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SUMMARY

Mitochondria exist on a functional and evolutionary
continuum that includes anaerobic mitochondrion-
related organelles (MROs), such as hydrogeno-
somes. Hydrogenosomes lack many classical mito-
chondrial features, including conspicuous cristae,
mtDNA, the tricarboxylic acid (TCA) cycle, and
ATP synthesis powered by an electron transport
chain (ETC); instead, they produce ATP anaerobi-
cally, liberating H2 and CO2 gas in the process.
However, our understanding of the evolutionary
transformation from aerobic mitochondria to various
MRO types remains incomplete. Here we describe
a novel MRO from a cercomonad (Brevimastigo-
monas motovehiculus n. sp.; Rhizaria). We have
sequenced its 30,608-bp mtDNA and character-
ized organelle function through a combination of
transcriptomic, genomic, and cell biological ap-
proaches. B. motovehiculus MROs are metabolically
versatile, retaining mitochondrial metabolic path-
ways, such as a TCA cycle and ETC-driven ATP
synthesis, but also possessing hydrogenosomal-
type pyruvate metabolism and substrate-level phos-
phorylation. Notably, the B. motovehiculus ETC is
degenerate and appears to be losing cytochrome-
based electron transport (complexes III and IV).
Furthermore, the F1Fo ATP synthase (complex V) is
unique, with the highly conserved Atpa subunit frag-
mented into four separate pieces. The B. motovehi-
culus MRO appears to be in the process of losing
aerobic metabolic capacities. Our findings shed
light on the transition between organelle types, spe-
Current Biology 26, 2729–2738, October
cifically the early stages of mitochondrial adaptation
to anaerobiosis.

INTRODUCTION

Mitochondria derive from the integration of an ancient a-proteo-

bacterial endosymbiont within a host cell related to the Lokiarch-

aeota lineage of Archaea [1]. All eukaryotes described thus far,

except Monocercomonoides species [2], possess mitochondria

or their anaerobic derivatives, broadly termed mitochondrion-

related organelles (MROs), indicating that they were present in

the last common ancestor of extant eukaryotes. This fact has

spawned considerable interest in untangling the events sur-

rounding the origin of mitochondria, which some investigators

have hypothesized to be the seminal event in the genesis of eu-

karyotic cells [3, 4].

Mitochondria are most famous as the major site of aerobic

oxidative phosphorylation (OXPHOS), the O2-dependent synthe-

sis of ATP via the coupled electron transport chain (ETC) and

F1Fo ATP synthase (complex V [CV]). However, facultatively

anaerobic mitochondria have been described in animals that,

under low oxygen conditions, generate ATP by substrate-level

phosphorylation via succinyl-CoA synthetase (SCS) and acetate:

succinate CoA-transferase (ASCT), employing alternative termi-

nal electron acceptors, such as fumarate [5]. Furthermore, meta-

bolically streamlined MROs have evolved independently in

diverse microbial eukaryotes that inhabit low O2 environ-

ments [6]. Several of these MROs, such as hydrogenosomes

and mitosomes, lack classical mitochondrial features such as

mtDNA, the pyruvate dehydrogenase complex (PDH), the tricar-

boxylic acid (TCA) cycle, and the ETC. Rather, MROs such as

hydrogenosomes decarboxylate pyruvate via an O2-sensitive

enzyme, pyruvate:ferredoxin oxidoreductase (PFO), to generate

acetyl-CoA andCO2. Electrons from this reaction are passed to a

ferredoxin, which is then reoxidized by an [FeFe]-hydrogenase
24, 2016 Crown Copyright ª 2016 Published by Elsevier Ltd. 2729
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that reduces protons to produce H2 gas. ATP is generated via

substrate-level phosphorylation, essentially as in anaerobic

mitochondria [7].

Although the common ancestry of mitochondria and hydroge-

nosomeswas not initially apparent, the subsequent identification

of classical mitochondrial proteins targeted to MROs [8], along

with conserved components of the protein import machinery

[9], provided strong evidence for their common origin. However,

it was the characterization of functionally intermediate organelles

between mitochondria and hydrogenosomes that shed light

on the evolutionary transitions between organelle types. For

instance, the aerobic mitochondria of the amoebozoan Acantha-

moeba castellanii [10, 11] also possess enzymes characteristic

of hydrogenosomes, presumably enabling ATP production in

both aerobic and anaerobic conditions [12]. These organelles

represent the starting point in the transition from mitochondria

into hydrogenosomes. Furthermore, anaerobic H2-producing

mitochondria (HPMs) have been described in the ciliate, Nycto-

therus ovalis, and the stramenopile,Blastocystis species [13, 14].

HPMs in these species retain some mitochondrial features like

mtDNA, an incomplete TCA cycle, a partial ETC that lacks com-

plexes III and IV (CIII and CIV), and the capacity to generate ATP

via CV. Instead, these HPMs generate ATP by the hydrogenoso-

mal-type pathway and are therefore functional intermediates

between mitochondria and hydrogenosomes. Yet, there is still

much to learn about the initial steps in the transition from clas-

sical mitochondria to MROs. This is because A. castellanii

mitochondria are essentially classical mitochondria that have

acquired hydrogenosomal metabolism (i.e., they are not reduced

[11]), whereas HPMs are already substantially functionally

simplified [13, 14].

Employing a combination of genomic, transcriptomic, micro-

scopic, and cell biological approaches, we report a novel

microaerophilic cercomonad, Brevimastigomonas motovehicu-

lus n. sp., amember of the eukaryotic supergroup Rhizaria. While

B. motovehiculus MROs resemble hydrogenosomes ultrastruc-

turally, metabolic reconstructions indicate that they are mito-

chondria in the earliest stages of degeneration, and they

represent an important snapshot of the evolutionary transition

from an O2-respiring mitochondrion to an HPM.

RESULTS AND DISCUSSION

B. motovehiculus Possesses Hydrogenosome-like
Organelles with Reduced mtDNA
In agreement with light microscopic findings (Figure 1A; Fig-

ure S1; see Text S1 for taxonomic summary), maximum-likeli-

hood (ML) and Bayesian phylogenetic analyses of 18S rRNA

sequences (Figure S2A) robustly placed B. motovehiculus as a

close relative of the facultatively anaerobic cercomonad Brevi-

mastigomonas anaerobica [15, 16].

Transmission electron microscopy (TEM) of B. motovehiculus

revealed numerous small, oval bodies (typically 300–600 nm)

distributed throughout the cell, often displaying double mem-

branes (Figure 1B, lower right inset); these structures are likely

MROs, consistent with their MitoTracker reactivity (Figure 1C).

One or two distinct folds of the inner membrane were infre-

quently apparent, indicating the presence of very limited cristae

(Figure 1B, upper right inset). Cristae are often absent from hy-
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drogenosomes [17–19], but they are commonly observed in

HPMs [20, 21]. Curiously, B. motovehiculus MROs have far

fewer cristae than their counterparts in B. anaerobica, and they

are enriched near the elongated nucleus instead of the cell’s

periphery [16]. This difference could be due to the fact that the

B. anaerobica cells used for TEM were grown aerobically [16],

in contrast to the B. motovehiculus cells presented here.

We identified and characterized a 30,608-bp circular-mapping

mitochondrial genome in B. motovehiculus (Figure 1D). Genes

encoding the small and large subunit rRNAs along with six tRNAs

were identified, indicating thatmost tRNAs are imported from the

cytosol. In total, nine genes encoding proteins of known function,

subunits of ETC complexes I (CI), III, IV, and V, along with three

unidentified open reading frames (ORFs) R100 amino acids in

length were identified in B. motovehiculusmtDNA. The presence

of encoded ETC proteins on this mtDNA suggests the poten-

tial to generate ATP using OXPHOS. However, the sequence

of the putative apocytochrome b (Cob; CIII) homolog was

extraordinarily divergent (Figure S3A) as was the Cox1 protein

sequence; Cox1wasmissing several of the amino acids required

for proton pumping, although all copper- and heme-coordinating

His residues were conserved (Figure S3B). This list of mtDNA-

encoded proteins was not sufficient to determine if the ETC

in B. motovehiculus MROs produces ATP through classical

OXPHOS. To better characterize the functions of these MROs,

we assembled an inventory of nucleus-encoded, MRO-targeted

proteins using a transcriptomic approach.

A Typical Protein Import Apparatus Functions in
B. motovehiculus MROs
Themitochondrial protein import apparatus directs proteins with

N-terminal or internal targeting sequences (MTSs) into mito-

chondria. B. motovehiculus encodes subunits of the outer mem-

brane translocase (TOM complex), the sorting and assembly

machinery complex (SAM), the presequence-dependent import

pathwaymediated by the TIM23 complex, themitochondrial car-

rier protein import pathway (TIM22 complex), and the mitochon-

drial processing peptidase (Figure 2A). The number of protein

import machinery components identified in B. motovehiculus is

on par with reports from HPMs such as those of Blastocystis

species subtypes 1 and 7 [13]. B. motovehiculusMROs are simi-

larly capable of importing nucleus-encoded proteins bearing

classical N-terminal MTSs.

B. motovehiculus MROs Have a Complex Proteome
As B. motovehiculus mtDNA encodes components of the mito-

chondrial translation system (tRNAs and rRNAs) and ETC,

nucleus-encoded proteins for replication, transcription, and

translation of mitochondrial genes, along with certain compo-

nents of the ETC, must be targeted to the mitochondrial matrix.

Consistent with this, the N termini of most B. motovehiculus pro-

teins involved in the expression of mtDNA-encoded genes and

the ETC possess classical MTSs ([22]; Figure S4). TargetP [23]

and MitoProt [24] software tools confidently predicted the mito-

chondrial localization of these proteins (Table S1), validating this

approach to identifying mitochondrial proteins in B. motovehicu-

lus. Through in silico predictions, the B. motovehiculus MRO

proteome was inferred to be complex, with >400 putative mito-

chondrial proteins identified in our transcriptomic analysis,
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Figure 1. B. motovehiculus Contains MROs with Limited Cristae and a Reduced Mitochondrial Genome

(A) Differential interference contrast micrograph shows a B. motovehiculus cell.

(B) Transmission electronmicrographs indicate hydrogenosome-like organelles. Mitochondria (M) and the nucleus (N) are labeled. The two inset images are of the

boxedmitochondria in the first image, but at higher magnification. The arrow in the top image denotes the presence of amembrane invagination interpreted to be

a single crista (Cr). Arrows in the bottom image demarcate the double membrane. Scale bars represent 500, 200, and 200 nm.

(C) B. motovehiculus MROs are MitoTracker reactive. B. motovehiculus MROs and DNA were co-stained with MitoTracker Orange and DAPI, respectively. The

merged image shows that the MROs congregate near the nucleus, consistent with TEM images. The last panel shows a phase-contrast micrograph of the cell.

(D) Complete 30,608-bp mitochondrial genome of B. motovehiculus. Protein-coding and rRNA-coding genes are demarcated by black boxes; tRNA-coding

genes are marked by black lines.

See also Text S1 and Figure S1.
including >20 metabolite transporters and enzymes associated

with the metabolism of fatty acids, amino acids, Fe-S clusters,

and nucleotides (Table S1). Of these transcripts, each is repre-

sented to some degree in our draft genome dataset, with R1

spliceosomal intron identified in 96% of the candidate genes.

Below we describe the energy generation system of B. motove-

hiculus MROs.

A Degraded Proton-Pumping ETC in
B. motovehiculus’s MROs
The B. motovehiculus nuclear genome encodes subunits of pro-

ton-pumping NADH dehydrogenase (CI), including components

inherited from the bacterial ancestor of mitochondria and certain

components invented within the eukaryotic domain [25] (Fig-

ure 2B). All of the subunits required for NADH oxidation and

transfer of electrons to ubiquinone are accounted for [26]. More-

over, several conserved CI assembly factors were identified

(Figure 2B), indicating that the complex is likely assembled in

a fashion similar to canonical aerobic mitochondria. These

MROs appear to house a fully functional proton-pumping CI.

All four subunits of succinate dehydrogenase (complex II [CII];

also a component of the TCA cycle), SdhA, SdhB, SdhC, and
SdhD, are nucleus encoded inB.motovehiculus, and abundantly

expressed (Table S1) and phylogenetic reconstructions of SdhA

indicate that the B. motovehiculus homolog is of mitochondrial

origin (Figure S2B). B. motovehiculus also encodes several

conserved CII assembly factors, including Sdh5, Sdh7, and

Sdh8, altogether indicating a functional CII.

In aerobic mitochondria, CIII oxidizes ubiquinol and subse-

quently reduces cytochrome c, which shuttles electrons from

CIII to CIV. Cox2, a component of CIV, oxidizes cytochrome c

and passes electrons to Cox1, which reduces O2 to H2O. No nu-

cleus-encoded subunits or assembly factors of either CIII or CIV

were identified in our RNA sequencing (RNA-seq) dataset,

including catalytic subunits like Cox2 (typically mtDNA en-

coded). Given the divergent sequences of cob and cox1 dis-

cussed above, CIII and CIV may not be capable of efficient

electron transport and proton pumping, indicating that CI is likely

the sole proton pump in the B. motovehiculus ETC. Genomic

DNA contigs with genes encoding Qcr6, the Rieske Fe-S protein,

cytochrome c1 (CIII subunits), Cox3 (CIV subunit), Cox11, Cox15

(CIV assembly factors), and cytochrome c were identified, but

corresponding transcripts were absent in the RNA-seq data.

The inferred protein sequences were often truncated and
Current Biology 26, 2729–2738, October 24, 2016 2731
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Figure 2. B.motovehiculusMROs Contain a

Reduced ETC

(A) Metabolic reconstruction of B. motovehiculus

MROs. Circled numbers drawn near the TCA cycle

represent pathways presented in Figure 4. A sub-

set of evolutionarily and functionally important

proteins inferred to localize to B. motovehiculus

mitochondria also is presented. See Table S1 for

full protein names. Dotted lines refer to protein

complexes in which only some of the subunits

contain classical MTSs. I, NADH dehydrogenase;

II, succinate dehydrogenase; III cytochrome c

reductase; IV, cytochrome c oxidase; V, F1Fo ATP

synthase; TCA cycle, tricarboxylic acid cycle.

(B) Subunit composition of B. motovehiculus ETC

complexes. Box shading is as follows: gray, nu-

cleus-encoded subunits identified via RNA-seq;

blue, mtDNA-encoded proteins; light gray with

dashed line, partial draft genomic sequences;

unshaded, not identified in our molecular datasets.

Only subunits found in other cercozoans are

depicted.

See also Table S1 and Figures S2–S4.
extremely divergent, suggesting that they might be nonfunc-

tional pseudogenes (Figure 2B).

We also identified an MTS-bearing homolog of alternative

oxidase (AOX), an enzyme that accepts electrons from ubiquinol.

We suggest that B. motovehiculus uses AOX as a terminal

acceptor for electrons derived from the catabolism of amino

acids by mitochondrial flavoprotein dehydrogenases, such as

the electron transfer flavoprotein and electron transfer flavopro-

tein-ubiquinone oxidoreductase (ETF and ETF-QO) [27]. We

hypothesize that electrons from CI are used by CII to reduce

fumarate (see below).

ATP Production through a Peculiar F1Fo ATP Synthase
In aerobic mitochondria, protons pumped by the ETC are utilized

for ATP production by the F1Fo ATP synthase (CV). CV is

composedofamembrane-embeddedmotor (Fo sector) andama-

trix-associated F1 sector that generates ATP via a rotational cata-

lytic mechanism involving the a, b, and g subunits. In addition to

Atpc (mtDNA encoded), we have identified eight catalytic and/or
2732 Current Biology 26, 2729–2738, October 24, 2016
structural nucleus-encoded subunits of

CV, in addition to the five factors that regu-

late CV function (Inh1 and Nca2) and

participate in the assembly of the Fo and

F1 sectors (Atp11, Atp12, and Atp23).

B.motovehiculusappears tohave retained

thecapacity togenerateATPviaOXPHOS,

in spite of its highly reduced cristae and

degenerate CIII and CIV.

Most surprisingly, the F1 Atpa subunit

occurs in four distinct nucleus-encoded

proteins that we refer to as Atpa1,

Atpa2, Atpa3, and Atpa123, each unusu-

ally divergent (Figures 3A and 3B; Fig-

ure S5). The Atpa1 subunit aligns with

the most N-terminal portion of classical

Atpa, whereas the Atpa2 and Atpa3 poly-
peptides align with the central and most C-terminal portions,

respectively. The Atpa123 subunit overlaps somewhat with the

same portion of classical Atpa to which the Atpa1, Atpa2, and

ATPa3 subunits collectively align, although it is extremely diver-

gent. Notably, Atpa123 is expressed at lower levels than the

other subunits (Table S1). We hypothesize that Atpa123 repre-

sents a severely degraded version of the ancestral Atpa protein.

Each inferred protein sequence includes a predicted N-termi-

nal MTS, and we have demonstrated that these putative MTSs

are sufficient for import of Atpa1-GFP, Atpa2-GFP, and Atpa3-

GFP into yeast mitochondria (Figure 3A). Given that each of

Atpa1, Atpa2, and Atpa3 overlap to some extent with Atpa123,

it is expected that this would cause redundancy. In support of

this, each of Atpa2 and Atpa123 has Walker A and B motifs,

which are critical in classical ATPa for nucleotide binding.

Notably, the Atpb subunit, the binding partner of Atpa, is also

unusual as it is three times larger than its counterparts in other

mitochondria; but, it is less divergent and demonstrably mito-

chondrial in origin (Figure S2C).
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Figure 3. An Unusual F1Fo ATP Synthase in B. motovehiculusMROs

(A) Localization of B. motovehiculus Atpa1, Atpa2, and Atpa3 GFP fusion

proteins in yeast. Indicated GFP fusion proteins were expressed in yeast

(green, GFP column). Mitochondria were co-stained with MitoTracker Orange

(orange, MTR column). A merged image is presented in the right column.

(B) A proposed evolutionary scenario accounting for the unusual Atpa in cer-

comonads. Mitochondria (mt) and the nucleus (nuc) are depicted in the boxed

image. Duplication, fission, and endosymbiotic gene transfer of atp1 resulted

in a split mtDNA-encoded atp1 (white boxes) and MTS-bearing, nucleus-en-

coded atp1 in the common ancestor of P. marina + B. motovehiculus. Further

gene duplications, fissions, transfers, and MTS acquisitions occurred in the

lineage leading to B. motovehiculus.

See also Figures S4 and S5.
Although it is unclear how well CV could function with the

otherwise highly conserved ATPa in such a fragmented state,

numerous other examples of split mitochondrial proteins are

known [28–30] that, in some cases, are enzymatically active

[10, 29]. However, no known mitochondrial protein reported to

date is as extensively fragmented as B. motovehiculus Atpa.
Atpa is encoded as a single polypeptide in the mtDNA of the

cercozoans Bigelowiella natans, Lotharella oceanica [31], and

Spongospora subterranea [32], but as two distinct proteins

in the mtDNA of Paracercomonas marina (NC_026310.1). It is

likely that the fission of atpa into two mitochondrial genes

occurred after the divergence of B. motovehiculus and

P. marina from other cercozoans, but before the divergence of

P. marina and B. motovehiculus (Figure 3B). The Atpa1 subunit

of B. motovehiculus is equivalent to the Atp1_a of P. marina (Fig-

ure S5). Likewise, Atpa2 aligns with the N-terminal portion of

P. marina Atp1_b and Atpa3 aligns with the C-terminal part.

Further gene duplication and fission events, along with gene

transfer to the nucleus and acquisition of MTSs, must have

occurred in the lineage leading to B. motovehiculus (Figure 3B).

A Complete TCA Cycle in B. motovehiculus MROs?
In aerobic mitochondria, the TCA cycle generates NADH, which

fuels electron transport and proton pumping by CI. We have

identified MTS-bearing homologs of all TCA cycle enzymes,

except for citrate synthase (CS), in our RNA-seq dataset. How-

ever, a query of our genomic dataset revealed a contig encoding

a mitochondrial-type CS homolog (not shown), though we were

unable to determine if it is targeted to mitochondria. We hypoth-

esize that the expression of CS is O2 dependent and that the TCA

cycle runs in the reductive (reverse) direction under anaerobic

conditions; but, under increased O2 concentrations, CS may

be upregulated such that the classical oxidative TCA cycle pre-

dominates. Alternatively, it is possible that CS is a pseudogene in

B. motovehiculus.

Consistent with a reductive TCA cycle functioning under

hypoxia (Figure 4), we identified a homolog of RquA, a recently

characterizedmethyltransferase that is necessary for the biosyn-

thesis of rhodoquinone (RQ) from ubiquinone (UQ) [33, 34]. RQ is

a low-redox-potential quinone that permits CII to operate effi-

ciently in reverse as a fumarate reductase [35]. Like RquA in

other eukaryotes [17], B. motovehiculus RquA may have been

acquired laterally (Figure S2D). The predictedMTS of this protein

promotes import into yeast mitochondria (Figure 5B), strongly

suggesting that RQ is synthesized in B. motovehiculus MROs.

If an incomplete reverse TCA cycle predominates in anaerobic

B. motovehiculus MROs, the nearly complete suite of enzymes

expressed under anaerobic conditions is perplexing. This is

because aconitase (ACO), for which citrate is a substrate, and

isocitrate dehydrogenase, NADP+-dependent isoform (ICDH)

are expressed at levels comparable to the TCA cycle enzymes

that comprise the reductive portion of the cycle (i.e., malate de-

hydrogenase, MDH; type I fumarase, FUM; succinate dehydro-

genase, CII), although oxoglutarate dehydrogenase (OGDH) is

expressed at lower levels (Table S1). To rationalize the expres-

sion of these enzymes under anaerobic conditions, we sought

a mitochondrion-targeted enzyme capable of metabolizing cit-

rate. We identified in B. motovehiculus a homolog of ATP citrate

lyase (ACL; single-subunit type [36]), which catalyzes the ATP-

dependent cleavage of citrate into acetyl-CoA and oxaloacetate.

The reverse reaction is also energetically favorable and yields

citrate and ATP through substrate-level phosphorylation.

Although ACL is localized to the cytosol in all organisms stud-

ied to date, the B. motovehiculus homolog has a clear 34–35

amino acid (aa) MTS relative to the highly conserved N terminus
Current Biology 26, 2729–2738, October 24, 2016 2733



Figure 4. The Anaerobic B. motovehiculus TCA Cycle and Related Reactions

All TCA cycle reactions were identified in transcriptomic analyses, except for CS (reaction arrow shaded gray). We suggest that CS is repressed in anaerobic

conditions and that ACL functions either as a citrate lyase or a citrate synthase under anaerobic conditions. All of the metabolic processes presented here are

predicted to occur inside the MRO. Certain ATP- and NADH-generating reactions are marked in bold red; reactions that yield pyruvate and acetyl-CoA are

bolded. Potential metabolic end products are boxed. See Table S1 for full protein names. See also Figure S4.
of ACL from other organisms. We suggest that this ACL operates

in mitochondria as either (1) a citrate lyase or (2) a citrate

synthase. If ACL is a citrate lyase, it would entail a reversal of

the first steps of the classical TCA cycle. Although OGDH

and the NAD-specific isoform of ICDH catalyze irreversible reac-

tions, the less-studied NADP-specific isoform of ICDH, as pre-

sent in B. motovehiculus mitochondria, also may be capable of

synthesizing isocitrate from oxoglutarate [37, 38]. Since ACO is

readily reversible, ACL could cleave the resulting citrate, yielding

oxaloacetate that subsequently feeds into the reductive portion

of the TCA cycle and acetyl-CoA for fatty acid synthesis or

ATP production via SCS and ASCT. Alternatively, if ACL is a cit-

rate synthase, it indicates that the B. motovehiculus TCA cycle is

bifurcated under anaerobic conditions, with MDH, FUM, and CII

acting reductively (with SCS generating ATP) and ACL, ACO,

ICDH, and OGDH yielding oxoglutarate or succinyl-CoA for ana-

plerotic reactions, as well as NADH for CI function. The feasibility

of our scenario is demonstrated by the report that ACL has re-
2734 Current Biology 26, 2729–2738, October 24, 2016
placed CS in the TCA cycle of Desulfobacter postgatei [39]. It

is conceivable that the reversibility of ACL, in contrast to CS,

may permit shifts in the direction of the B. motovehiculus TCA

cycle during anaerobic growth, depending on physiological con-

ditions. Unfortunately, due to the abundance and diversity of

bacteria in the B. motovehiculus culture, it is not currently

feasible to test these alternatives experimentally.

Coexistence of Mitochondrial and Hydrogenosomal
Pyruvate Metabolism
Pyruvate is typically imported into mitochondria by the pyruvate

carrier, MCP1/MCP2 [40], or generated within mitochondria by

NAD-dependent malic enzyme, but we did not identify mito-

chondrion-targeted homologs of either. Notably, as in other rhi-

zarians, stramenopiles, and alveolates [41–43],B.motovehiculus

MROs are predicted to house a partial glycolytic pathway

in addition to the cytosolic counterpart. However, phosphoenol-

pyruvate is the predicted end product andmay be a substrate for



Figure 5. Subcellular Localization of Key

B. motovehiculus Enzymes in Yeast

Columns depict yeast localization of B. motove-

hiculus-GFP constructs (GFP), MitoTracker dye

(MitoTracker), and a merged image (Merge).

ASCT, acetate:succinate CoA-transferase sub-

family 1b protein (ASCT1b); RQUA, rhodoquinone

biosynthesis gene A; PDH, pyruvate dehydroge-

nase E1b subunit; HYDF, Fe-hydrogenase as-

sembly factor F. See also Figures S2 and S4.
aminophosphonate metabolism (Figure 4; Table S1). Two pre-

dicted MRO-targeted enzymes, alanine aminotransferase and

tryptophanase, are capable of generating pyruvate (Figure 4).

In aerobic mitochondria, PDH converts pyruvate into acetyl-

CoA and CO2. In contrast, many anaerobic MROs utilize an

O2-sensitive enzyme, PFO. PFO transfers electrons to [Fe-Fe]-

hydrogenase (HydA) via a ferredoxin carrier, generating H2. Sub-

strate-level synthesis of ATP/GTP is subsequently carried out in

combination by ASCT and SCS, yielding succinate (and/or pro-

pionate) and acetate as metabolic end products [7].

We identified transcripts encoding all subunits of PDH in the

RNA-seq data. Phylogenetic analysis of the E1b subunit

confirmed its mitochondrial provenance (BS = 99, BPP = 1.0;

Figure S2E). Furthermore, a B. motovehiculus E1b-GFP

construct localized to yeast mitochondria (Figure 5C), providing

further evidence that PDH functions in B. motovehiculus as it

does in aerobic eukaryotes.

B. motovehiculus encodes eukaryotic-type homologs (Fig-

ure S2F) of PFO (three) and a related enzyme, pyruvate:NADP+

oxidoreductase (PNO; two). Each possesses an N-terminal

extension relative to prokaryotic homologs, and in silico predic-

tions suggest that at least three have an MTS.

[Fe-Fe]-hydrogenase (HydA) transfers electrons from PFO-

reduced ferredoxin to H+, yielding H2. Three assembly factors,

HydE, HydF, and HydG, aid in the maturation of HydA’s catalytic
Current Biolo
H-cluster; we identified eukaryotic-type

single copies of each in B. motovehiculus

(Figures S2G–S2I). The inferred HydA and

HydF protein sequences confidently pre-

dicted MTSs, while HydE lacked a pre-

dicted MTS and the N terminus of HydG

was not obtained (Table S1). Subcellular

localization experiments in yeast demon-

strated that a B. motovehiculus HydF-

GFP construct is targeted to mitochon-

dria (Figure 5).

B.motovehiculusencodes twoASCT1b

family proteins, ASCT1b1 and ASCT1b2,

which act in concert with SCS in various

anaerobically functioning mitochondria

and hydrogenosomes to generate ATP

or GTP via substrate-level phosphoryla-

tion [44, 45]. Each of the ASCT1b1 and

ASCT1b2 groups were within a poorly

supported eukaryotic clade (Figure

S2J). Both isoforms of ASCT1b hadN-ter-

minal extensions, and an ASCT1b1-GFP
construct localized to yeast mitochondria (Figure 5). In addition,

B. motovehiculus encodes mitochondrion-targeted methylma-

lonyl-CoA mutase, methylmalonyl-CoA epimerase, and pro-

pionyl-CoA carboxylase, which collectively transform succinate

into propionate, yielding ATP in a similar manner to anaerobic

mitochondria, HPMs, and other MROs [6, 7]. Together our data

indicate the presence of all constituents of the hydrogenosomal

energy generation pathway in B. motovehiculus mitochondria,

and they predict that succinate, propionate, acetate, and H2

are generated as end products (Figure 4).

Comparison of B. motovehiculus Mitochondria to Other
MROs: Diversity and Evolution
Here we have shown that B. motovehiculus MROs blur the

distinction betweenmitochondria and HPMs. Whereas hydroge-

nosomes lack the ETC altogether, HPMs fromN. ovalis andBlas-

tocystis species maintain reduced ETCs that include only CI and

CII [13, 14], and ATP is generated through substrate-level phos-

phorylation. Our transcriptomic and genomic analyses suggest

that B. motovehiculus CIII and CIV are functionally degraded,

whereas CI, CII, and CV appear to be functional. ATP synthesis

by CV (i.e., OXPHOS) has not been reported in any HPMs to

date, although it may occur in hydrogenosomes of anaerobic

fungi from the phylum Neocallimastigomycota [46, 47] (although,

in the latter case, CV may function in reverse to create a proton
gy 26, 2729–2738, October 24, 2016 2735
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Figure 6. The Spectrum of Mitochondrial

Function

Metabolic capabilities of various categories of

MROs from diverse eukaryotes are presented.

Solid boxes indicate functions that are present in a

given MRO type; absence of a box indicates

absence of function; faded portions of boxes

indicate functional degradation; hatched lines on

the Pygsuia and Mastigamoeba Fe-S cluster syn-

thesis bar denotes replacement of the standard

ISC system. Metabolic capacity is highest in pluripotent mitochondria (e.g., Acanthamoeba), with a full suite of aerobic and anaerobic ATP-generating machinery.

B. motovehiculus MROs possess apparently degrading O2-dependent (i.e., cytochrome-based) electron transport, ATP synthase (CV), and TCA cycle, thereby

establishing a link between mitochondria and other anaerobic MROs.
gradient, since these organisms lack any proton-pumping ETC

components). The emerging picture of the B. motovehiculus

ETC is therefore of an intermediate between aerobic mitochon-

dria and HPMs, and this provides a snapshot of the early

stages of the adaptation of MROs to low-oxygen environments

(Figure 6).

In aerobic mitochondria, acetyl-CoA is passed into the TCA

cycle, which generates reducing equivalents and drives ATP

synthesis via the ETC. In contrast, hydrogenosomes [48] lack

the TCA cycle altogether. An intermediate scenario is observed

in HPMs [7, 13, 14, 17]: the TCA cycle is incomplete, operating

in a reductive fashion, yielding succinate (and/or propionate)

and acetate.B.motovehiculusMROs possess a nearly complete

or possibly complete TCA cycle, with the potential to function in

either oxidative or reductive directions depending on environ-

mental conditions (i.e., O2 availability). This is reminiscent of

TCA cycle function in the mitochondria of Euglena gracilis and

parasitic helminths, which use RQ to permit CII to function as a

fumarate reductase in anaerobic environments [7, 49].

Whereas aerobic and anaerobicmitochondria and hydrogeno-

somes decarboxylate pyruvate by PDH and PFO, respectively,

some organisms, including A. castellanii, Blastocystis species,

N. ovalis, and B. motovehiculus, employ both systems [11–14].

The co-existence of PDH and O2-sensitive PFO affords a clear

scenario for the transition from mitochondrial to hydrogenoso-

mal pyruvate metabolism. Pyruvate catabolism in hydrogeno-

somes and HPMs is associated with H2 production and ATP

generation via ASCT and SCS.B.motovehiculus encodes homo-

logs of each of these proteins, several of which we have demon-

strated to localize to yeast mitochondria.

In combination with other recent reports [12–14, 17], our data

further obscure the once sharp distinctions between mitochon-

dria, HPMs, and hydrogenosomes, extending the notion that

mitochondria exist on a phenotypic continuum [6] (Figure 6).

Indeed, B. motovehiculus mitochondria likely mirror the early

changes that MROs of other eukaryotic lineages must have tra-

versed early in their adaptation to anaerobiosis [6]. The first steps

that permitted invasion of novel anaerobic niches likely involved

the lateral acquisition of genes encoding enzymes associated

with anaerobic energymetabolism by an aerobe [6, 12], although

the source(s) of these genes remains unresolved. Among these

enzymes are PFO, HydA (and HydE-G), ASCT, and RquA. In

response to low concentrations of O2, expression of cyto-

chrome-based electron transport components (CIII, CIV, and cy-

tochrome c) is repressed.Concomitant downregulation of certain

TCA cycle enzymes and synthesis of RQ fromUQbyRquA favors
2736 Current Biology 26, 2729–2738, October 24, 2016
a reductive TCA cycle. After such cells become increasingly

adapted to living in lowO2, purifying selection onmtDNA- and nu-

cleus-encodedgenes associatedwith aerobic energy generation

is relaxed. Uniquely, in B. motovehiculus mitochondria, we have

caught the resulting sequence divergence (e.g., Cob, Cox1, and

ATPa) and gene loss (possibly Cox2 and Qcr1) in the act.

Consistent with the metabolic repertoire of HPMs, our results

suggest that CV may persist longer than CIII–CIV (Figure 6), tak-

ing advantage of the transmembrane proton motive force

afforded by CI proton-pumping activity; it is, however, still un-

clear what factors favor the retention of CV, as CI is present in

other HPMs lacking CV. One possibility is that the presence of

amore complete TCA cycle inB.motovehiculus, alongwith other

metabolic pathways that yield NADH, favors the retention of CV.

In this scenario, the combined incomplete TCA cycle of HPMs

(which consume NADH via MDH) and the remaining NADH-

generating reactions do not generate sufficient NADH to estab-

lish robust proton gradients for efficient CV function. Rather, in

Blastocystis and Nyctotherus, CI probably generates a trans-

membrane proton gradient sufficient for import of proteins and

small molecules across the inner mitochondrial membrane.

Additional systematic analyses exploring the links between

reductive ETC evolution and NADH-generating metabolism in

diverse MROs may provide further insight into the principles

governing mitochondrial adaptation to anaerobiosis.

ACCESSION NUMBERS

The accession numbers for the raw reads data reported in this paper are NCBI

SRA: SRP081237.

SUPPLEMENTAL INFORMATION

Supplemental Information includes five figures, a taxonomic summary, Sup-

plemental Experimental Procedures, and one table and can be found with

this article online at http://dx.doi.org/10.1016/j.cub.2016.08.025.

AUTHOR CONTRIBUTIONS

R.M.R.G., R.K., and C.W.S. performed experiments. M.W.B. and J.D.S. iso-

lated B. motovehiculus. M.W.B. described and photographed B. motovehicu-

lus. R.M.R.G., R.K., and A.J.R. wrote the manuscript. All authors read and

approved the manuscript.

ACKNOWLEDGMENTS

This work, R.M.R.G., and C.W.S. were supported by operating grant MOP-

142349 from the Canadian Institutes of Health Research (CIHR) awarded to

http://dx.doi.org/10.1016/j.cub.2016.08.025


A.J.R. R.M.R.G. also was supported by a postdoctoral fellowship from the

CIHR. This work was supported in part by grants from the Japan Society for

Promotion of Science (JSPS 15H05606 and 15H14591 awarded to R.K.), the

Arkansas Biosciences Institute (J.D.S.), and the National Science Foundation

(DEB 1456054 awarded toM.W.B.). R.K. was supported by the JSPS Strategic

Young Researcher Overseas Visits Program for Accelerating Brain Circulation.

The authors thank Dr. Michelle Leger for helpful comments, along with Dr. Mel-

anie Dobson, Joyce Chew, and Mary Ann Trevors for technical assistance.

Received: June 13, 2016

Revised: July 21, 2016

Accepted: August 9, 2016

Published: September 22, 2016

REFERENCES

1. Spang, A., Saw, J.H., Jørgensen, S.L., Zaremba-Niedzwiedzka, K.,

Martijn, J., Lind, A.E., van Eijk, R., Schleper, C., Guy, L., and Ettema,

T.J.G. (2015). Complex archaea that bridge the gap between prokaryotes

and eukaryotes. Nature 521, 173–179.
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