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SUMMARY

The presence of mitochondria and related organelles
in every studied eukaryote supports the view that
mitochondria are essential cellular components.
Here, we report the genome sequence of a microbial
eukaryote, the oxymonad Monocercomonoides sp.,
which revealed that this organism lacks all hallmark
mitochondrial proteins. Crucially, the mitochondrial
iron-sulfur cluster assembly pathway, thought to be
conserved in virtually all eukaryotic cells, has been
replaced by a cytosolic sulfur mobilization system
(SUF) acquired by lateral gene transfer from bacteria.
In the context of eukaryotic phylogeny, our data
suggest that Monocercomonoides is not primitively
amitochondrial but has lost the mitochondrion
secondarily. This is the first example of a eukaryote
lacking any form of a mitochondrion, demonstrating
that this organelle is not absolutely essential for the
viability of a eukaryotic cell.

INTRODUCTION

Mitochondria are organelles that arose through the endosymbi-
otic integration of an a-proteobacterial endosymbiont into the
proto-eukaryote host cell. During the course of eukaryotic evolu-
tion, the genome and proteome of the mitochondrial compart-
ment have been significantly modified, and many functions
have been gained, lost, or relocated [1]. In extreme cases, the
derivatives of mitochondria in anaerobic protists had become
so modified that they had been overlooked [2] or not recognized
as homologous to the mitochondrion [3]. Indeed, in the 1980s,
the Archezoa hypothesis [4] proposed that some microbial eu-
karyotes primitively lacked mitochondria, peroxisomes, stacked
Golgi apparatus, spliceosomal introns, and sexual reproduction.
However, over the following decade, double-membraned organ-
elles were identified in all investigated putative Archezoa. The
final nail in the coffin of the Archezoa hypothesis was the demon-
stration that these organelles all contain some mitochondrial
marker proteins, such as those involved in the iron-sulfur cluster

(ISC) Fe-S clusters biogenesis system, translocases, maturases,
and/or molecular chaperones known to facilitate the import of
proteins into mitochondria. It is now widely accepted that mito-
chondria or mitochondrion-related organelles (MROs) are essen-
tial compartments in all contemporary eukaryotes and that mito-
chondrial endosymbiosis took place before radiation of all extant
eukaryotes [5].

Metamonada, originally part of the Archezoa, are now classi-
fied as one of the main clades of the eukaryotic “super-group”
Excavata [6] and are comprised of microaerophilic or anaerobic
unicellular eukaryotes that are often specialized parasites or
symbionts. Detailed cell and molecular biological studies,
including genome sequencing, have been undertaken only for
three parasitic species from two metamonad lineages—Giardia
intestinalis [7] and Spironucleus salmonicida [8] (Fornicata) and
Trichomonas vaginalis [9] (Parabasalia), which have provided
important information regarding the functions of their MROs.
The third lineage of metamonads, Preaxostyla, contains the
basal paraphyletic free-living trimastigids and the derived endo-
biotic oxymonads [10]. The presence of mitochondrial homologs
has been convincingly demonstrated in Paratrimastix (formerly
Trimastix) pyriformis, although the biochemical functions of
these organelles are largely unknown [11]. Endobiotic oxymo-
nads belong to the least-studied former Archezoa. Here, we
describe the first complete genome sequence analysis of an
oxymonad, Monocercomonoides sp. PA203. We find that
although this organism is a standard eukaryotic cell in other re-
spects, it completely lacks any traces of a mitochondrion.

RESULTS AND DISCUSSION

Genome Characteristics

Using the 454 whole-genome shotgun sequencing methodol-
ogy, we generated a draft genome sequence of the oxymonad
Monocercomonoides sp. PA203, assembled into 2,095 scaf-
folds at ~35x coverage (see Experimental Procedures). The
estimated size of the genome (~75 Mb) and the number of pre-
dicted protein-coding genes (16,629) is intermediate between
what is found in diplomonads and T. vaginalis (Table 1). AlImost
67% of predicted protein-coding genes contain introns (~1.9 in-
trons per gene on average; Table 1). The assembly contains
genes encoding tRNAs for all 20 amino acids, and ~50 ribosomal
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Table 1. Overview of Metamonada Genomes

Guanine-Cytosine Protein-Coding Repetitive No. of
Taxa Size (Mbp) Content (%) Loci Regions Introns
Monocercomonoides sp. PA 203 ~75 36.8 16,629 ~38% 32,328
Trichomonas vaginalis isolate G3 [9] ~160 32.7 ~60,000 ~65% 65
Giardia intestinalis WB-C6 [7] ~11.7 49 6,480 9% 4
Spironucleus salmonicida ATCC 50377 [8] 12.9 33.4 8,076 5.2% 3

See also Tables S1 and S3.

DNA units were identified on small contigs outside the main as-
sembly (see Supplemental Experimental Procedures). To esti-
mate completeness of the genome sequence, we performed
transcriptome mapping, in which 96.9% of transcripts mapped
to the genome (see Supplemental Experimental Procedures),
and checked the representation of core eukaryotic genes. Using
the Core Eukaryotic Genes Mapping Approach (CEGMA) [12],
we recovered 63.3% of core eukaryotic genes, a greater fraction
than in the G. intestinalis genome (46.6%). However, when we
excluded genes encoding mitochondrial proteins from the
CEGMA dataset and used manually curated Monocercomo-
noides sp. gene models, the percentage of recovered genes
increased to 90% (Table S1). For another set of 163 conserved
eukaryotic genes used for phylogenomic analyses, the percent-
age of recovered genes exceeded 95% (Table S2). As the last
measure of completeness, we identified 77 out of 78 conserved
families of cytosolic eukaryotic ribosomal proteins [13] (Table
S3), with the single exception of L41e, which is very short, diffi-
cult to detect, and has not been identified in other Metamonada
genomes. Phylogenomic analysis (Figure 1) confirmed the rela-
tionship of Monocercomonoides sp. to P. pyriformis and other
Metamonada and demonstrated that the Monocercomonoides
lineage forms a much shorter branch relative to parabasalids
and diplomonads. All these measures suggest that the assem-
bled Monocercomonoides sp. genome sequence is nearly com-
plete and its encoded proteins are, on average, less divergent
than those of G. intestinalis and T. vaginalis.

With the first oxymonad genome sequence in hand, we
focused our attention on one of the most puzzling aspects of
their biology —the elusive nature of their mitochondrion.

Absence of Mitochondrial Proteins

No genes that are typically encoded on mitochondrial genomes
(mtDNA) of other eukaryotes were found among the assembled
scaffolds, suggesting that, like other metamonads, Monocerco-
monoides sp. lacks mtDNA. Next, we searched for homologs
of nuclear genome-encoded proteins typically associated with
mitochondria or MROs in other eukaryotes. The homologous
core of the protein import machinery is regarded as strong evi-
dence for the common origin of all mitochondria [14, 15]. As
such, the presence of components of the translocases of the
outer membrane (TOM) and inner membrane (TIM), sorting and
assembly machinery (SAM) complex, and mitochondrial molec-
ular chaperones (Hsp70 and Cpn60) in hydrogenosomes, mito-
somes, and other MROs demonstrates that these organelles
are related to mitochondria [16, 17]. While we were able to iden-
tify homologs of cytosolic chaperonins in the Monocercomo-
noides sp. genomic sequence, we were unable to identify homo-
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logs of any component of the mitochondrial import machinery
(Figure 2A; Experimental Procedures; Tables S3 and S4).

All MROs, with the exception of the G. intestinalis mitosome
[18], are known to export or import ATP and other metabolites
typically using transporters from the mitochondrial carrier family
(MCF) or, in mitosomes of the microsporidian Encephalitozoon
cuniculi [19], by the bacterial-type (NTT-like) nucleotide trans-
porters. We did not identify in the Monocercomonoides sp.
genome any homologs of genes encoding known mitochondrial
metabolite transport proteins (Figure 2A; Table S4).

Fe-S clusters are essential biological cofactors associated
with many different proteins and are therefore synthesized de
novo in every organism across the tree of life [20]. In eukaryotes,
this is done mostly by the mitochondrial ISC assembly system
and the cytosolic iron-sulfur assembly (CIA) system [21]. Ana-
lyses of the Monocercomonoides sp. genome revealed the pres-
ence of a CIA system but a complete lack of components of the
ISC system (Figure 2A; Table S3; Experimental Procedures).

We could not identify either of two possible enzymes involved
in the synthesis of cardiolipin, a phospholipid specific for energy-
transducing membranes [22]. The majority of eukaryotes synthe-
size cardiolipins, and the process is localized to mitochondria,
buta complete lack of cardiolipin has been experimentally shown
for G. intestinalis, T. vaginalis, and E. cuniculi [22]. Furthermore,
we could not identify any component of the endoplasmic
reticulum (ER)-mitochondria encounter structure (ERMES; Fig-
ure 2A) [23].

We identified only two orthologs of the set of proteins pre-
dicted to localize to the mitochondrion-related compartment of
the closely related P. pyriformis [11]: aspartate/ornithine carba-
moyltransferase family protein and pyridine nucleotide transhy-
drogenase. Neither protein has an exclusively mitochondrial
localization in eukaryotes [24, 25], and the Monocercomonoides
sp. orthologs do not contain predicted mitochondrial targeting
sequences.

To complement the targeted homology-based searches, we
also performed an extensive search for putative homologs of
known mitochondrial proteins using a pipeline based on the
Mitominer database [26], which was enriched with identified
mitochondrial proteins of diverse anaerobic eukaryotes with
MROs (Experimental Procedures). The search recovered 76
Monocercomonoides sp. proteins as candidates for functions
in a putative mitochondrion (Figure 2B; Table S5). Similarly to
G. intestinalis, T. vaginalis, and E. histolytica, used as controls,
the selected candidates were mainly proteins that are obviously
not mitochondrial (e.g., histones) or for which the annotation
is too general (e.g. “kinase domain-containing protein”), indi-
cating that the specificity of the pipeline in organisms with
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Figure 1. Unrooted Phylogeny of Eukaryotes Inferred from a 163-Protein Supermatrix

The tree displayed was inferred using PhyloBayes (CAT + Poisson substitution m

odel). A maximum-likelihood (ML) tree inferred from the same supermatrix using

RAXML (not shown) was very similar to the PhyloBayes tree, with the topological differences in the poorly resolved area comprising Chloroplastida, Cryptophyta,
Glaucophyta, and Haptophyta, and in the position of Metamonada, in the ML tree placed sister (with strong bootstrap support) to Discoba. The branch support
values shown are posterior probabilities (>0.95) from the PhyloBayes analysis and bootstrap values (>50%) from the ML analysis. Three branches are shown

shortened to the indicated percentage of their actual length to fit them on the p

divergent mitochondrion is low. However, unlike all other control
organisms, in which the search always recovered at least a few
mitochondrial hallmark proteins, the set of 76 Monocercomo-
noides sp. candidates did not contain any such proteins. Only
11 of the Monocercomonoides candidates fall in the GO cate-
gory “metabolism,” but they do not assemble any obvious meta-
bolic pathway. In summary, this approach (Table S5) failed to
reveal any credible set of mitochondrial protein in Monocerco-
monoides sp.

As an alternative to homology searches, we have also attemp-
ted to identify mitochondrial proteins by searching for several
types of signature sequences. The matrix proteins of mitochon-
dria and MROs are expected to contain conserved N-terminal
targeting signals needed for the targeted import into MROs

age. See also Table S2.

[14]. We performed in silico prediction of mitochondrial targeting
signals in the predicted Monocercomonoides sp. proteome and
identified 107 candidate proteins (Figure 2A; Experimental Pro-
cedures; Table S6A). The presence of a predicted targeting signal
by itself does not prove the targeting, as such amino acid se-
quences can also appear at random [27]. Functional annotation
revealed that a majority of proteins recovered by this search fall
into the Kyoto Encyclopedia of Genes and Genomes (KEGG)
category “genetic information processing.” Given the absence
of a mitochondrial genome, or organellar translation machinery,
it is unlikely that these proteins function in an MRO. Only eight
candidates were assigned to the KEGG category “metabolism,”
and they are part of several different metabolic pathways. Finally,
only three proteins were predicted to have a mitochondrial
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Figure 2. Search Strategies for Proteins Functionally Related to the Mitochondrion in Monocercomonoides

(A) Search strategies for mitochondrial proteins and for protein-localization signatures in a canonical eukaryotic cell (details are given in Supplemental Experi-
mental Procedures): (1) mitochondrial outer membrane (MOM)-targeted tail-anchored (TA) proteins (Table SEB), (2) proteins with a mitochondrial targeting signal
(Table S6A), (3) B-barrel MOM proteins, (4) 41 mitochondrial hallmarks proteins (Table S4), components of TOM and TIM translocases, cpn60, ERMES complex,
ISC pathway components, cardiolipin synthase (CL).

(B) Semiautomatic pipeline for retrieving homologs of mitochondrial proteins from proteomes. We used a custom database for homology searching of mito-
chondrial proteins in the predicted proteomes of Monocercomonoides sp., Giardia intestinalis, Entamoeba histolytica, Trichomonas vaginalis, Blastocystis sp.
subtype 7, and Saccharomyces cerevisiae (Table S5).

See also Tables S4, S5, and S6.

targeting signal and homology to a Mitominer protein (hydro- Z MONOS_6181). This also suggests that both pipelines failed
lase-like family protein MONOS_10795, cytosolic TCP-1/cpn60  to recover specific sets of mitochondrial proteins but instead
chaperonin family protein MONOS_13132, and ribonuclease detected only low-specificity “noise.”
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The outer mitochondrial membranes accommodate two spe-
cial classes of proteins, B-barrel and tail-anchored (TA) proteins,
which are devoid of the N-terminal targeting signals and instead
use specific C-terminal signals [28, 29]. We have identified 32
candidates for TA proteins in the predicted proteome, several
of which appeared to be ER-targeted proteins. None of these
had the hallmark characteristics of proteins targeted to the mito-
chondrial outer membrane (Figure 2A; Experimental Procedures;
Table S6B). We also failed to identify any credible candidates for
B-barrel outer membrane proteins (BOMPs) (Figure 2A; Experi-
mental Procedures).

In summary, our comprehensive examination of the Monocer-
comonoides sp. genome based on homology searches and
searches for specific N-terminal and C-terminal signals failed
to recover proteins typically associated with MROs, including
mitochondrial translocases, metabolite transporters and the
ISC system for Fe-S cluster synthesis, ERMES, and enzymes
responsible for cardiolipin synthesis.

In order to verify that our inability to find any reliable mitochon-
drial proteins is not caused by possible unprecedented diver-
gence of Monocercomonoides sp. proteins or a failure of our
methods, we searched for hallmark proteins of another cellular
system, so far not observed in Monocercomonoides sp.—the
Golgi complex. In this case, using homology-based searches,
we detected numerous Golgi-associated proteins, including
components of the COPI, AP-1, AP-3, AP-4, COG, GARP,
TRAPPI, and Retromer complexes and Rab GTPases regulating
transport to and from the Golgi (Table S3). This suggests the
presence of Golgi-like compartments in oxymonads [30], despite
the absence of a cytologically discernible Golgi apparatus.

The specific absence of mitochondria-associated proteins
in Monocercomonoides sp. implies the legitimate absence of a
mitochondrial compartment. If so, then how does the Monocer-
comonoides cell function without this organelle?

Energy Metabolism without a Mitochondrion

In order to compare the metabolism of Monocercomonoides sp.
with anaerobic protists retaining mitochondrial compartments,
we performed manual annotation of proteins of core pathways
of energy metabolism normally associated with the presence
and function of a MRO. As with many other organisms with
secondarily reduced mitochondria, the Monocercomonoides
sp. genome does not encode any enzymes for aerobic energy
generation (e.g., TCA cycle or electron transport chain proteins).
We did identify a complete set of glycolytic enzymes, including
the alternative enzymes for anaerobic glycolysis [31], as well
as the anaerobic fermentation enzymes pyruvate:ferredoxin
oxidoreductase (PFOR) and [FeFe]-hydrogenases (Table S3).
[FeFe]-hydrogenase maturases were absent, which is not un-
precedented as they are also missing from G. intestinalis and
E. histolytica, anaerobic parasites that are both capable of cyto-
solic H, production [32, 33]. Neither PFOR nor [FeFe]-hydroge-
nase has a predicted mitochondrial targeting sequence, and
heterologous expression in T. vaginalis suggests a cytosolic
localization of PFOR (Figure S1). In summary, Monocercomo-
noides sp. glucose metabolism appears to produce ATP via sub-
strate-level phosphorylation steps in an extended glycolysis
pathway, and the reduced co-factors are re-oxidized by fermen-
tation, ultimately producing acetate and ethanol, or by [FeFe]-hy-

drogenase producing hydrogen gas. The situation in Monocer-
comonoides sp. is virtually identical to G. intestinalis and
E. histolytica, which independently reduced their mitochondria
to mitosomes and all the ATP production occurs in the cytosol
[34-36].

In addition to extended glycolysis, Monocercomonoides sp.
contains a complete set of three genes for enzymes involved in
arginine deiminase pathway—arginine deiminase, ornithine car-
bamoyltransferase, and carbamate kinase. This pathway may
also be used for ATP production by arginine degradation as in
T. vaginalis and G. intestinalis [37, 38]. In G. intestinalis, this
pathway produces eight times more ATP than sugar metabolism.

Fe-S Cluster Assembly without a Mitochondrion

Every eukaryotic cell contains a CIA machinery, which assists
the final stages of the assembly of Fe-S clusters in proteins
functioning in the eukaryotic cytosol and nucleus. Eight proteins
were shown to be involved in the CIA pathway in yeast and
humans: Cfd1, NUBP1 (Nbp35), NARFL (Nar1), CIAO1 (Cial),
Dre2, Tah18, Cia2, and MMS19. Four of them (i.e., Nbp35,
Nar1, Cial, and Cia2) [21] are conserved among eukaryotes
and also present in the Monocercomonoides sp. genome
(Table S3). We did not identify Cfd1 and MMS19, which are
missing from many other eukaryotes, and Dre2 and Tah18,
which are missing from the anaerobic protists containing
MROs (including E. histolytica, Mastigamoeba balamuthi,
T. vaginalis, G. intestinalis, and Blastocystis sp.) [21].

Despite the presence of the CIA pathway, it is commonly sug-
gested that mitochondria and related organelles are essential to
eukaryotic cells because the mitochondrial ISC system plays a
critical role in the initial phase of the formation of cytosolic Fe-
S clusters [20]. Although the ISC system is a near-universally
conserved pathway in eukaryotes and seems to be the unifying
feature of mitochondria and related organelles, genes encoding
proteins of the mitochondrial ISC pathway have not been de-
tected in the Monocercomonoides sp. genome. The functional
replacement of the ISC system has been reported for only two
lineages, Pygsuia biforma (Breviatea) and Archamoebae. A
methanoarcheal sulfur mobilization (SUF) system [39] or a bacte-
rial nitrogen fixation (NIF) [40] has apparently replaced the ISC
system in the P. biforma and the Archamoebae lineages, respec-
tively. Conflicting data exist on the localization of the NIF system
in E. histolytica [41, 42]; however, in M. balamuthi, the NIF system
localizes in the cytosol and the MRO [43].

The major issue remains: how does Monocercomonoides sp.
form Fe-S clusters? Unexpectedly, we identified genes encoding
four subunits of the SUF system: SufB, SufC, and fused SufS and
SufU (Table S8). SufS is a “two-component” cysteine desulfur-
ase, and its activity might be enhanced by SufE or SufU [44,
45]. In Monocercomonoides sp., SufS is fused with SufU, which
is a unique feature. SufB and SufC can form a scaffold complex
in prokaryotes, and SufB2C2 complex is capable of binding and
transferring 4Fe-4S clusters to a recipient apoprotein [46]. All
identified SUF system proteins apparently retain all important
catalytic sites (Figure S2) and may perform de novo Fe-S clusters
biogenesis by themselves or in concert with the CIA machinery.
The SUF system for Fe-S cluster synthesis is found in plastids,
bacteria, and archaea and has also been found in two microbial
eukaryotes P. biforma [39] and Blastocystis sp. [47]. The
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Figure 4. Reductive Evolution of Mitochondria in Metamonads
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Transition to mitosomes

Transition to an anaerobic lifestyle occurred in a common ancestor of metamonads and was followed by reduction of mitochondria to MROs, accompanied by the
loss of cristae and genome, and the transition to anaerobic metabolism. The ISC pathway for Fe-S cluster synthesis was present in a metamonad common
ancestor. Further reduction to a mitosome took place in the Giardia intestinalis lineage. We propose that in the common ancestor of Paratrimastix pyriformis and
Monocercomonoides, a SUF system acquired through LGT from bacteria substituted the MRO-localized ISC system. Subsequently, the MRO was lost

completely in the lineage leading to Monocercomonoides sp. Localization of the SUF pathway in P. pyriformis is unknown.

presence of spliceosomal introns in the putative SufC and SufSU
of Monocercomonoides confirms that these proteins are not
prokaryotic contamination. Furthermore, fluorescence in situ hy-
bridization (FISH) with sufB and sufC gene probes demonstrated
their presence in the Monocercomonoides sp. nucleus (Fig-
ure S8). Importantly, homologs of these proteins were detected
in the P. pyriformis genome, the closest sequenced relative to
Monocercomonoides. The SUF system components of both
Monocercomonoides sp. and P. pyriformis do not contain recog-
nizable mitochondrial targeting signals, and our experiments
with heterologous expression of Monocercomonoides sp. SufB
and SufC proteins in T. vaginalis (Figure 3A) and SufC protein
in yeast (Figure 3B) support a cytosolic localization. Phylogenetic
analyses indicate that this SUF system was acquired by an
ancestor of Monocercomonoides and Paratrimastix by lateral
gene transfer (LGT) from bacteria independently of all other
SUF-containing eukaryotes (Figure 3C). We propose that the
acquisition of a cytosolic SUF system made the ancestral ISC
system in the mitochondrion dispensable, which led to its loss

and, in the Monocercomonoides lineage, to the complete loss
of MROs (Figure 4).

Conclusions

Mitochondria and related organelles are currently considered to
be indispensable components of eukaryotic cells. The genome
sequence of Monocercomonoides sp. reported here suggests
that this is not the case. Despite extensive searches, no mito-
chondrial marker proteins such as membrane protein translo-
cases and metabolite transporters were identified. Crucially,
the mitochondrion-specific ISC pathway for Fe-S cluster biogen-
esis is absent and apparently was replaced by a bacterial SUF
system that functions in the cytosol. On the other hand, genes
encoding other features once thought to be absent from these
divergent eukaryotic cells, i.e., the Golgi body, were readily iden-
tifiable. The genome also contains genes for essential cytosolic
pathways of energy metabolism, although we did observe exam-
ples of metabolic streamlining characteristic of other anaerobic
or microaerophilic eukaryotes.

Figure 3. Heterologous Expression of Monocercomonoides sp. SUF System Proteins and Phylogeny of Concatenated SufB, SufC, and SufS
Homologs

(A) Heterologous expression of Monocercomonoides sp. SufB and SufC proteins in Trichomonas vaginalis. Monocercomonoides sp. proteins with a C-terminal
HA tag were expressed in T. vaginalis and visualized by an anti-HA antibody (green). The signal of the anti-HA antibody does not co-localize with hydrogenosomes
stained using an anti-malic enzyme antibody (red). The nucleus was stained using DAPI (blue). Scale bar, 10 um.

(B) Heterologous expression of Monocercomonoides sp. SufC protein in Saccharomyces cerevisiae. Monocercomonoides sp. proteins tagged with GFP were
expressed in S. cerevisiae (green). The GFP signal does not co-localize with the yeast mitochondria stained by Mitotracker (red). Scale bar, 10 um.

(C) Unrooted ML tree of concatenated SufB, SufC, and SufS sequences. Bootstrap support values above 50 and posterior probabilities greater than 0.75 are
shown. Monocercomonoides sp. and Paratrimastix pyriformis are shown in red, eukaryotic plastids and cyanobacteria in green, Blastocystis sp. and Pygsuia
biforma in orange, bacteria in gray, and archaea in blue.

See also Figures S1-S3.
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Reduction of mitochondria is known from various eukaryotic
lineages adapted to anaerobic lifestyle [48]. Mitosomes in
Giardia, Entamoeba, and Microsporidia represent the most
extreme cases of mitochondrial reduction known to date,
and yet they still contain recognizable mitochondrial protein
translocases and usually an ISC system. The specific absence
of all these mitochondrial proteins in the genome of Monocer-
comonoides sp. indicates that this eukaryote has dispensed
with the mitochondrial compartment completely. In principle,
we cannot exclude the possibility that a mitochondrion exists
in Monocercomonoides sp. whose protein composition has
been altered entirely. However, such a hypothetical organelle
could not be recognized as a mitochondrion homolog by any
available means. Without any positive evidence for the latter
scenario, we suggest that the complete absence of mito-
chondrial markers and pathways points to the bona fide
absence of the organelle. Because all known oxymonads are
obligate animal symbionts, and mitochondrial homologs are
present in the close free-living sister lineage Paratrimastix,
the absence of mitochondrion in Monocercomonoides sp.
must be secondary. We hypothesize that the acquisition of
the SUF system predated the loss of the mitochondrial ISC
system in the common ancestor of Preaxostyla and allowed
for the complete loss of the organelle in Monocercomonoides
sp. lineage, the first known truly secondarily amitochondriate
eukaryote.

EXPERIMENTAL PROCEDURES

Genome and Transcriptome Sequencing

All experiments were performed on the Monocercomonoides sp. PA203
strain. The culture (2 L with a cell density of approximately 4 x 10° cells/
mL) was filtered to remove most of the bacteria before isolation of DNA
(culturing and filtration details in Supplemental Experimental Procedures).
DNA was isolated using DNeasy Blood and Tissue Kit (QIAGEN). Total
genomic DNA was sequenced using a Genome Sequencer 454 GS FLX+
with XL+ reagents. A total of seven sequencing runs were performed,
including four shotgun runs on libraries with the average fragment length of
500 to 800 and three runs on a 3-kb paired-end library. Two RNA sequencing
(RNA-seq) experiments were performed using 454 and lllumina sequencing
platforms. Details of sequencing are given in Supplemental Experimental
Procedures.

Roche’s assembler Newbler v.2.6 was used to generate a genome
sequence assembly from 454 single and pair end reads. The final assembly
consisted of 2,095 scaffolds spanning almost 75 Mb of the genome. The
N50 scaffold size is 71.4 kb. Transcriptome assembly of the 454 data was
performed by Newbler v.2.8 with default parameters, and lllumina-generated
transcriptomic data were assembled using Trinity [49] (details in Supplemental
Experimental Procedures). The CEGMA [12] was used to estimate the number
of conserved eukaryotic genes in the Monocercomonoides sp. genome as-
sembly (Table S1) and presence of cytosolic ribosomal eukaryotic proteins
as an additional measure of completeness (Table S3).

Genome Annotation and Gene Searching

For the structural annotation, Augustus v.2.7 [50, 51], PASA2 [52], and EVM
[53] were used. Gene models of particular interest were manually evaluated
with the help of RNA-seq data or considering conservation with homologs
(details in Supplemental Experimental Procedures).

Functional annotation was assigned to genes by similarity searches of
predicted proteins using BLASTP [54] against the NCBI non-redundant protein
database [55] and HMMERS [56] searches of domain hits in the Pfam protein
families database [57]. Additional annotation was performed using the KEGG
automatic annotation server [58]. Annotation files are available at the web page
http://www.protistologie.cz/hampllab/data.html.

8 Current Biology 26, 1-11, May 23, 2016

tRNA genes were predicted with tRNAscan-SE [59]; rDNA sequences were
not present in the original main assembly, but they were identified in contigs
not assembled into scaffolds and added to the main assembly.

The Monocercomonoides sp. genome database was searched using the
TBLASTN [54] algorithm, and Monocercomonoides proteome database and
six-frame translation of the genomic sequence were searched using the
BLASTP [54] algorithm or the profile hidden Markov model (HMM) searching
method phmmer from the HMMERS3 [56] package. We used a wide range of
queries described in Supplemental Experimental Procedures.

Phylogenetic Analyses

We performed a number of maximum-likelihood and Bayesian phylogenetic
analyses: (1) phylogenomic analyses of eukaryotes based on 163 genes and
70 taxa; (2) phylogenetic analyses of genes for SUF pathway enzymes; and
() individual gene trees to support functional annotation of genes (details in
Supplemental Experimental Procedures).

Subcellular Localization Prediction

Subcellular localization prediction for the Monocercomonoides sp. proteome
was performed using TargetP v.1.1 [60] and MitoProt Il v.1.101 [61]. TA pro-
teins were identified and analyzed based on presence of a transmembrane
domain (TMD) of moderate hydrophobicity flanked by positively charged res-
idues [29, 62] (details in Supplemental Experimental Procedures). BOMPs
were identified based on the presence of a conserved C-terminal B-signal,
using a previously described pipeline [63].

Mitochondrial Protein Searching Using a Mitominer-Based

Database

We prepared a custom database of mitochondrial proteins to search for
genes encoding proteins with putative mitochondrial localization. The custom
database was based on the MitoMiner database [26] reference set containing
12,925 proteins from 11 eukaryotic mitochondrial proteomes, which was
enriched by known or predicted MRO-localized proteins of E. histolytica,
G. intestinalis, P. biforma, S. salmonicida, T. vaginalis, and P. pyriformis.
Homologs of proteins from this database were searched in the predicted
proteome of Monocercomonoides sp. and in the predicted proteomes of
Blastocystis sp., E. histolytica, G. intestinalis, S. cerevisiae, and T. vaginalis,
which were used as control datasets. While searching the control datasets,
the proteins of the searched organism were removed from the custom data-
base. In the last step, only those candidates were kept whose first hit in the
NCBI database [55] contained a predictable mitochondrial targeting signal
(score > 0.5 in TargetP v.1.1 [60] and MitoProt Il v.1.101 [61]). Further details
are given in Supplemental Experimental Procedures.

FISH
We performed FISH experiments with labeled probes to determine whether
the genes for SUF system proteins physically reside in the Monocercomo-
noides sp. genome or represent bacterial contamination. Details on prepara-
tion of labeled probes are given in Supplemental Experimental Procedures.
One liter of Monocercomonoides sp. culture was filtered to remove bacteria,
and the cells were pelleted by centrifugation for 10 min at 2,000 x g at 4°C.
FISH with digoxigenin-labeled probes was performed according to a previ-
ously described procedure [64] omitting the colchicine procedure. Cell nuclei
and the probes were denatured under a coverslip in a single step in 50 uL of
50% formamide in 2 x SSC at 70°C for 5 min. Preparations were observed us-
ing an IX81 microscope (Olympus) equipped with an IX2-UCB camera. Images
were processed using Cell software (Olympus) and Imaged 1.42q.

Heterologous Protein Expression and Microscopy in Trichomonas
vaginalis

The T. vaginalis transfection system was used to assess subcellular locali-
zation of SufB, SufC, and PFOR proteins. Monocercomonoides sp. cDNA
preparation was performed as described for transcriptome sequencing (Sup-
plemental Experimental Procedure). Constructs with the hemagglutinin (HA)
tag fused to the 3’ end of the coding sequences of the studied genes were
prepared and expressed in T. vaginalis, an anaerobic protist related to
Monocercomonoides sp. and bearing a hydrogenosome (details are given in
Supplemental Experimental Procedures). Monocercomonoides sp. proteins
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expressed in T. vaginalis cells were visualized using standard techniques [14]
(details are given in Supplemental Experimental Procedures).

Saccharomyces cerevisiae Heterologous Expression System

This expression system was used to confirm the results from the T. vaginalis
expression system for SufC protein. The procedure was analogous to the one
described in [11]. Details are given in Supplemental Experimental Procedures.

ACCESSION NUMBERS

Sequence data for the genome reads (experiment number SRX1470187),
the 454 transcriptome reads sequenced using the 454 platform (experiment
number SRX1453820), and the lllumina transcriptome reads sequenced using
the lllumina platform (experiment number SRX1453675) have been deposited
to the NCBI Sequence Read Archive under accession number SRA:
SRP066769. The accession number for the Monocercomonoides sp. PA203
genome reported in this paper is GenBank: LSRY00000000. The accession
number for the 454 transcriptome project reported in this paper is GenBank:
GEEG00000000. The accession number for the lllumina transcriptome project
reported in this paper is GenBank: GEELO0000000. The versions described in
this paper are versions LSRY01000000, GEEG01000000, and GEEL01000000.
Further additional information on the genome analysis can be found at http://
www.protistologie.czzhampllab/data.html.
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three figures, and six tables and can be found with this article online at
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