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Eukaryotes arose about 1.6 billion years ago, at a time when oxygen levels were still very low on Earth, both in
the atmosphere and in the ocean. According to newer geochemical data, oxygen rose to approximately its present
atmospheric levels very late in evolution, perhaps as late as the origin of land plants (only about 450 million
years ago). It is therefore natural that many lineages of eukaryotes harbor, and use, enzymes for oxygen-independent energy metabolism. This paper provides a concise overview of anaerobic energy metabolism in eukaryotes with a focus on anaerobic energy metabolism in mitochondria. We also address the widespread assumption that oxygen improves the overall energetic state of a cell. While it is true that ATP yield from glucose
or amino acids is increased in the presence of oxygen, it is also true that the synthesis of biomass costs thirteen
times more energy per cell in the presence of oxygen than in anoxic conditions. This is because in the reaction of
cellular biomass with O2, the equilibrium lies very far on the side of CO2. The absence of oxygen oﬀers energetic
beneﬁts of the same magnitude as the presence of oxygen. Anaerobic and low oxygen environments are ancient.
During evolution, some eukaryotes have specialized to life in permanently oxic environments (life on land),
other eukaryotes have remained specialized to low oxygen habitats. We suggest that the Km of mitochondrial
cytochrome c oxidase of 0.1–10 μM for O2, which corresponds to about 0.04%–4% (avg. 0.4%) of present atmospheric O2 levels, reﬂects environmental O2 concentrations that existed at the time that the eukaryotes arose.

1. Introduction
First traces of microbial life are found in rocks that are 3.95–3.8
billion years (Gy) of age [1–3]. At that time there was no O2 in the
ocean or atmosphere, and the Earth harbored a highly reducing environment: Life on Earth originated and diversiﬁed in anoxic environments [4]. Recent studies indicate that O2 arose late in Earth history,
reaching roughly present levels — 21% [v/v] in the atmosphere — only
following the origin of land plants roughly 450 million years ago [5–7].
The reservoir of oxygen in the Earth's atmosphere stems from cyanobacterial photosynthesis [4], which started ca. 2.7–2.5 Gy and was
complemented with a contribution from eukaryotic algae starting ca.
1.5 Gy [8]. The late rise in oxygen content leading to present atmospheric level is currently attributed to the emergence of land plants
[5,6] stemming from the deposition of cellulose on land by the terrestrial descendants of streptophytes [9]. Carbon burial leads to oxygen
accumulation [5,6]. Today land plants are estimated to comprise
roughly 80% ( ± a factor of 1.2) of Earth's biomass [10]. The advent of

terrestrial photosynthesis and biomass production accompanied by
carbon burial precipitated the late rise in O2 [5,11]. Early land plants
evolved from charophytic algae [12] and came onto land approximately
500 million years ago [13,14]. It was not so much that land plants
generated large amounts of oxygen, rather that they removed carbon
from oxidation through burial, thereby allowing O2 levels to increase.
The accumulation of oxygen in the oceans was a much slower
process. Oxygenation of the upper ocean to relatively persistent nearmodern conditions might have only occurred as late as about 200
million years ago [15]. Many lines of evidence indicate that ocean
oxygenation came to completion less than 600 My ago [6,16,17], but
eukaryotes appeared by 1.6 Ga ago [8,18]. Vertebrate life on land only
goes back about 350 million years (My) [19], when the Earth's atmosphere was already fully oxic. Any form of life in a permanently highoxygen environment is a late occurrence, both in terms of evolution and
in terms of Earth history. The majority of Earth history was anoxic or
very low oxygen. A sketch of selected major evolutionary events with
evidence in the fossil or isotope record plotted against a modern
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Fig. 1. Summary of oxygen accumulation of earth history. Data for oxygen levels from Ref. [17], for the emergence of autotrophy from Ref. [1], of methanogens from
Ref. [3], of cyanobacteria from Ref. [20], of animals from Ref. [24], of eukaryote anaerobes from Refs. [47,95], of eukaryote algae from Ref. [21], of algal anaerobic
enzymes from Ref. [61], of land plants from Ref. [13], and for the eukaryote age from Refs. [8,30]. PAL: percent of present atmospheric level. GOE: great oxidation
event. The GOE marks the appearance of continuous atmospheric O2 in the geochemical record [17,26,27,30–33].

evolution, almost a billion years later.
Many protists today still inhabit environments where virtually no
free O2 is available, such as anaerobic sediments [18,38–41], and new
species are still being discovered [42]. In addition, numerous species, in
particular among the ciliates, harbor methanogenic archaea that live as
endosymbionts within their hosts [43,44], methanogens being among
the strictest anaerobes known [45]. The terms microaerophilic and
anaerobic can be equally applicable for many protists. Few eukaryotes
studied in detail so far are truly strict anaerobes, in that most of them
regularly encounter a bit of O2 in their natural habitats. Accordingly,
they have enzymes for O2 removal, including NAD(P)H oxidases (also
called NAD(P)H-dependent O2 reductases or diaphorases) [46,47] and
ﬂavodiiron proteins [48]. Hence, they can readily tolerate and remove
small amounts of O2. Some eukaryotic anaerobes actively make their
environment anaerobic. For example, Trichomonas vaginalis liquid
medium can be prepared with ambient oxygen, a dense inoculum will
consume the oxygen by glycolytic glucose breakdown to pyruvate. This
generates NADH that is spent to reduce the O2 to water via NADH
oxidase. Once the O2 is gone the cells express their O2 sensitive enzymes
which will allow pyruvate to enter the hydrogenosome, an anaerobic
form of mitochondria, and provide additional ATP.
NADH oxidases are not just detoxifying enzymes, they aﬀord redox
balance. Trichomonas provides a case in point. If Trichomonas is grown
with 1/1000th of today's ambient O2 levels, it grows twice as fast as
when grown under strictly anaerobic conditions [49]. The reason is not
that O2 helps it synthesize some required cofactor, rather the reason is
that the cytosolic NADH oxidase reoxidizes NADH for the glycolytic
activity faster than the H2-producing pathway of the hydrogenosome
does. Redox balance is the key. ATP synthesis via glucose oxidation
requires that electrons be excreted in end-products. In the presence of
trace amounts of O2, Trichomonas can thus grow somewhat faster,
simply because it can more readily regenerate NAD+ for glycolysis than
in the complete absence of O2. The use of trace amounts of O2 alters
redox balance in energy metabolism and thus leads to the excretion of
diﬀerent end-products [47,49]. Like many eukaryotic anaerobes,
however, Trichomonas can grow indeﬁnitely in the complete absence of
O2. Some eukaryotic anaerobes such as Giardia and Entamoeba that
possess NADH oxidases, but do not typically generate H2 for redox

account of atmospheric oxygen is summarized in Fig. 1.
The appearance of the ﬁrst fossil animals about 580 My ago [22] or
558–571 My ago [23,24], does not mean that the animal lineages arose
at that time. Molecular data has it that metazoan radiation predated the
appearance of the ﬁrst fossil animals by many millions of years [25,26].
The implication is that the ﬁrst animal groups, which evolved from
unicellular eukaryotes (protists), arose at a time before the oceans were
fully oxic. One interpretation for the sudden appearance of diverse
animal groups in the Cambrian explosion is that the animals were already there, but did not leave fossil imprints until rising O2 levels
permitted collagen synthesis, which is an O2-dependent process because
the enzyme that hydroxylates proline in collagen, making the coiledcoil protein rigid (amenable to leaving body fossil imprints), requires
O2 as a substrate [27]. Collagen provides an example of oxygen imposing its presence upon organisms that arose and existed at low
oxygen levels but responded to rising O2 levels. Collagen is the most
abundant protein in animals [28]. The enzymes that introduces hydroxyl residues into proline in collagen are prolyl hydroxylases [29]. In
the Fe2+-dependent enzymatic mechanism, one oxygen atom of O2
becomes a hydroxyl group of hydroxyproline in collagen, the other
oxygen atom cleaves 2-oxoglutarate into succinate and CO2 [29]. Proline on collagen can be hydroxylated at carbons 2, 3, or 4 and multiple
hydroxylations can occur. Posttranslational hydroxylation makes the
coiled-coil protein more rigid [28]. All known collagen hydroxylases
are strictly O2-dependent and have a similar reaction mechanism.
2. Oxygen and energy metabolism
Understanding the oxygen requirements of the ﬁrst eukaryotes can
inform us about their origin and their ancestral physiological state. This
requires information about eukaryote age, diversity in eukaryote energy metabolism, and the evolution of the enzymes underpinning their
energy metabolism. Eukaryote age is fairly uncontroversial. Eukaryotes
originated at least 1.6 Gy ago, as fossils of eukaryotic protists are found
in rocks of that age [30–34] and molecular estimates for the timing of
eukaryotic evolution are consistent with that view [25,26,35–37]. Eukaryotes can be taken to have arisen about 1.6 Gy ago, at a time when
anoxic environments were more widespread than at the dawn of animal
280
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Higher plants use a similar FeS cluster degradation strategy but a
diﬀerent protein. The higher plant O2-sensing protein is called Gollum,
it is directly derived from Fe-HYD [60]; higher plants lack active FeHYD, but Fe-HYD is very common in algae [61]. Bacteria use the same
principle of oxidative 4Fe4S cluster decay to sense O2. Their solutions
entail a handful of diﬀerent FeS cluster containing proteins that have
been independently recruited in diﬀerent bacterial lineages to function
as transcriptional regulators [62], the regulatory activity of which is
modulated by O2-dependent oxidation of the FeS cluster. It is not at all
surprising that plants, animals, and diﬀerent groups of bacteria independently evolved FeS-dependent O2-sensing mechanisms, because
high O2 levels arose late in evolution, as late as land plants origin
(Fig. 1), such that evolutionarily well diﬀerentiated eukaryotic and
prokaryotic lineages independently faced the challenge of physiological
responses to the late appearance of high O2 levels. It should however be
stressed that the O2-sensitivity of PFO and HYD, though the focal point
of the anaerobic lifestyle in protists like Trichomonas, Giardia, and Entamoeba, does not stop O2-producing algae like Euglena and Chlamydomonas from using their PFO and Fe-HYD enzymes at ambient O2 levels (21% v/v) [47,61], indicating that there are diﬀerences across
eukaryotic lineages regarding O2-sensitivity for PFO and Fe-HYD,
founded either in inherent enzymatic properties or FeS cluster assembly
and repair, that have so far not been identiﬁed at the molecular level.

balance, excrete organic end-products like ethanol, which is more reduced than lactate or acetate, instead [47]. There are reports that the
anaerobic protozoa Giardia, Entamoeba and Trichomonas can survive in
culture medium exposed up to air containing up to 5% [v/v] O2, but
because they possess NADH oxidases they hence can render their airexposed culture medium anoxic as long as oxidizable substrates such as
glucose or amino acids are available [50].
The oxygen-sensitivity of many eukaryote anaerobes is tightly
coupled to their energy metabolism and resides in a few enzymes of
pyruvate metabolism that have oxygen sensitive FeS centers: pyruvate:ferredoxin oxidoreductase (PFO or PFOR) and FeFe-hydrogenase
(Fe-HYD), proteins that were ﬁrst characterized in eukaryotes from the
hydrogenosomes of trichomonads [51]. In trichomonad hydrogenosomes, PFO catalyzes the coenzyme A (CoA) dependent oxidative decarboxylation of pyruvate, analogous to the more familiar pyruvate dehydrogenase (PDH) reaction in mitochondria. In O2-dependent
mitochondria, PDH oxidizes pyruvate to acetyl-CoA, CO2 and NADH,
which is reoxidized to NAD+ by the respiratory chain, where the
electrons from pyruvate are transferred to O2 as the terminal acceptor
and leave the cell as the end-product, H2O. In trichomonad hydrogenosomes, PFO oxidizes pyruvate to acetyl-CoA, CO2 and reduced
ferredoxin (Fd–), a FeS cluster containing protein that serves as a soluble one electron carrier. Fd– is reoxidized by Fe-HYD, an FeS cluster
containing enzyme that transfers the electrons from pyruvate to protons, generating H2 gas that leaves the cell as a metabolic end-product
[47,53]. In O2-respiring mitochondria, acetyl CoA is oxidized to CO2 in
the Krebs cycle, the electrons enter the respiratory chain and are
transferred to O2, generating transmembrane ion gradient and chemiosmotic ATP synthesis [54]. In hydrogenosomes, a two-enzyme cycle
operates instead of the Krebs cycle. An acetate:succinate CoA transferase (ASCT) generates acetate as a metabolic end-product and succinyl-CoA, the substrate for succinyl-CoA synthase (SCS; also called
succinate thiokinase, STK), which conserves the energy in the thioester
bond as ATP via substrate level phosphorylation.
One might wonder how it can be possible that O2-sensitivity can
reside in just one or a few enzymes of ATP synthesis. For amino acid or
cofactor biosynthetic pathways, the situation is simple. An organism
can easily circumvent an O2-sensitive enzyme for amino acid or cofactor biosynthesis by simply becoming auxotrophic for the corresponding compound (obtaining the compound from food). Indeed, the
vast majority of O2-dependent reactions in metabolism are for the
oxidative breakdown of compounds, rather than biosynthesis [55], and
almost all eukaryote anaerobes have vitamin or amino acid auxotrophies or cannot be cultured axenically. But ATP is a diﬀerent matter.
Humans generate and use about one body weight of ATP per day. A
microbe such as Escherichia coli weighs about 1 pg and generates about
20–60 billion ATP per cell division [56], corresponding to 16–48 body
weights of ATP synthesized per cell division. If an organism cannot
synthesize ATP in the presence of O2, it cannot survive, hence it makes
no diﬀerence whether any of its other pathways are O2-sensitive or not.
The same principle applies to the evolution of amino acid or vitamin
auxotrophies: An animal with a normal diet will starve to death before
it dies of a speciﬁc amino acid or vitamin deﬁciency. None of the eukaryotic enzymes of glycolysis or aerobic ATP synthesis in mitochondria are O2-sensitive. The O2-sensitivity of eukaryotic anaerobes resides
in the FeS clusters of PFO and Fe-HYD.
There are a number of FeS centers in the electron transport chain of
O2-respiring mitochondria, nine in complex I alone [57] but they are
not readily inactivated by O2. However, FeS centers have a natural
tendency to be oxidized by O2. That is the basis of many O2-sensing
systems. In some animal lineages, a cellular oxygen-sensing system
exists that employs a cytosolic homologue of the Krebs cycle enzyme
aconitase, which has a 4Fe4S cluster. The cytosolic homologue is called
the iron responsive element binding protein, or IRE-BP, it participates
in signaling of O2 levels via O2-dependent degradation of the 4Fe4S
center [58,59].

3. Animal O2 sensing and the hypoxia induced factor (HIF)
The main and most important O2-sensing system in animal cells is
HIF (for hypoxia-inducible factor). HIF is a protein, a transcription
factor. The HIF pathway is present and operational in all animal
lineages [63] tracing back to placozoa. The O2 levels at which HIF
sensing elicits a response diﬀers across lineages. Caenorhabditis elegans
and other worms that live in soil live at low oxygen levels. Given a
choice, Caenorhabditis prefers oxygen levels between 7 and 14% O2,
below 1% Caenorhabditis accumulates HIF as a warning signal [64]. By
contrast, humans require O2 levels above about 14% for good brain
function [65] and above about 5%, corresponding to the O2 partial
pressure at 8000 m altitude (the “death zone”) for survival [66].
HIFs sense O2 through a mechanism involving prolyl hydroxylases
(the same family of enzymes that hydroxylate collagen) [67,68]. HIFs
are obligate heterodimers that consist of an oxygen regulated HIF-α
subunit and a stable HIF-β subunit. HIF-α subunits heterodimerize with
the constantly expressed HIF-β subunits and when this dimer accumulates it binds to hypoxia response elements (HREs), which results in
increased transcription of genes for low oxygen response. However,
under normal O2 levels HIF does not accumulate. That is because HIF-α
is a good substrate for prolyl hydroxylases (PHDs) that hydroxylate
proline residues in HIF-α in a reaction that requires O2 as a substrate.
Hydroxylated HIF-α binds a protein called von Hippel-Lindau (VHL),
which in turn recruits a ubiquitin protein ligase that attaches ubiquitin
to the HIF-VHL complex. Ubiquitinylation is a signal that designates the
complex for degradation in the proteasome (a large protein digesting
complex). Thus, when O2 is around, HIF-α is degraded and the heterodimer is not formed. When O2 is lacking, the HIF dimer accumulates
and when it accumulates it activates genes to elicit the physiological
responses [67,68].
The main physiological response to HIF in animal cells is a shift in
energy metabolism from respiratory ATP synthesis in mitochondria to
glycolytic ATP synthesis by diverting glycolytic ﬂux at pyruvate
through activating the transcription of many genes [67]. Under hypoxic
conditions, HIF activates genes encoding glucose transporters and glycolytic enzymes, thereby increasing the ﬂux of glucose to pyruvate. At
the same time, HIF increases transcription of pyruvate dehydrogenase
kinase, which inactivates (via phosphorylation) pyruvate dehydrogenase, the mitochondrial enzyme that converts pyruvate to acetylCoA for the Krebs cycle. HIF also activates transcription of lactate dehydrogenase, which provides glycolytic redox balance by converting
281
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maybe the Km of mitochondrial cytochrome c oxidase of 0.1–10 μM for
O2 simply reﬂects environmental O2 concentrations that existed at the
time that eukaryotes arose, we suggest here.

pyruvate to lactate. Furthermore, HIF activates transcription of two
nuclear encoded mitochondrial proteins called BNIP3 and BNIP3L,
which induce mitochondrial-selective autophagy, a process in which
cells digest their own mitochondria.
The role of HIF goes beyond energy metabolism. In mammals, embryogenesis occurs at O2 concentrations of 1%–5%, rather than 21%,
and HIF mediates the morphogenic role of O2 in various developmental
systems [69]. There are also O2-dependent proteins that hydroxylate
the methylene group of asparaginyl residues in HIF-α; the hydroxylase
is called factor inhibiting HIF, or FIH, and it intervenes with the interaction between HIF-α with the co-activator p300, thereby impairing
HIF transcriptional activity. The enzymatic mechanism of FIH and HIF
prolyl hydroxylases is the same: one oxygen atom in O2 introduces a
hydroxyl group into a methylene group of the substrate amino acid side
chain while the other oxygen atom cleaves 2-oxoglutarate into succinate and CO2 [70]. There is an immense literature on HIF because
cancer cells shift from mitochondrial ATP synthesis to glycolytic ATP
synthesis [71] and HIF is involved in that shift [67,68]. The observation
that the HIF sensing system is conserved in terms of components and
function back to the metazoan common ancestor clearly indicates that
the ﬁrst animals arose in environments where they were confronted
with low oxygen, and that the response to low oxygen has remained
indispensable to the present.

5. Living in O2 comes at a steep energetic price
In mammals, as an example of eukaryotes with O2 respiring mitochondria, the ATP yield is about 30 ATP per glucose [54]. In O2 respiring eukaryotes like yeasts, that lack complex I, the yield is lower
[77]. In trichomonads the yield is 4 ATP per glucose [53]. The use of O2
as a terminal acceptor in respiratory chains is generally regarded as a
substantial energetic advantage, that apparent advantage is also still
discussed as an evolutionary factor in some models for mitochondrial
origin [78] (but see rebuttal by Garg and Martin [79]). Curiously, the
notion that oxygen (via oxidative phosphorylation in mitochondria)
boosts the overall energy yield from glucose by a large factor has a
caveat worth exploring. How so? The ATP yield per glucose for mammalian mitochondria is 30 [54], 7.5-fold greater that for fermentations
in eukaryotic anaerobes with hydrogenosomes [47]. That would make
the O2 “boost” factor 7.5, but eukaryotes that lack hydrogenosomes and
have anaerobically functioning mitochondria instead, like the liver
ﬂuke, generate 5 ATP per glucose [80], reducing the ATP yield factor in
the comparison of “with O2" vs. "without O2" to about 6. But a factor of
6 is still apparently a big boost, or is it? Probably not. Why?
There is an important but not widely recognized relationship between oxygen and cellular energy: The synthesis of chemical constituents of cells (amino acids, bases, lipids) from glucose and ammonium demands about 13 times more energy per cell in the presence of
O2 than in the absence of O2 [81,82]. The reason is that the synthesis of
the chemicals that comprise cells is thermodynamically much more
favorable under anaerobic conditions than it is in the presence of
oxygen [81,82]. The equilibrium in the reaction of cell mass with O2
lies very far on the side of CO2 and H2O. By contrast, in the absence of
O2, the equilibrium of the reaction of H2 with CO2 lies far on the side of
reduced carbon compounds [83], which is probably the main reason
why the ﬁrst cells on Earth were anaerobes that lived from the reaction
of H2 with CO2 [84,85].
Thus, although the ATP yield from glucose is 6-fold higher in the
presence of O2, the energetic cost of living in an atmosphere containing
21% oxygen is 13-fold higher than for anaerobic environments. Life on
O2 turns out to be twice as expensive as for anaerobes. Fortunately, the
expense is less severe if one does not have to synthesize all cell constituents from glucose and ammonium. Indeed, for many eukaryotic
heterotrophs, glucose is not the main source of nutrition in nature,
amino acids are [86]. But still, in the presence of O2, it costs cells more
energy to assemble their components than in the absence of O2, and life
in the presence of a strong oxidant comes at an energetic price [81,82]
that is easy to overlook. What mitochondria did for eukaryotes, energetically, was not to boost the energy yield per glucose, but to provide
internalized bioenergetic membranes that boost the energy per gene
[87,88].

4. Molecular fossils of ancient O2 levels in physiology
Though it might be tempting to try to infer ancient O2 levels at
animal origin from the O2 levels that are required to induce HIF-dependent hypoxia signaling, the situation is not that simple. The reason
is that the O2 aﬃnity of prolyl hydroxylases does not by itself determine
the rate of HIF protection from degradation. The reported Km values for
prolyl hydroxylation of HIF vary from around 10–15 μM (the aqueous
O2 concentration corresponding to roughly 5% of ambient O2 levels) to
roughly 250 μM (the aqueous O2 concentration corresponding to ambient O2 levels), but the physiological hypoxia response depends on the
rate at which non-hydroxylated HIF-α accumulates in the cell, which
depends on the rate of degradation of the hydroxylated factor at the
proteasome, which in turn depends upon the concentration of the HIF
protein co-substrate as well as the prolyl hydroxylase, the Km and
concentration of the co-substrate 2-oxoglutarate, and the presence of
competitive 2-oxoacid inhibitors like pyruvate or oxaloacetate [72].
Nonetheless it is clear that when no O2 is available for HIF prolyl hydroxylation, the animal cell undergoes a hypoxic response [67,72].
If one was nonetheless tempted to infer environmental O2 concentrations at the time of eukaryote origin from modern enzymatic
parameters, the Km for O2 of the A1 type cytochrome c oxidase, the
mitochondrial terminal oxidase, would provide an estimate. The A1
type terminal oxidase that functions in mitochondria has the highest Km
for O2 (lowest aﬃnity for O2) of the terminal oxidases currently known,
suggesting that it arose late in the evolution of O2 reductases that serve
as bioenergetic terminal oxidases [73]. Only the alternative oxidases
(AOX), which have a redox balance function for the quinone pool [74]
have a higher Km for O2 among membrane associated oxygen reductases
[73]. The Km of mitochondrial cytochrome c oxidase for O2 value lies in
the range of 0.1–10 μM [73,75], which corresponds to about 0.04%–4%
(avg. 0.4%) of present atmospheric levels, or less than 1% [v/v], which
is very much in line with corresponding estimates from geochemical
data [17,47]. It is well known among biochemists, from experience and
observation, that enzymes tend to have a Km for their substrate that is
close to the physiological concentration of the substrate [76]. In that
way the enzyme will display signiﬁcant activity and yet the activity will
be sensitive to changes in environmental conditions, i.e. substrate
concentrations. Hence the Km of mitochondrial terminal oxidase has
been a kind of enigma [75], because it corresponds to an O2 concentration that is orders of magnitude lower than modern levels. Given
what we now know about enzymes, anaerobes and O2 in earth history,

6. Oxygen and the ﬁrst eukaryotes: two views
Currently, there are two mutually exclusive views about oxygen
demands of early eukaryotes and their subsequent evolution. One view
has it that the earliest eukaryotes were strict aerobes which at diﬀerent
occasions and by means of interdomain and intradomain lateral gene
transfer (LGT) adapted to hypoxic and anoxic conditions at unspeciﬁed
times during Earth history [89–97]. Proponents of the LGT view argue
that eukaryotes throughout their evolutionary history were unable to
survive hypoxia, and therefore had to acquire genes via lateral transfer
in order to gain ecological access to anaerobic environments. The
common theme behind the “aerobes ﬁrst, anaerobes late” LGT theory is
that the ability to survive anaerobiosis was not present in the eukaryote
common ancestor, but entered the eukaryotic lineage late in evolution
282
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Today we know ﬁve diﬀerent functionally characterized classes of
mitochondria, all descended from one and the same endosymbiotic
event [47,103]: Classical aerobic mitochondria which perform oxidative phosphorylation (OXPHOS) and use oxygen as the terminal electron acceptor (class 1), such as those found in rat liver; anaerobic mitochondria that produce ATP via OXPHOS but can use terminal electron
acceptors other than oxygen, such as fumarate (class 2) as are found
among several groups of invertebrates [80,112]; hydrogen-producing
mitochondria possess a proton-translocating electron-transport chain
but can also donate electrons of substrate oxidation via a hydrogenase
to protons (class 3), which have so far only been characterized in ciliates like Nyctotherus ovalis [113]; hydrogenosomes (class 4), which
occur in anaerobic groups of fungi, ciliates, trichomonads and other
protists [47]; and mitosomes (class 5) which are found in some Microsporidia, Amoebozoa and Excavata [114,115]. Of the ﬁve classes of
organelles of mitochondrial origin (OMOs), all but class 5 generate ATP
from the breakdown of carbon compounds, but only class 1 and —
dependent on environmental conditions or life cycle stage — class 2
generate ATP with the help of molecular oxygen [47]. So far, only class
1 and 2 mitochondria have been found in animal lineages. Other mitochondrial variants have been proposed from genome sequencing data
[97,116], for example in Naegleria [108], but biochemical characterization revealed a functional map of mitochondrial energy metabolism
for Naegleria [109] that contained none of the fermentation pathways
proposed from the genome analysis.
Anaerobic forms of mitochondria and eukaryotic anaerobes occur in
all of the six major groups of eukaryotes that biologists currently recognize [117], even within the animals. Anaerobic and hypoxic
(oxygen-poor)
environments
are
replete
with
eukaryotes
[18,38–41,80,112,118–123]. The following survey is adapted and updated from an earlier overview [102].

(after diversiﬁcation of the major eukaryotic lineages) via LGT from
anaerobic prokaryotes in multiple independent transfers [90–98]. A
general critique of LGT theories for eukaryote anaerobe origin recently
appeared [99], and a defense of the LGT theory appeared [100]. Proponents of eukaryote anaerobe origins via LGT will make their case in
their contribution to this volume, we do not need to argue their case for
them here, instead we will focus on our own interpretation of the
evolutionary signiﬁcance of eukaryotic anaerobes.
The alternative view, which we have been advocating for some
time, is that the free-living ancestors of mitochondria were themselves
facultative anaerobes [47,80,88,99,101–104] with a diversity of bioenergetic enzymes suited to survival with or without O2 [47,105,106]
and that the earliest eukaryotes were themselves facultative anaerobes
that possessed facultatively anaerobic mitochondria [47,80,101]. This
allowed them to conserve energy from their environment and to survive
under a wide range of oxygen concentrations [47,101]. Under this
view, the ability of eukaryotes to survive in anaerobic environments
was present in the eukaryote common ancestor and that modern eukaryote anaerobes have simply persisted from the low oxygen past
(Fig. 1) via vertical evolution, by virtue of not having adapted to high
O2 niches.
This “anaerobes early” view directly accounts for a number of observations. First it explains why eukaryotic anaerobes from diverse
lineages can survive hypoxic and anoxic conditions using overlapping
subsets of a small set of only about 50 enzymes that were present in the
eukaryote common ancestor [47], the core set being even smaller [80].
One might complain that 50 is not a small set of enzymes, but to put
things in perspective, mitochondrial complex I alone contains 58 different subunits. Second, anaerobic eukaryote lineages are distributed
all across the tree of eukaryotic life, interleaving with their aerobic
relatives [47,101,102], indicating independent ecological specializations to low and high oxygen environments as the latter appeared
during eukaryote evolution.
Because enzymes for aerobic and anaerobic energy metabolism
were present in the eukaryote common ancestor, their vertical inheritance into the common ancestor of animals is not surprising, nor is
the diﬀerential loss of unneeded enzymes in lineages that have specialized to strictly aerobic and anaerobic habitats, respectively
[88,107]. Moreover, the enzymes involved in anaerobic energy metabolism are also found in some aerobes, including the algae [61]. A recent example is instructive. The genome of Naegleria gruberi, a relative
of the brain-eating parasite Naegleria fowleri, was sequenced a few years
back. Its genome harbored enzymes once thought to be speciﬁc to eukaryotic anaerobes, from which a metabolic map of anaerobic energy
metabolism was proposed [108]. More recently it was found that
Naegleria gruberi is a strict aerobe, generating ATP living from O2-dependent lipid oxidation [109]. The presence of genes for anaerobic
energy metabolism in a strict aerobe is very diﬃcult to explain as the
result of selection operating on LGT events [100]. By contrast the
anaerobes early view requires no special mechanisms other than normal
ecophysiological specialization, and it meshes seamlessly with the
evidence for late O2 accumulation in earth history (Fig. 1).

8. Anaerobic animals (opisthokonts)
The familiar map of mitochondrial ATP synthesis in eukaryotes that
use oxygen as the terminal acceptor is shown in Fig. 2. Many animals
exist that do not use oxygen as the terminal electron acceptor in ATP
synthesis, hence they produce end-products other than water. The

7. How do eukaryote anaerobes harness energy as ATP?
In the late 1990s it became generally accepted that hydrogenosomes
are anaerobic forms of mitochondria, placing the origin of mitochondria deeper in eukaryotic history than anyone had imagined. The discoveries of very highly reduced forms of mitochondria — mitosomes
[110,111] — in those eukaryotic lineages that possessed neither classical mitochondria nor hydrogenosomes, placed the origin of mitochondria as deep in eukaryotic history as any other trait that separates the eukaryotes from the prokaryotes. On top of that came the
realization that eukaryotic anaerobes are distributed all across the eukaryotic tree, not just in obscure, restricted, or suspectedly primitive
groups.

Fig. 2. Generalized metabolic scheme of pyruvate oxidation and oxidative
phosphorylation in a typical oxygen-respiring mitochondrion, for example,
from rat liver. The map is redrawn after [47]. I to IV, respiratory complexes I to
IV; A, ATPase; C, cytochrome c; PDH, pyruvate dehydrogenase complex; U,
ubiquinone.
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Fig. 3. Major pathways of the facultative
anaerobic energy metabolism in mitochondria of the mussel Mytilus edulis. The map is
redrawn after [47]. Living attached to hard
substrates, like rocks, in intertidal habitats,
the bivalve has to face anaerobiosis periodically. Oxygen-independent cytosolic energy metabolism produces ATP via substrate-level phosphorylation accompanied
by the formation of various end-products,
including octopine, strombine, and alanine
[128], which are boxed here. Under conditions of prolonged anaerobiosis, propionate
is preferentially formed instead of succinate
in mitochondria. Fumarate reduction is
electron transfer chain coupled, and rhodoquinone serves as an electron donor to
fumarate reductase. I to IV, respiratory
complexes I to IV; A, ATPase; ALT, alanine
aminotransferase; ASCT, acetate:succinate
CoA transferase (subfamily 1B); AST, aspartate aminotransferase; C, cytochrome c;
FH fumarase; FR, fumarate reductase; MDH,
malate dehydrogenase; ME, malic enzyme;
PDH, pyruvate dehydrogenase complex;
ODH, octopine dehydrogenase; PEP-CK,
phosphoenolpyruvate carboxykinase (ATPdependent); PK, pyruvate kinase; R, rhodoquinone; SCS, succinyl-CoA synthetase;
SDH, strombine dehydrogenase; U, ubiquinone.

produced [47,80,112,124].

typical end-products are CO2, acetate, succinate, and propionate
[47,120,124,125]. Among the animal lineages, the enzymatic details of
anaerobic mitochondria have been studied only in a few model organisms [121]. The model systems reveal, however, minor variations
on a conserved common theme called malate dismutation [121].
Among the animals, which belong to the eukaryotic supergroup
called opisthokonts [117], many free-living marine invertebrates including various worms, mussels, and crustaceans, inhabit anaerobic
environments or must survive under anaerobic conditions for prolonged
periods of time. Their energy metabolism has been summarized in
various extensive reviews [47,120,124–126]. The anaerobic energy
metabolism of these animals very often entails the excretion of succinate as an end-product, whereby succinate is usually accompanied by
propionate and acetate, and mixtures thereof are more the rule than the
exception [47,80,118,120].
The anaerobic ATP-generating biochemistry of various marine invertebrates serves as an example here [118,124–127]. Fig. 3 shows the
one from the mussel Mytilus edulis. It closely parallels that characterized
for several parasitic worms [80,112,129–131]. In succinate-producing,
anaerobically functioning mitochondria (class 2), malate entering the
mitochondrion is converted to fumarate, the terminal electron acceptor.
Fumarate reductase (FRD) donates electrons from glucose oxidation to
fumarate, yielding succinate. FRD requires a particular electron donor,
rhodoquinone (RQ), that is reduced at complex I [47,80,121]. Complex
I pumps protons from the matrix into the intermembrane space, allowing ATP synthesis via the mitochondrial ATPase. Succinate is either
excreted as the end-product or it is participating in further reactions
involving additional ATP gain through substrate level phosphorylation,
whereby two additional end-products, acetate and propionate, are

9. Trichomonads (Excavata)
Trichomonads are anaerobic eukaryotes belonging to the large and
diverse supergroup of eukaryotes called Excavata [117]. They possess
hydrogenosomes (class 4), which are anaerobic forms of mitochondria
that produce molecular hydrogen as an end-product of ATP synthesis as
shown in Fig. 4 [44,47,133–135]. Hydrogenosomes were discovered in
the anaerobic ﬂagellate Tritrichomonas foetus [51] and subsequently
found among ciliates [136], chytridiomycete fungi [137], and amoeboﬂagellates [138]. The paradigm for hydrogenosomal metabolism
stems from work on the hydrogenosomes of the parabasalian ﬂagellate
Trichomonas vaginalis, the causative agent of a sexually transmitted
disease in humans (trichomoniasis), and Tritrichomonas foetus, a pathogen of the bovine intestinal and reproductive tract [132,139–141].
The typical end-products of the hydrogenosomal energy metabolism
in trichmonads are one mol each H2, CO2, and acetate along with one
mol of ATP [53]. Pyruvate and malate from glucose or glycogen degradation can be imported from the cytosol into the hydrogenosome.
Malate is then converted in the organelle into pyruvate via malic enzyme [142,143]. Pyruvate is decarboxylated by pyruvate:ferredoxin
oxidoreductase (PFO) in hydrogenosomes [132,143,144], generating
CO2, acetyl-CoA, and reduced ferredoxin (Fd–). Fd– carries electrons to
a ferredoxin-dependent [Fe]-hydrogenase [145–147], which donates
them to protons to generate molecular hydrogen [132,144]. The CoA
moiety of acetyl-CoA (from the PFO reaction) is transferred to succinate
by acetate:succinate CoA transferase (ASCT), yielding acetate as an endproduct, and succinyl-CoA. ATP is synthesized from ADP and Pi
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Fig. 4. Major pathways of the anaerobic,
molecular hydrogen-producing, fermentative metabolism in hydrogenosomes of the
ﬂagellated protist Trichomonas vaginalis.
The map is redrawn after [47]. Hydrogenosomal pyruvate breakdown involves
pyruvate:ferredoxin oxidoreductase and
functional 51-kDa and 24-kDa subunits of
the NADH dehydrogenase module in complex I, which reoxidize NADH stemming
from malate oxidation [52,139,144]. The
51-kDa and 24-kDa subunits of mitochondrial complex I function in association with
[Fe]-HYD in Trichomonas [144]. Additional
major end-products of cytosolic fermentations in T. vaginalis include alanine, lactate,
ethanol, and glycerol [53]. End-products
are boxed. ADH, alcohol dehydrogenase
(NADPH-dependent); ALT, alanine aminotransferase; ASCT, acetate:succinate CoA
transferase (subfamily 1C); 24 kDa/51 kDa,
24-kDa and 51-kDa subunits of the NADH
dehydrogenase module of complex I; Fd,
ferredoxin; HYD, hydrogenase; LDH, lactate
dehydrogenase; MDH, malate dehydrogenase; ME, malic enzyme; PDC, pyruvate decarboxylase; PEP-CK, phosphoenolpyruvate
carboxykinase
(GTPdependent); PFO, pyruvate:ferredoxin oxidoreductase; PK, pyruvate kinase; SCS,
succinyl-CoA synthetase.

parvum, but as a fusion protein that uses NADP+ as electron acceptor,
rather than ferredoxin [164,165].
Trichomonas vaginalis typically experiences oxygen stress in its natural environment, for example during the transmission from one host to
the other or with ﬂuctuating vaginal oxygen levels during the menstruation cycle [166–168] and hence must possess mechanisms to avoid
inactivation of oxygen-sensitive enzymes and to remove reactive
oxygen species (ROS). T. vaginalis can readily tolerate O2 in small
amounts [169]. Glutathione, a widespread antioxidant among eukaryotes, is absent in T. vaginalis, with cysteine possibly acting in its
place [170]. A cytosolic NADH oxidase transfers four electrons directly
to O2, yielding water [175,176]. The free energy available in this highly
exergonic reaction is conserved neither as a proton gradient nor as ATP,
the NADH oxidase acts as an O2 scavenger.
Individual proteins shown to be up-regulated during oxygen stress
in T. vaginalis include superoxide dismutase (SOD) [169–171] and
peroxiredoxins [169,172], ubiquitous enzymes that are thought to be
central to defenses against ROS [173]. Thioredoxin reductases are also
present in T. vaginalis as a component of the hydrogenosomal thioredoxin-linked antioxidant system [174].
Thus, O2 is both a toxin and a minor alternative acceptor for
achieving redox balance in many anaerobic protists, and NADH oxidases of the type possessed by Trichomonas [171] are very widespread.
The enzyme from Trichomonas [175,176] and that from the ﬂagellated
parasitic protist Giardia [177,178] have been characterized. Homologs
of the NADH oxidase genes reported for Giardia and the pathogen Entamoeba [178] are common among eukaryotic genomes. Trichomonas
possesses two diaphorases in the cytosol; the NADH-dependent enzyme
yields H2O only, whereas the NADPH-dependent enzyme in addition
yields H2O2 [179]. Giardia possesses a cytosolic NADH oxidase and a
membrane-associated NADH peroxidase [180]. Based on their biochemical properties, the eukaryotic enzymes are similar to the prokaryotic NADH oxidases and NADH peroxidases, which produce H2O2
instead of water [181].
In addition to NADH oxidases, eukaryote anaerobes can possess
ﬂavodiiron proteins that function as O2 scavengers, as characterized for

(inorganic phosphate) during the conversion of succinyl-CoA to succinate via substrate level phosphorylation, involving succinyl-CoA synthase (SCS), a canonical Krebs cycle enzyme [148]. The acetate-generating enzyme of hydrogenosomes, called ASCT (acetate:succinate
CoA transferase), was originally described for Tritrichomonas foetus
[149] and was characterized at the molecular level [150]. It is distinct
from the ASCT enzyme that generates acetate as an end-product in
trypanosome mitochondria [151,152].
Trichomonad hydrogenosomes contain components derived from
complex I of the mitochondrial respiratory chain that help to maintain
redox balance by reoxidizing NADH from the malic enzyme reaction
[144]. The 51 kDa and 24 kDa proteins from mitochondrial complex I
[144,153] take part in the production of H2 using NADH as electron
donor [144]. The potential involvement of NADH in H2 production, as
described by Hrdy et al. [144], might appear to be problematic at ﬁrst
sight, because the midpoint potential of NADH is not suﬃciently negative to generate H2. Even though it is not known yet to occur in
eukaryotes, the likely solution to this situation comes from a process
discovered for prokaryotes called electron bifurcation [154,155]: Schut
and Adams [156] showed that the trimeric [Fe]-hydrogenase of Thermotoga maritima operates in such a way as to accept one electron from
NADH and one electron from the low-potential reduced Fd– generated
by PFO per molecule of H2 produced. Despite the involvement of
NADH, the overall reaction is energetically favored because of the
participation of the low-potential ferredoxin, which drives the reaction
forward.
Trichomonad hydrogenosomes contain two enzymes that were once
thought to be speciﬁc to hydrogenosomes and speciﬁc to anaerobes:
pyruvate:ferredoxin oxidoreductase (PFO) and iron-only hydrogenase
([Fe]-HYD), the latter being the enzyme that produces H2 (Fig. 4). Both
enzymes occur also in the green alga Chlamydomonas reinhardtii
[47,61,157,158] and in eukaryotes that were once thought to lack
mitochondria altogether, such as Giardia intestinalis [47,111,159,160]
or Trimastix pyriformis [161]. PFO, which has several FeS clusters, and
its mechanism involves a radical intermediate [162,163], also occurs in
Euglena gracilis mitochondria and in the apicomplexan Cryptosporidium
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metabolic end-products measured for the anaerobic ciliate Trimyema
compressa included acetate, lactate, ethanol, formate and hydrogen
along with traces of succinate [205]. The biochemistry and the ecology
of the rumen ciliates Dasytricha ruminantium and Isotricha spp., were
reviewed by Williams [206].
One hydrogenosome-bearing anaerobic ciliate, Nyctotherus ovalis,
that inhabits the hindgut of cockroaches [207], attained attention for
being the only organism known at that time whose hydrogenosomes
still possess a genome [113]. According to Müller et al. [47] this protist
harbors organelles of a mitochondrial origin, considered to be a link
between mitochondria and hydrogenosomes, since this organelle unites
the hallmark features of mitochondria and those of hydrogenosomes, a
hydrogen-producing mitochondrion (class 3). On the one hand, it
contains DNA coding for respiratory chain components [113,208–210]
and an electron transport chain, and on the other hand it produces
hydrogen through an iron-only hydrogenase using protons as terminal
electron acceptors [113]. This ﬁnding established once and for all the
evolutionary identity of mitochondria and hydrogenosomes as diﬀerent
manifestations of one and the same organelle.
Nyctotherus was shown to consume glucose as a substrate and to
convert it to the major metabolic end-products acetate, succinate, lactate, and ethanol, which are excreted [113]. Acetate and succinate are
probably produced within the hydrogen-producing mitochondrion (see
Fig. 5), in which succinate production occurs via a part of the Krebs
cycle (malate-fumarate-succinate), used in a reductive direction [208].
Acetate is stemming from pyruvate, which is converted to acetyl-CoA
by pyruvate dehydrogenase (PDH) and subsequently to acetate by an
acetate:succinate CoA transferase (ASCT). The ASCT is belonging to
subfamily 1A, with sequence similarity to the ASCT from Trypanosoma
brucei [212]. ASCT transfers the CoA moiety of acetyl-CoA to succinate,
yielding acetate and succinyl-CoA, which is subsequently converted by
succinyl-CoA synthetase (SCS) with a concomitant ATP-production. The
oxidative decarboxylation of pyruvate to acetyl-CoA by PDH results in
the reduction of NAD+ to NADH. The oxidation of NADH in Nyctotherus
is thought to occur in part by a truncated electron transport chain in
which complex I passes the electrons from NADH through rhodoquinone to complex II, which then uses fumarate as an electron acceptor to
produce succinate. Another part of NADH is possibly reoxidized by the
[Fe]-hydrogenase, involving the 51- and 24-kDa subunits of complex I
that are C-terminally fused to the [Fe]-HYD catalytic subunit
[156,213], thereby releasing molecular hydrogen. The hydrogen-producing mitochondrion of Nyctotherus appears to generate a proton
gradient [113], possibly involving complex I of the electron transport
chain. This proton gradient is probably not used for ATP synthesis, as a
gene encoding an ATP synthase seems to be lacking [208]. The proposed metabolism of Nyctotherus, for which the metabolic end-products
have been characterized (Fig. 5), provided a good model, in terms of
gene presence or absence, for the inferred organellar metabolism of the
phylogenetically distant anaerobic stramenopile Blastocystis [208], for
which the metabolic end-products have not been characterized. Electron microscopy revealed the presence of methanogenic bacteria in
close association with these organelles in Nyctotherus, which demonstrates the in vivo production of hydrogen by the organelles [214]. The
presence of the [Fe]-hydrogenase gene in the genome of Nyctotherus
further indicates hydrogen production [213].
The free-living anaerobic amoeboﬂagellate Psalteriomonas lanterna
[138] belongs to a group of eukaryotes called ‘heteroloboseans’, which
are, like the trichomonads, members of the supergroup Excavata [117].
The presence of methanogenic endosymbionts within P. lanterna and
within the sister group P. vulgaris [138,215] serves as a positive biochemical bioassay that their organelles are producing hydrogen [43].
De Graaf et al. [216] identiﬁed several hydrogenosomal key-genes encoding proteins like PFO and a hydrogenase, but also mitochondrial
genes, like the mitochondrial complex I subunit (51 kDa). Furthermore,
a ferredoxin was identiﬁed in Psalteriomonas lanterna, which is similar
to the hydrogenosomal ferredoxin of Trichomonas vaginalis [217].

Trichomonas hydrogenosomes [48] and for Giardia [182]. They transfer
electrons to O2 to produce water [48]. Thus, the parasite seems to
utilize a sophisticated system to buﬀer oxygen stress, which includes a
cytosolic and a hydrogenosomal antioxidant system in combination
[172,174]. Flavodiiron proteins have close homologs encoded by several sequenced eukaryote genomes, including Entamoeba and several
green algae. One might wonder why green algae, which are typically O2
producers, should possess O2-scavenging enzymes typical of anaerobes.
The answer is probably one of successful generalist strategies. Some
algae, such as Chlamydomonas reinhardtii, can switch from O2 production to vigorous anaerobic growth in the dark within 30 min, producing
large amounts of H2 using very O2-sensitive enzymes for fermentative
ATP synthesis [158,183]; accordingly, O2 detoxiﬁcation is an issue for
Chlamydomonas and similar algae during anaerobic growth. Since
Chlamydomonas is a typical soil inhabitant [184], it can regularly encounter anaerobic conditions.
10. Fungi (opisthokonts): hydrogenosomes, denitriﬁcation, and
sulfur reduction
The fungi, like the animals, belong to the opisthokont supergroup
[117]. Some anaerobic fungi that live in low oxygen environments
possess hydrogenosomes (class 4). The energy metabolism of representatives from the genus Neocallimastix [135,137,185] and from
the genus Piromyces [186] has been studied. Typical end-products for
the anaerobic fungi are acetate, lactate, hydrogen, ethanol, and formate. The production of formate is the main diﬀerence to trichomonad
hydrogenosomes [187], it entails the activity of pyruvate:formate lyase
(PFL). Also, anaerobic fungi produce ethanol from acetyl-CoA by a bifunctional aldehyde/alcohol dehydrogenase (ADHE; also called alcohol
dehydrogenase E). The presence of PFL and ADHE distinguishes anaerobic fungi from trichomonads, but both enzymes also occur in Chlamydomonas [61,157,158], while ADHE is also found in a colorless relative of Chlamydomonas, Polytomella [157,188]. ATP is thought to be
generated in fungal hydrogenosomes by the same acetate-producing
SCS-ASCT route as in parabasalids, with acetate as the major end-product [186].
In Fusarium oxysporum, an ascomycete fungal pathogen of plants, an
interesting anaerobic respiratory pathway of ATP synthesis occurs —
denitriﬁcation, the conversion of nitrate to gaseous compounds, including nitrogen gas (N2) [189–193]. Denitriﬁcation has also been reported for benthic foraminifera [194], although the mechanisms remain
unclear. The possibility that denitriﬁcation in foraminifera is likely
catalyzed by endobionts, grouping in a phylogenetic analysis of 16S
rRNA genes within the γ-proteobacteria [195] is debated. Recently
evidence for a novel eukaryotic denitriﬁcation pathway encoded in
foraminiferal genomes was reported [196]. In Fusarium, denitriﬁcation
occurs under low-oxygen conditions, involves mitochondria, and entails
the oxidation of reduced carbon sources, such as ethanol, to acetate
with deposition of the electrons onto nitrate to generate N2O or NH3,
depending upon growth conditions [197–200]. Abe et al. [200] further
showed that metabolically ﬂexible Fusarium grows under anaerobic
conditions on a variety of reduced carbon sources using elemental
sulfur as the terminal electron acceptor, generating H2S as the reduced
end-product in a 2:1 M ratio relative to acetate. The use of elemental
sulfur as a terminal electron acceptor is unique among eukaryotes
studied so far.
11. Other eukaryotes with hydrogenosomes
The ciliates belong to the major eukaryotic supergroup called
‘chromalveolates’ [117], or based on the newer phylogenetic studies to
the supergroup SAR – acronym of stramenopiles, alveolates, and Rhizaria [201]. Several lineages of anaerobic ciliates possess hydrogenosomes [38,202,203]. The hydrogenosome-containing lineages are dispersed across the phylogenetic diversity of the group [103,204]. Major
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Fig. 5. Tentative map of major pathways of energy metabolism in hydrogen-producing mitochondria of the anaerobic ciliate Nyctotherus ovalis. The map is redrawn
after [47]. The incomplete Krebs cycle is likely used in the reductive direction [211]. A proton gradient is generated, probably by a functional respiratory complex I,
which passes the electrons from the NADH pool through rhodoquinone to complex II, acting as fumarate reductase synthesizing succinate [208]. Redox balance is
also achieved with the help of hydrogenase, releasing molecular hydrogen [113]. ATP can be synthesized by substrate-level phosphorylation, producing acetate. I,
respiratory complex I; II, fumarate reductase/succinate dehydrogenase; ADH, alcohol dehydrogenase (NADH-dependent); ALT, alanine aminotransferase; ASCT,
acetate:succinate CoA transferase subfamily 1A; FH fumarase; GDH, glutamate dehydrogenase; HYD, hydrogenase; KGDH, alpha-ketoglutarate dehydrogenase; LDH,
lactate dehydrogenase; ME, malic enzyme; R, rhodoquinone; PDC, pyruvate decarboxylase; PDH, pyruvate dehydrogenase; PK, pyruvate kinase; SCS, succinyl-CoA
synthetase.

et al. [110] has stuck. Mitosomes are smaller than mitochondria or
hydrogenosomes and have been subsequently found among Microsporidia [220], in Giardia [111], with the list of organisms having
previously overlooked forms of mitochondria growing rapidly
[90,133,161,221,222].
Because carbon ﬂux and energy metabolism in Entamoeba are
known to be cytosolic processes [140], the role of mitosomes in the core
energy metabolism, if any, can be peripheral at best. Enzymes of sulfate
activation were localized to the mitosomes of Entamoeba [221,223],
providing a perspective on mitosomal functions. Proteomic studies of
Giardia mitosomes revealed the presence of all key components of the
FeS cluster assembly machinery, including the cysteine desulfurase,
IscS, the scaﬀold proteins IscU, Nfu, and IscA, and monothiol glutaredoxin [224,225]. Mitosomes also contain [2Fe-2S]-ferredoxin, which
might provide the reducing equivalents required for the formation of
FeS clusters, and a complete set of chaperones that are involved in the

Comparisons of the organellar ultrastructure and hydrogenosomes
suggest that both organelles are very similar [216]. Thus, the Psalteriomonas organelles are classiﬁed as hydrogenosomes (class 4). Two
additional heteroloboseans living in anoxic environments were suggested to possess hydrogenosomes: Monopylocystis visvesvarai and Sawyeria marylandensis [218]. In addition to those mentioned so far,
several other eukaryotic groups are suspected to possess hydrogenosomes, too [90].

12. Groups with mitosomes
Mitosomes (class 5) are the most highly reduced forms of mitochondria known, which do not produce ATP. They were discovered
independently by Tovar et al. [110] and Mai et al. [219] in the human
intestinal parasite Entamoeba histolytica. Mai et al. [219] called the
organelle a “crypton”, but the name “mitosome” suggested by Tovar
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Fig. 6. Major pathways of the energy metabolism in the parasite Giardia intestinalis.
The map is redrawn after [47]. Giardia mitosomes are not directly involved in energy
metabolism but are involved in FeS cluster
biogenesis [111]. The typically hydrogenosomal (and sometimes mitochondrial)
enzymes PFO and [Fe]-HYD have been recompartmentalized to the cytosol during
evolution. Molecular hydrogen is produced
under strictly anoxic conditions [159], as
indicated by the dashed line. ACS, acetylCoA synthetase (ADP-forming); ADHE, alcohol dehydrogenase E; ALT, alanine aminotransferase; Fd, ferredoxin; HYD, hydrogenase; MDH, malate dehydrogenase; ME,
malic enzyme; PEP-CK, phosphoenolpyruvate carboxykinase (GTP-dependent);
PFO, pyruvate:ferredoxin oxidoreductase;
PPDK, pyruvate:orthophosphate dikinase;
PK, pyruvate kinase.

in eukaryotic evolution is still discussed. In autogenous models (complexity ﬁrst), the origin of phagocytosis poses the limiting step at eukaryote origin, with mitochondria coming late as an undigested growth
substrate. In symbiosis-based models (mitochondria ﬁrst), the host was
an archaeon, and the origin of mitochondria was the limiting step at
eukaryote origin, with mitochondria providing bacterial genes, ATP
synthesis on internalized bioenergetic membranes, and mitochondrionderived vesicles as the seed of the eukaryote endomembrane system
[86]. A highly reduced eukaryote, Monocercomonoides sp., which apparently lacks mitochondria altogether [239,240], has recently been
described. However, this amoeba branches within a eukaryotic group
that possesses mitochondria, such that the lack of mitochondria in
Monocercomonoides is a secondarily derived trait. Clearly, the ancestral
eukaryote was a very complex organism with the full set of traits that
distinguish eukaryotes from prokaryotes: mitochondria, an endomembrane system, a nucleus, meiosis, mitosis, a cell cycle, and the
like [86,104]. Reductive evolution is very common in both prokaryotes
[241] and eukaryotes [242]. Phagocytosis-ﬁrst theories predicted that
eukaryotes lacking mitochondria should be primitively amitochondriate, evidence of which was never more lacking than now.
A good bit of progress has been made in understanding the role of
mitochondria in eukaryote evolution in recent years. First, all eukaryote
lineages are now known either to have or to have had a mitochondrion
in their past [243]. Second, the host that acquired the mitochondrion
stems from a lineage that branches within the archaebacteria (or archaea), not as their sister [244–246]. Third, the presence of internalized
bioenergetic membranes was the key attribute provided by mitochondrial endosymbiosis, which aﬀorded eukaryotes many orders of magnitude more energy per gene than is available to prokaryotes [87].
Thus, while it has now been evident for some time that the common
ancestor of eukaryotes possessed a mitochondrion, it is now clear why
that was so: The lack of true intermediates in the prokaryote-to-

transfer of preassembled FeS clusters into apoproteins. Hence, mitosomes of some lineages have retained components of FeS cluster assembly [111,114] and others have retained components of sulfate activation [223]. This suggests that FeS protein assembly is the key
function of mitosomes in Microsporidia [114,226]. Other possible
functions might have to do with FeS cluster maturation and hydroperoxide detoxiﬁcation via the rubrerythrin system [227]. The Entamoeba genome encodes several [Fe]-hydrogenase homologs [228],
the presence of mRNA for a short-form [Fe]-hydrogenase in Entamoeba
was shown by reverse transcription (RT)-PCR [229], and the activity of
recombinant Entamoeba hydrogenase expressed in Escherichia coli was
reported, but endogenous hydrogenase enzymatic activity in Entamoeba
has not yet been described.
Although hydrogenosomes and mitosomes are both mitochondrionderived organelles [103,115,133,134], there is one important diﬀerence between them — mitosomes do not produce ATP. In two biochemically well-studied taxa that possess mitosomes, Entamoeba
[230,231] and Giardia, the enzymes of energy metabolism are localized
to the cytosol as shown in Fig. 6 [120]. The main end-products are
acetate and ethanol [139], although Giardia can also produce hydrogen
under highly anoxic conditions [159]. The enzymes involved in endproduct formation are PFO [232], ADHE [233], and acetyl-CoA synthase (ADP-forming) (ACS-ADP) [234,235]. AHDE allows electrons
from glucose oxidation to be excreted as ethanol while ACS-ADP yields
ATP through substrate-level-phosphorylation. In Entamoeba, ethanol
can also be produced via two additional alcohol dehydrogenases, ADH1
and ADH3 [236–238].

13. Eukaryotes lacking typical mitochondria
The last eukaryote common ancestor possessed mitochondria and
was a complex cell, but whether mitochondria or complexity came ﬁrst
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of their dry weight [262]. Acid mine drainage bioﬁlms mainly constituted by Euglena mutabilis contain large amounts of wax esters [265].
The wax esters are not excreted but accumulate in the cytosol instead
[262,263]. Under anaerobic conditions PDH protein levels decrease in
Euglena [257] and PFO is expressed, but as a fusion protein [164,165],
and a trans-2-enoyl-CoA reductase (NADPH-dependent) circumvents
the reversal of an O2-dependent step in β-oxidation [266,267]. Similar
to the situation in anaerobic mitochondria of metazoa (Fig. 3), Euglena's
wax ester fermentation involves mitochondrial fumarate reduction, and
thus utilizes RQ [257] for the synthesis of propionyl-CoA [268] via the
same route that the mitochondria of anaerobic animals use to excrete
propionate. Fatty acids are synthesized from acetyl-CoA condensation
with an acyl-CoA (starting with acetyl-CoA or propionyl-CoA), a reduction of the resulting 3-oxoacid to 3-hydroxy acid, dehydration
thereof, and a reduction of the resulting trans-enoyl-CoA to the elongated acyl-CoA. In contrast to malonyl-CoA-dependent fatty acid
synthesis, the acetyl-CoA-dependent Euglena route allows net fermentative ATP synthesis from glucose, because acetyl-CoA is condensed
without prior ATP-dependent carboxylation to malonyl-CoA
[259,261,268]. The step catalyzed by trans-2-enoyl-CoA reductase
(NADPH-dependent) circumvents the reversal of an O2-dependent step
in β-oxidation [266]. A portion of the fatty acids is reduced to alcohols,
esteriﬁed with another fatty acid, and deposited into the cytosol as wax
(wax ester fermentation). Under aerobic conditions, the wax esters can
be converted back to acetyl-CoA, which can be oxidized to CO2 in the
mitochondria or used to form paramylon (β-1,3-glucan) reserves
[61,269,270]. This metabolism probably involves β-oxidation, the
glyoxylate cycle and conversion of acetyl-CoA, which either enters the
glyoxylate cycle to be converted to succinate which can be used for
gluconeogenesis, or the acetyl-CoA enters the modiﬁed Krebs cycle to
be oxidized to CO2 [266,271].
The presence and the use of typical components of the anaerobic
energy metabolism in two distantly related eukaryotes, Chlamydomonas
(archaeplastida supergroup) and Euglena (excavate supergroup), which
both not only consume but even produce oxygen in the light, indicates
that there is no evolutionary divide between aerobic and anaerobic
eukaryotes. The divide is primarily one of ecological preference, not of
evolutionary potential.

eukaryote transition has a bioenergetic cause [87].
14. Two facultative anaerobes that produce oxygen
The green alga Chlamydomonas belongs to the supergroup of eukaryotes bearing primary plastids called Archaeplastida [117]. It provides an example of a facultative anaerobe among eukaryotes. Chlamydomonas reinhardtii can switch from aerobic metabolism to anaerobic
growth in the dark within 30 min, generating acetate, CO2, formate,
ethanol, and hydrogen as major end-products and traces of lactate and
glycerol [158]. Hydrogenases are playing a central role in the H2 development [247,248]. Grown aerobically, Chlamydomonas reinhardtii
respires oxygen with a normal manifestation of oxidative decarboxylation via pyruvate dehydrogenase and oxidative phosphorylation in
mitochondria [249]. But when grown anaerobically, it rapidly expresses PFO [157,158], PFL [157], [Fe]-HYD [250], ADHE (bifunctional alcohol dehydrogenase E) [188], acetate kinase (ACK), and
phosphotransacetylase (PTA). Chlamydomonas thus expresses many of
the enzymes that are to a large extent the same as those of other
anaerobic protists.
Initial metabolite both for the aerobic and anaerobic metabolism is
pyruvate stemming from starch breakdown [47,61]. During anaerobiosis pyruvate is metabolized to lactate or ethanol in the cytosol and
the chloroplast or it is decarboxylated into acetyl-CoA by pyruvate
formate lyase (PFL), targeted to the chloroplast and the mitochondrion
[157]. The catalytic mechanism of PFL involves a glycyl radical. This
radical is generated by a PFL-activating enzyme (PFL-AE), which is
present in Chlamydomonas and other eukaryotes that possess PFL
[93,251]. The deactivating enzyme for PFL is ADHE, which is also
present in Chlamydomonas and generally in eukaryotes that possess PFL
[157]. In the chloroplast, the decarboxylation of pyruvate to acetyl-CoA
can also be catalyzed by the oxygen-sensitive enzyme pyruvate:ferredoxin oxidoreductase (PFO) under the reduction of ferredoxin [252]. The reduced ferredoxin releases its electrons to a plastidal
iron-only hydrogenase, which donates them to protons generating
molecular hydrogen as the terminal electron acceptor [61]. The presence of PFO in Chlamydomonas reinhardtii was ﬁrst obtained from the
genome and only recently investigated [252]. While PFO in anaerobic
eukaryotes is located in the cytosol or the hydrogenosomes and its alternative form PNO (pyruvate:NADP+ oxidoreductase) in the mitochondrion [47], PFO in Chlamydomonas reinhardtii, however, is located in the chloroplast [252]. Phylogenetic analysis revealed that
eukaryotic PFO is a biochemical relict stemming from a facultatively
anaerobic, eubacterial ancestor of mitochondria [164] and that the
nuclear gene for mitochondrial, hydrogenosomal, and cytosolic PFO
originated from one single eubacterial acquisition, i.e. the hydrogenosomal PFO in Trichomonas vaginalis [143].
Another facultative anaerobe is Euglena gracilis, that belongs to the
supergroup Excavata [117]. Euglenids are a broad and diverse group
containing many typical ﬂagellate inhabitants of shallow freshwater
environments, but relatives can also be found in anoxic marine [39,44]
and anoxic freshwater [253] ecosystems, whereby some members
possess organelles ultrastructurally similar to hydrogenosomes
[44,253]. Only one member of the euglenids has been extensively
studied from a biochemical standpoint: Euglena gracilis [254,255]. The
mitochondrion has been described in detail recently [256]. Euglena has
secondary plastids and can produce oxygen. Grown aerobically, Euglena
gracilis expresses pyruvate dehydrogenase (PDH) in mitochondria [257]
and respires O2 using a slightly modiﬁed Krebs cycle that is also found
among some α-proteobacteria [258]. The shunt involves the replacement of α-ketoglutarate dehydrogenase by α-ketoglutarate decarboxylase and succinate semialdehyde dehydrogenase [254].
When oxygen is absent, E. gracilis uses acetyl-CoA as the terminal
electron acceptor of glucose oxidation and produces an unusual endproduct: wax esters [254,259–264]. Some E. gracilis strains accumulate
wax esters at levels up to 40 μg per 106 Euglena cells [259] or up to 65%

15. Conclusion
The mitochondria of diverse invertebrate lineages can respire
oxygen at presently available levels and can perform malate dismutation under anaerobic conditions [47,80], this clearly suggests that the
ﬁrst animals could do the same and thus possessed facultatively anaerobic mitochondria with fumarate reductase and RQ. A dozen or so
genes for anaerobic fermentations also entered the eukaryotic lineage at
mitochondrial origin, such that aerobic respiration, anaerobic respiration and hydrogen-producing fermentations, in addition to heterotrophy in general, entered the eukaryotic lineage at mitochondrial
origin, as a single inheritance from the facultatively anaerobic metabolism of the mitochondrial endosymbiont, followed by ecological
specialization and diﬀerential loss in independent mitochondrion
bearing eukaryotic lineages [88,107]. While aerobic eukaryotes lost the
ability to survive under anoxic conditions, anaerobic eukaryotes kept
the anaerobic metabolism for specialization to anaerobic niches. Some
eukaryotes possess genes for enzymes pivotal for anaerobic fermentations even though they produce O2 during photosynthesis (algae) while
others possess genes for anaerobic energy metabolism even though they
strictly require O2 for survival (Naegleria). Anaerobic energy metabolism in eukaryotes carries the rather unmistakable imprint of a single
acquisition via endosymbiosis in that it was acquired once, it represents
a very narrow sample of preexisting prokaryotic metabolic diversity,
and like RQ, it traces physiologically to a particular group: facultatively
anaerobic α-proteobacteria. It is often stated or assumed that O2 improves the energetics of the cell and that O2 thus might have impacted
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the origin of mitochondria, but life in O2 is thermodynamically thirteen
times more expensive than life without O2, because O2 tends to oxidize
things, including the chemical substance of cells.
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