) oxidoreductase from the mitochondrion of Euglena gracilis and from the apicomplexan Cryptosporidium parvum: a biochemical relic linking pyruvate metabolism in mitochondriate and
amitochondriate protists. Mol Biol Evol. 18(5):710–720.
Saidha T, Na SQ, Li JY, Schiff JA. 1988. A sulfate metabolizing center in
Euglena mitochondria. Biochem J. 253(2):533–539.
Salvato F, Havelund JF, Chen MJ, Rao RSP, Rogowska-Wrzesinska A,
Jensen ON, Gang DR, Thelen JJ, Moller IM. 2014. The potato tuber
mitochondrial proteome. Plant Physiol. 164(2):637–653.

Downloaded from https://academic.oup.com/mbe/article-abstract/37/8/2173/5803078 by ESIEE Paris user on 06 August 2020

Kozjak-Pavlovic V. 2017. The MICOS complex of human mitochondria.
Cell Tissue Res. 367(1):83–93.
Krajcovic J, Vesteg M, Schwartzbach SD. 2015. Euglenoid flagellates: a
multifaceted biotechnology platform. J Biotechnol. 202:135–145.
Kroph A, Rapacki K. 2013. TMHMM Server v. 2.00 prediction of transmembrane helices in proteins [Internet]. Available from: http://
www.cbs.dtu.dk/services/TMHMM-2.0/. Accessed July 15, 2019.
Kumar S, Stecher G, Li M, Knyaz C, Tamura K. 2018. MEGA X: Molecular
Evolutionary Genetics Analysis across computing platforms. Mol Biol
Evol. 35(6):1547–1549.
Lane N, Martin W. 2010. The energetics of genome complexity. Nature
467(7318):929–934.
Leander BS, Lax G, Karnkowska A, Simpson AGB. 2017. Euglenida. In:
Archibald JM, Simpson AGB, Slamovits CH, editors. Handbook of the
protists. Cham (Switzerland): Springer International Publishing. p.
1047–1088.
Lee CP, Taylor NL, Millar AH. 2013. Recent advances in the composition
and heterogeneity of the Arabidopsis mitochondrial proteome. Front
Plant Sci. 4:8.
Leon S, Touraine B, Ribot C, Briat J-F, Loberaux S. 2003. Iron-sulphur
cluster assembly in plants: distinct NFU proteins in mitochondria
and plastids from Arabidopsis thaliana. Biochem J. 371(3):823–830.
Li J, Cai T, Wu P, Cui Z, Chen X, Hou J, Xie Z, Xue P, Shi L, Liu P, et al. 2009.
Proteomic analysis of mitochondria from Caenorhabditis elegans.
Proteomics 9(19):4539–4553.
Lill R. 2009. Function and biogenesis of iron-sulphur proteins. Nature
460(7257):831–838.
Lin JR, Hu JJ. 2013. SeqNLS: Nuclear Localization Signal prediction based
on frequent pattern mining and linear motif scoring. PLoS One
8(10):e76864.
Lukes J, Archibald JM, Keeling PJ, Doolittle WF, Gray MW. 2011. How a
neutral evolutionary ratchet can build cellular complexity. IUBMB
Life 63(7):528–537.
Lukes J, Basu S. 2015. Fe/S protein biogenesis in trypanosomes—a review.
Biochim Biophys Acta Mol Cell Res. 1853(6):1481–1492.
Maio N, Singh A, Uhrigshardt H, Saxena N, Tong WH, Rouault TA. 2014.
Cochaperone binding to LYR motifs confers specificity of iron sulfur
cluster delivery. Cell Metab. 19(3):445–457.
Mani J, Meisinger C, Schneider A. 2016. Peeping at TOMs-diverse entry
gates to mitochondria provide insights into the evolution of eukaryotes. Mol Biol Evol. 33(2):337–351.
Martin J. 1997. Molecular chaperones and mitochondrial protein folding.
J Bioenerg Biomembr. 29(1):35–43.
McShea DW, Hordijk W. 2013. Complexity by subtraction. Evol Biol.
40(4):504–520.
Mi-ichi F, Yousuf MA, Nakada-Tsukui K, Nozaki T. 2009. Mitosomes in
Entamoeba histolytica contain a sulfate activation pathway. Proc
Natl Acad Sci U S A. 106(51):21731–21736.
Millar AH, Heazlewood JL, Kristensen BK, Braun HP, Moller IM. 2005. The
plant mitochondrial proteome. Trends Plant Sci. 10(1):36–43.
Miranda-Astudillo HV, Yadav KNS, Colina-Tenorio L, Bouillenne F,
Degand H, Morsomme P, Boekema EJ, Cardol P. 2018. The atypical
subunit composition of respiratory complexes I and IV is associated
with original extra structural domains in Euglena gracilis. Sci Rep.
8(1):9698.
Mitchell AL, Attwood TK, Babbitt PC, Blum M, Bork P, Bridge A, Brown
SD, Chang H-Y, El-Gebali S, Fraser MI, et al. 2019. InterPro in 2019:
improving coverage, classification and access to protein sequence
annotations. Nucleic Acids Res. 47(D1):D351–D360.
Mokranjac D, Neupert W. 2009. Thirty years of protein translocation
into mitochondria: unexpectedly complex and still puzzling. Biochim
Biophys Acta Mol Cell Res. 1793(1):33–41.
Mueller SJ, Lang D, Hoernstein SNW, Lang EGE, Schuessele C, Schmidt A,
Fluck M, Leisibach D, Niegl C, Zimmer AD, et al. 2014. Quantitative
analysis of the mitochondrial and plastid proteomes of the moss
Physcomitrella patens reveals protein macrocompartmentation and
microcompartmentation. Plant Physiol. 164(4):2081–2095.
Müller M, Mentel M, van Hellemond JJ, Henze K, Woehle C, Gould SB,
Yu RY, van der Giezen M, Tielens AGM, Martin WF. 2012.

MBE

A Uniquely Complex Mitochondrial Proteome . doi:10.1093/molbev/msaa061

Valach M, Moreira S, Hoffmann S, Stadler PF, Burger G. 2017. Keeping it
complicated: mitochondrial genome plasticity across diplonemids.
Sci Rep. 7(1):14166
Verner Z, Basu S, Benz C, Dixit S, Dobakova E, Faktorova D, Hashimi H,
Horakova E, Huang ZQ, Paris Z, et al. 2015. Malleable mitochondrion
of Trypanosoma brucei. Int Rev Cell Mol Biol. 315:73–151.
Vesteg M, Hadariova L, Horvath A, Estra~
no CE, Schwartzbach SD,
Krajcovic J. 2019. Comparative molecular cell biology of phototrophic euglenids and parasitic trypanosomatids sheds light on the
ancestor of Euglenozoa. Biol Rev. 94(5):1701–1721.
Vizcaıno JA, Csordas A, del-Toro N, Dianes JA, Griss J, Lavidas I, Mayer G,
Perez-Riverol Y, Reisinger F, Ternent T, et al. 2016. 2016 update of the
PRIDE database and its related tools. Nucleic Acids Res.
44(D1):D447–D456.
Werhahn W, Braun HP. 2002. Biochemical dissection of the mitochondrial proteome from Arabidopsis thaliana by three-dimensional gel
electrophoresis. Electrophoresis 23(4):640–646.
Wiedemann N, Frazier AE, Pfanner N. 2004. The protein import machinery of mitochondria. J Biol Chem. 279(15):14473–14476.
Wredenberg A, Lagouge M, Bratic A, Metodiev MD, Spåhr H, Mourier A,
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