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In a recent paper in these pages, Speijer
[1] contends that anaerobic, aerobic
metabolism cannot exist within the
same organism. In particular he argues
that anaerobic, aerobic metabolism
cannot exist within the same eukary-
ote. He also contends that this argu-
ment constitutes evidence against the
view that mitochondria are ancestrally
facultatively anaerobic. However, he
neglects the literature on prokaryotic,
eukaryotic facultative anaerobes, so a
short reply is in order.

The strongest argument that Speijer
can muster against the view that the
ancestral mitochondrion (or ancestral
eukaryotes) were facultative anaerobes
is found in his section entitled “Prob-
lems with assuming hydrogen ex-
change.” There he writes “But how
could the future endosymbiont have
retained its complex multi-subunit aer-
obic respiratory chain under prolonged
anoxic conditions? Do not prokaryotes
rapidly lose what they do not use?”
(emphasis from the original). According
to that argument, no facultative anae-
robes, either prokaryotic or eukaryotic,
should exist at all. Chlamydomonas
reinhardtii should not exist, because it
is a facultative anaerobe [2], nor should
Euglena gracilis exist, because it is also
a facultative anaerobe [3, 4], nor
should other biochemically well-studied
eukaryotes exist that use their mito-
chondria to survive with or without
oxygen [5, 6]. Indeed, according to
Speijer’s strongest argument, Escher-
ichia coli, which is an excellent faculta-
tive anaerobe [7], should not exist
either, nor should alpha-proteobacteria
in general, most of which are in fact
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facultative anaerobes [8], nor should
thousands of facultatively anaerobic
proteobacterial species, as a look in
the pages of The Prokaryotes [9] will
attest. That facultative anaerobes are
very common in nature is obvious and
well known. In fact, everything alive
that is not an obligate aerobe or an
obligate anaerobe is in some way a
facultative anaerobe. In lakes, soil and
marine environments, facultative anae-
robes are quite common, if not the rule.
Facultative anaerobes retain anaerobic
pathways and a respiratory chain. They
are not miraculous. They are altogether
unmiraculous.

Speijer rightly argues [1] that discov-
ery of organisms capable of producing
hydrogen while having retained a func-
tional oxygen respiratory chain would
be a boost to the hydrogen hypothesis,
but he does not mention that such
organisms were discovered long ago.
There is of course the hydrogenosome
with a genome encoding components
of the canonical mitochondrial respira-
tory chain [10], but there are other
examples. Some eukaryotes, such as
Chlamydomonas  reinhardtii, =~ when
grown in the light, produce oxygen in
plastids and respire oxygen using a fully
functional mitochondrial electron trans-
port chain [11]; when transferred to the
dark, and given fermentable substrate
under anaerobic conditions, Chlamydo-
monas expresses enzymes of anaerobic
energy metabolism and produces copi-
ous amounts of hydrogen [12, 13].
Chlamydomonas is a model organism
for oxygenic photosynthesis while at the
same time being a model organism for
strictly anaerobic biological hydrogen
production. That oxygen-producing al-
gae can produce hydrogen anaerobically
is nothing special, it is just facultatively
anaerobic energy metabolism. Chlamy-
domonas is a well-studied example of an
organism capable of producing hydrogen
[12, 13] while having retained [1] a
functional oxidative respiratory chain.
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Many eukaryotes can respire oxygen
when it is around and can perform
anaerobic fermentations that produce
hydrogen anaerobically. The literature
on eukaryote anaerobes has been
reviewed briefly [14], extensively [5],
and specifically for eukaryotes that
produce oxygen in plastids [6]. The
adage that prokaryotes rapidly lose
what they do not use is probably
correct, and it is also probably correct
that eukaryotes rapidly lose what they
do not use. It has escaped many that
most oxygen respiring prokaryotes, and
many oxygen respiring eukaryotes (in
particular marine species and those
that, like Chlamydomonas, typically live
below the soil line), have not completely
lost their anaerobic capabilities at all.
On the contrary, they have retained
genes for enzymes of aerobic and
anaerobic energy metabolism [5, 6,
14], so they apparently use them.
Speijer has made very important
contributions to our understanding of
peroxisomes and oxygen [15, 16].
Anaerobic energy metabolism in eukar-
yotes does not, however, require per-
oxisomes [5, 17, 18]. Some eukaryotes
with facultative anaerobic mitochon-
dria, Euglena gracilis for example,
effectively run B-oxidation, a typical
peroxisomal pathway, in reverse for
energy conservation. But the pathway is
localized to mitochondria [5, 6, 14].
The coexistence of aerobic and
anaerobic metabolism within the same
organism is neither unusual nor is it
complicated. Eukaryotes underwent the
majority of their evolution under low
oxygen conditions [5, 19, 20]. Newer
data even have it that the high levels of
atmospheric oxygen arose only a few
hundred million years ago [21], with
very recent findings indicating that
modern oxygen levels were attained
following the origin of land plants, only
some 400 million years ago [22].
By contrast, eukaryotes arose roughly
1.6 billion years ago [23]. Putting those
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two simple observations together, it is
evident that both the origin of eukar-
yotes and the diversification of their
lineages occurred in low oxygen envi-
ronments [5, 19, 20, 24]. Anaerobic
energy metabolism in eukaryotes is
not a problem, it is natural.

In mammals (obligate aerobes),
redox balance and ROS are closely
intertwined [15, 16]. Anaerobes have
fewer issues with ROS, but have to
maintain redox balance under anaero-
bic conditions nonetheless [25]. Even
strictly anaerobic prokaryotes like
Clostridia have to maintain redox bal-
ance [26]. The eukaryotes that produce
H, in hydrogenosomes maintain redox
balance [27] but for energy metabolic
reasons, not to avoid the production of
ROS. In oxygen respiring eukaryotes,
peroxisomes have a very important role
in keeping ROS levels in check [15, 16].
However, anaerobic energy metabolism
in eukaryotes does not require perox-
isomes at all. The origins of anaerobic
energy metabolism [5, 14], peroxisomes
[18, 28], the eukaryotic endomembrane
system [29], and even the majority of
eukaryotic genes [30] are all associated
with the origin of mitochondria, not
with the accumulation of oxygen in the
Earth’s atmosphere [19, 31]. The lack of
peroxisomes in eukaryotic anaerobes
[5, 32] and the existence of facultative
anaerobes [5], both prokaryotic and
eukaryotic, are important when it comes
to understanding mitochondrial origin.
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