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Synopsis The environment in which eukaryotes first evolved was drastically different from what they experience today,
and one of the key limiting factors was the availability of oxygen for mitochondrial respiration. During the transition to
a fully oxygenated Earth, other compounds such as sulfide posed a considerable constraint on using mitochondrial
aerobic respiration for energy production. The ancestors of animals, and those that first evolved from the simpler
eukaryotes have mitochondrial respiratory components that are absent from later-evolving animals. Specifically, mito-
chondria of most basal metazoans have a sulfide-resistant alternative oxidase (AOX), which provides a secondary ox-
idative pathway to the classical cytochrome pathway. In this essay, I argue that because of its resistance to sulfide, AOX
respiration was critical to the evolution of animals by enabling oxidative metabolism under otherwise inhibitory con-
ditions. I hypothesize that AOX allowed for metabolic flexibility during the stochastic oxygen environment of early Earth
which shaped the evolution of basal metazoans. I briefly describe the known functions of AOX, with a particular focus
on the decreased production of reactive oxygen species (ROS) during stress conditions. Then, I propose three evolu-
tionary consequences of AOX-mediated protection from ROS observed in basal metazoans: 1) adaptation to stressful
environments, 2) the persistence of facultative sexual reproduction, and 3) decreased mitochondrial DNA mutation rates.
Recognizing the diversity of mitochondrial respiratory systems present in animals may help resolve the mechanisms
involved in major evolutionary processes such as adaptation and speciation.

Introduction produce cellular energy (ATP) by oxidative phosphor-

The origin of eukaryotes and their ubiquitous mito-  ylation (Lane and Martin 2010; Lane 2014). However,

chondrial respiration has been proposed to be linked
to the great oxygenation event nearly 2.5 billion years
ago (Kump 2008; Lyons et al. 2014; Erwin 2015).
Atmospheric oxygen went from essentially non-
existent to about 0.1% of present atmospheric levels
(PALs) and set the course for the evolution of com-
plex life (Lane 2014; Knoll and Nowak 2017).
Evidence for the existence of animals didn’t appear
until after a second O, increase in the Neoproterozoic
Era, where O, reached ~3% PAL (Och and Shields-
Zhou 2012; Knoll and Nowak 2017). It is thought
that O, limitation constrained the evolution of larger
complex animals from their relatively simpler eukary-
otic progenitors (Lane 2014). With these increases in
O, levels came the vastly increased capacity to
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Earth’s oxygenation did not occur instantaneously,
nor continuously. Instead, geologic evidence shows a
fluctuating temporal pattern of O, availability before
a steady state was achieved (Fig. 1; Johnston et al.
2012; Lyons et al. 2014). The increased O, levels
came with a concomitant reduction in hydrogen sul-
fide levels (Olson and Straub 2016). As the earliest
metazoans evolved in response to the newly oxygen-
ated world they faced stochastic oxygen and hydrogen
sulfide environments which are agonists and antago-
nists of canonical mitochondrial respiration, respec-
tively (Nicholls et al. 2013). How then, could early
metazoans reap the benefits of mitochondrial respira-
tion without incurring the energetic costs of a
highly fluctuating oxygen environment? And what
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Fig. 1 A timeline of Earth’s oceanic H,S (dashed line) and atmospheric O, content (solid line). AOX, alternative oxidase; GOE, great
oxygenation event; NOE, neoproterozoic oxygenation event. Redrawn from Olson and Straub (2016). This figure does not include all
Earth events or timepoints at the local scale and is meant only to be a general timeline. A color version of this figure is available

online.

physiological mechanisms facilitated aerobic respira-
tion in such harsh conditions?

In this essay, I describe a perhaps lesser-known
component of eukaryotic mitochondria that I argue
was critical to the evolution of animals: the alternative
oxidase (AOX). Next, I outline three evolutionary
consequences of AOX in animals that are based on
the functional outcomes of AOX respiration (de-
scribed below). Specifically, that AOX mediated 1)
adaption to harsh environments of early Earth, 2)
the evolution of a facultatively sexual mode of repro-
duction, and 3) mutation accumulation rate, with a
specific focus on “basal” metazoans. (I use the term
“basal” to describe taxa from Porifera, Placozoa,
Ctenophora, and Cnidaria phyla). 1 also propose
some experiments to test these hypotheses and con-
clude with a call for the need to consider the role of
AOX in physiology and mitochondrial research.

Mitochondrial respiration and the AOX

The catalytic core of mitochondrial respiration is the
electron transport chain (ETC), which is made up of
sets of protein complexes (Complexes I-IV) that re-
side in the inner mitochondrial membrane along
with two mobile electron carriers, ubiquinone and
cytochrome c¢ (Fig. 2A). This system harvests elec-
trons from reducing equivalents derived mostly from
the tricarboxylic acid cycle to create a transmem-
brane proton gradient that is utilized by Complex
V to synthesize ATP. In addition to producing
ATP, the ETC is the primary source of reactive ox-
ygen species (ROS). Any amount of ROS is, in prin-
ciple, detrimental to cells by their potential for
indiscriminate  oxidation of  macromolecules.

However, eukaryotes have evolved mechanisms that
integrate low levels of ROS as signals that regulate
cellular function and moderate ROS levels have been
shown to improve organismal and mitochondrial
performance (Zhang et al. 2018a, 2018b) a process
called hormesis (Costantini 2014). However, when
ROS is produced in excessive amounts, it can lead
to oxidative damage to proteins, lipids, and nucleic
acids and has deleterious effects at the cellular and
organismal levels.

The mitochondrial ETC is typically depicted as an
unbranched respiratory chain in which electrons enter
through Complexes I and II, are passed to the ubi-
quinone pool, then follow the cytochrome pathway to
Complex IV (cytochrome c oxidase) where they are
used to reduce oxygen to water (Fig. 2A). This text-
book figure of the ETC is modeled after mammalian
mitochondria, which misrepresents the diversity of
ETC pathways that exist in eukaryotes, such as alter-
native electron entry and exit points (Matus-Ortega
et al. 2011; McDonald and Gospodaryov 2019), and
perhaps has limited our capacity to explore some fun-
damental aspects of animal evolution.

Basal metazoan taxa have distinct mitochondrial
characteristics that deviate from typical patterns de-
scribed in later-evolving animal lineages. One such
deviation of basal metazoan mitochondria is the pres-
ence of a branched respiratory chain that utilizes a
nuclear-encoded alternative terminal oxidase (AOX)
in addition to cytochrome ¢ oxidase (Complex IV)
(Fig. 2B; Abele et al. 2007; McDonald and
Gospodaryov 2019). AOX creates a branching point
in the ETG; electrons passed to the ubiquinone pool
can follow either the classic cytochrome pathway
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Fig. 2 Depiction of the mitochondrial ETC showing the typical unbranched (A) and branched (B) composition. AOX is an alternative
terminal oxidase found in mitochondria of many metazoan taxa; e is an electron; QH, is ubiquinol; and C is cytochrome c. A color

version of this figure is available online.

(Complexes III and IV) or the AOX pathway to re-
duce molecular oxygen to water (Arnholdt-Schmitt
et al. 2006; Abele et al. 2007; Vanlerberghe 2013).

AOX was discovered in animals in the early 2000s
(McDonald and Vanlerberghe 2004); previously AOX
was thought to be restricted to bacteria, plants, and
fungi (McDonald and Vanlerberghe 2006; McDonald
et al. 2009, 2015). AOX is present in some modern
o-proteobacteria (McDonald et al. 2003; Stenmark
and Nordlund 2003; Atteia et al. 2004), the proposed
source of the mitochondrion, which suggests that
eukaryotic AOX originated from the endosymbiosis
that gave rise to the mitochondrion and eukaryotes
(Finnegan et al. 2003; McDonald 2008). The obser-
vation that the putative earliest diverged eukaryote, a
jakobid Reclinomonas americana, has AOX further
supports the endosymbiotic origin of AOX
(McDonald 2008). To date, AOX sequences have
been detected in over 150 animal taxa with represen-
tatives from every metazoan phylum, but AOX
appears to be absent from vertebrates (McDonald
and Gospodaryov 2019). Such a wide distribution
of AOX across the evolutionary tree suggests that,
if these sequences code for functional proteins,
AOX respiration is adaptive and selection has fa-
vored its retention in certain animal taxa.

Much of what is known of the physiological roles
of AOX comes from studies on non-animal taxa
(Maxwell et al. 1999; Van Aken et al. 2009;

Vanlerberghe 2013; Rogov et al. 2014; Selinski
et al. 2018). The overarching consequence of AOX
activation is preventing the overproduction of ROS
(Maxwell et al. 1999; Fernandez-Ayala et al. 2009;
McDonald et al. 2009; Van Aken et al. 2009;
Cvetkovska and Vanlerberghe 2012; Munro et al.
2013). Because it bypasses proton-pumping
Complexes IIT and IV, AOX respiration is partially
uncoupled from the generation of ATP (McDonald
and Vanlerberghe 2006). Therefore, Complex I is the
sole contributor to the requisite proton-gradient
across the inner mitochondrial membrane and as a
result, ATP production from AOX respiration is
about one-third of that from the cytochrome path-
way (Millenaar and Lambers 2003). Additionally,
plants and some animals also have NADH dehydro-
genases that act as an alternative to Complex I; when
AOX and these alternative dehydrogenases are acti-
vated together, electron transport can be completely
decoupled from ATP production (Matus-Ortega
et al. 2011; McDonald and Gospodaryov 2019).
However, the diminished capacity for energy pro-
duction comes with the benefit of preventing the
overproduction of ROS. Several papers have de-
scribed the known details of the biochemistry of
AOX-mediated decrease in ROS production (e.g.,
Maxwell et al. 1999; Van Aken et al. 2009; Dahal
and Vanlerberghe 2017; Szibor et al. 2017), so I
will only briefly summarize it here. When the cellular
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redox state or the accumulation of some retrograde
signal (e.g., purines, o-keto acids) reaches a sufficient
threshold (McDonald 2008; Rogov et al. 2014), AOX
is activated and electrons are partitioned away from
the cytochrome pathway. AOX activation has been
shown to prevent excessive ROS during stress, in
part by preventing the over-reduction (i.e., charged
with electrons) of the ubiquinone pool by maintain-
ing electron flow through the ETC where AOX
passes electrons to oxygen (Maxwell et al. 1999;
McDonald et al. 2009; El-Khoury et al. 2013;
Vanlerberghe 2013; Dominiak et al. 2018). At the
same time, the inner mitochondrial membrane po-
tential is decreased by uncoupling electron transport
from ATP production. AOX functions similarly to
uncoupling proteins by preventing an excessively
high mitochondrial membrane potential and thus
decreases ROS production (Brand 2000; Brookes
2005; Woyda-Ploszczyca and Jarmuszkiewicz 2017).
AOX-mediated ROS decrease has been shown to
protect against oxidative damage to proteins and
also to maintain mitochondrial function in plants
under drought conditions that caused the cyto-
chrome pathway to shutdown (Dahal and
Vanlerberghe 2017).

The key attribute I will focus on in this essay is
that AOX respiration prevents the overproduction of
ROS under stress conditions. While the term “stress”
is used in a variety of contexts, I am using “stress” to
describe conditions under which the cytochrome c
pathway is unavailable. In the canonical ETC, when
the cytochrome pathway is unavailable, respiration
halts because electron flow is stalled at ubiquinone
or Complex III. As a result, electrons either escape
Complex III, or electron transport is reversed and
flow back to Complex I and ROS production is in-
creased. For example, overproduction of ROS and
ETC dysfunction are a common consequence of en-
vironmental stressors that disrupt the cytochrome
pathway such as hypoxia, xenobiotic exposure, and
temperature, salinity, and pH fluctuations (Maxwell
et al. 1999; Arnholdt-Schmitt et al. 2006; Clifton
et al. 2006; Sierra-Campos et al. 2009; Van Aken
et al. 2009; Sussarellu et al. 2013). Taken together,
AOX activation has physiological effects that are hy-
pothesized to be adaptations to environmental stress.

The role of AOX in the evolution of
animals and adaptation to stressful
environments

The first evolutionary consequence of AOX I pro-

pose is that it facilitated the evolution of animals
as we know them. AOX is commonly noted for its
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capacity to catalyze oxidative metabolism in the
presence of cyanide because Complex IV is inhibited
by cyanide, whereas AOX is not (Vanlerberghe and
MclIntosh 1997; Siedow and Umbach 2000). But an
attribute that deserves more emphasis from an evo-
lutionary perspective is AOX’s resistance to sulfide
inhibition (Volkel and Grieshaber 1996; McDonald
and Vanlerberghe 2004; Searcy 2006; McDonald
et al. 2009). Both cyanide and sulfide block the cy-
tochrome ¢ pathway by inhibiting Complex IV, shut-
ting off the utilization of oxygen as the terminal
electron acceptor (Vanlerberghe and McIntosh
1997; Nicholls et al. 2013). I propose that during
the evolution of early metazoans, sulfide-resistant
respiration was perhaps the most critical function
of AOX, which would allow for oxidative metabo-
lism—and more production of ATP—under other-
wise inhibitory conditions.

Early animals likely had a complex array of cellu-
lar solutions to the hypoxic, anoxic, and euxinic
(sulfide-rich) environments they faced (Johnston
et al. 2012; Erwin 2015; Knoll and Nowak 2017)
and many of those traits have been retained in extant
taxa that occupy similar environments (Grieshaber
and Volkel 1998; Lushchak 2011; Mentel et al.
2014; Tobler et al. 2016). These include anaerobic
metabolic pathways, hypoxia-inducible factors, and
sulfide detoxification. The latter requires both oxy-
gen and a functional ETC (Volkel and Grieshaber
1996; Searcy 2006). Sulfide detoxification by sulfide:
quinone oxidoreductase (SQR) yields thiosulfate and
passes electrons from sulfur to Complex IV through
ubiquinone and Complex III to reduce O, to water.
However, relatively high concentrations of sulfide
(10-20 uM) inhibit Complex IV and ¢ (Volkel and
Grieshaber 1996; Searcy 2006; Kelley et al. 2016);
without an alternative path for electrons to flow
from SQR, sulfide detoxification halts, as does oxi-
dative metabolism (Volkel and Grieshaber 1996;
Searcy 2006). Relatively high sulfide levels and tran-
sitions between anoxic and hypoxic conditions are
the environment in which early metazoans are pre-
dicted to have faced (Johnston et al. 2012; Och and
Shields-Zhou 2012; Erwin 2015; Reinhard et al. 2016;
Knoll and Nowak 2017). Therefore, because AOX is
insensitive to hydrogen sulfide (Volkel and
Grieshaber 1996; McDonald and Vanlerberghe
2004), AOX respiration allows for oxidative metab-
olism and sulfide detoxification under sulfide con-
centrations that inhibit Complex IV (Volkel and
Grieshaber 1996; Grieshaber and Volkel 1998;
Searcy 2006). This suggests that AOX likely played
a critical role in mediating the balance between en-
hanced ATP production from aerobic respiration
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and the environmental conditions that would other-
wise allow only anaerobic metabolism (McDonald
and Vanlerberghe 2004; Searcy 2006; McDonald
et al. 2009). The enhanced ATP production by oxi-
dative metabolism relative to anerobic metabolism
has been proposed to be a causal factor in the evo-
lution of multicellular complex animals (Lane 2014).
Simply put, without AOX, oxidative metabolism us-
ing the classical mitochondrial ETC—which relies on
the cytochrome pathway—would not be possible in
early metazoan environments.

Given the proposed role of AOX in mediating the
transition from sulfide-rich to oxygen-rich environ-
ments, it may not be surprising that many extant
animals that experience hypoxic and or sulfidic con-
ditions also have AOX. For example, burrowing and
benthic organisms such as marine worms and
bivalves have AOX sequences in their genomes
(Volkel and Grieshaber 1996; Tschischka et al.
2000; Abele et al. 2007; Huang et al. 2013; Munro
et al. 2013; Robertson et al. 2016). McDonald and
Gospodaryov (2018) hypothesized that animals that
occupy dynamic oxygen environments, such as ben-
thic and intertidal habitats, have retained AOX be-
cause of its protective role against ROS-based
damage during the hypoxic-reoxygenation transi-
tion. Recently, the marine copepod, Tigriopus califor-
nicus, which lives in shallow splash pools that
fluctuate wildly in temperature, salinity, and oxygen
content, has had AOX detected in its genome, and
that AOX transcription is upregulated under stress
conditions which resulted in increased AOX protein
levels (Tward et al. 2019). As a greater diversity of
genomic sequence data become available for non-
model organisms, the extent to which AOX is dis-
tributed among animal taxa and how it plays a role
in mediating environmental stress will become
clearer.

Facultative sexual reproduction in
animals is facilitated by AOX

Just as mitochondria are a hallmark of eukaryotes, so
too is sexual reproduction; with rare exception, every
eukaryotic lineage undergoes sexual reproduction, at
least at some point along its evolutionary history
(Goodenough and Heitman 2014; Speijer et al.
2015). However, the mode of reproduction an ani-
mal uses presents a conundrum in evolutionary bi-
ology. Sexual reproduction is thought to be
beneficial primarily because it can create new nuclear
genomic combinations through meiotic recombina-
tion (Muller 1932; Maynard Smith 1978; Hamilton
et al. 1990). On the other hand, asexual reproduction
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is faster and allows genes to be inherited intact, and
theory suggests that asexuals should quickly outcom-
pete sexuals if all else is equal (Maynard Smith
1978). However, the fitness of asexual reproduction
is dependent on how well-suited the genotype of
asexual individuals is to the current environment
(Morran et al. 2011; Luijckx et al. 2017).
Moreover, asexual populations accumulate mildly
deleterious mutations which cannot be removed by
natural selection unless the entire genotype (i.e.,
population) is selected against leading to an evolu-
tionary dead-end (Muller 1964; Maynard Smith
1978; Engelstadter 2008). In contrast, in sexual
taxa, when “unfavorable” conditions arise and cause
a mismatch between genotype and environment, new
nuclear gene sets created by meiotic recombination
and nuclear fusion of haploid gametes (i.e., sex) can
be filtered for compatibility with the current envi-
ronmental conditions by natural selection without
selecting on unrelated parts of the genome (Hill
and Robertson 1966; Felsenstein 1974).

Another shared characteristic among basal meta-
zoans is a facultatively sexual reproductive strategy
(Fautin 2002; Maldonado and Riesgo 2008). In con-
trast to obligate sex, taxa that are facultatively sexual
undergo asexual reproduction without recombina-
tion (e.g., budding, fission) under certain conditions,
and switch to sexual reproduction after the occur-
rence of some environmental or endogenous cue.
Terms commonly used to describe conditions under
which asexual and sexual reproduction takes place
are “favorable” and “unfavorable,” respectively
(Loomis and Lenhoff 1956; Felsenstein 1974;
Nedelcu and Michod 2003; Neiman et al. 2014).
For example, temperature stress, nutrient limitation,
UV exposure, and hypoxia have been shown to trig-
ger the switch from asexual to sexual reproduction in
some animals (Loomis and Lenhoff 1956; Park and
Ortmeyer 1972; Nedelcu and Michod 2003; Burke
and Bonduriansky 2017).

While different for many taxa, these unfavorable
conditions generally describe instances that are likely
to cause increased ROS production, and mitochon-
dria—specifically via the ETC—are the primary gen-
erators of endogenous ROS (Liu et al. 2002; Indo
et al. 2007; Zapico and Ubelaker 2013). Elevated
ROS levels have been proposed to be one of the sig-
nals that indicate environmental stress and thus ini-
tiates the switch to sex (Goodenough and Heitman
2014; Speijer et al. 2015; Horandl and Speijer 2018).
The link between ROS and sex could be due to the
notion that ultimately, sex is a repair mechanism
(Bernstein et al. 1981; Goodenough and Heitman
2014; Speijer et al. 2015), and environmentally-
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induced ROS-based damage to cellular components,
including double strand breaks and other DNA dam-
age (Shadel and Clayton 1997; Nedelcu et al. 2004),
could act as a trigger for genomic repair by meiotic
recombination (i.e., sex).

In a series of studies, Nedelcu and colleagues ex-
perimentally showed that the switch from asexual to
sexual reproduction in a facultatively sexual green
alga (Volvox carteri) was triggered in response to
increased endogenous ROS production by heat stress
(Nedelcu and Michod 2003; Nedelcu et al. 2004;
Nedelcu 2005). Administration of exogenous antiox-
idants under the same conditions prevented the
switch to sexual reproduction. Volvox have AOX
(Neimanis et al. 2013) and AOX has been shown
to prevent overproduction of ROS in plants
(Siedow and Girvin 1980; Considine et al. 2002;
Watanabe et al. 2008; Cvetkovska and Vanlerberghe
2012), but how this alternative electron pathway
might mediate the relationship between oxidative
stress and sexual reproduction in this species or
any other taxa has not been investigated.

I propose that AOX acts to increase the breadth of
environmental/physiological conditions under which
asexual reproduction is beneficial by keeping ROS
levels below the “trigger point” that initiates the
switch to sex. Under this model, a facultatively sex-
ual organism that lacks AOX reproduces asexually
until an environmental stressor increases to some
level, s. At s, ROS production reaches the point
that triggers the switch to sex, denoted as i
(Fig. 3). A facultatively sexual organism that has
AOX also switches to sex at i; however, the switch
point does not occur until environmental stressor
level s+ x (Fig. 3). AOX keeps ROS below the trigger
point to switch to sex under a wider range of envi-
ronmental conditions.

The evolution of mitochondria is linked to the
evolution of sex as both originated with the eukar-
yotes (Lane 2014; Speijer et al. 2015; Speijer 2016),
and sex has been proposed to have evolved in part to
respond to oxidative stress (Nedelcu and Michod
2003; Nedelcu et al. 2004; Horandl and Speijer
2018). Several hypotheses have proposed that mito-
chondria played a direct role in the evolution of sex
(Havird et al. 2015; Radzvilavicius and Blackstone
2015; Garg and Martin 2016; Horandl and Speijer
2018). Similar to the idea that sex is triggered as a
part of a stress response, AOX respiration mediates
the response to stress in plants, fungi, and animals
by decreasing ROS production (Clifton et al. 2006;
Van Aken et al. 2009; Sussarellu et al. 2013) and may
play a role in the maintenance of a facultative sexual
reproductive strategy.
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Fig. 3 A model for how AOX mediates the response to stress
and the switch to sex in facultative species. The amount of en-
vironmental stress that triggers sex with AOX present (s +x,
right, solid curve) is higher than that at which sex is triggered in
the absence of AOX (s, left, solid curve). This model predicts
that ROS levels (dashed lines) will be the same at both switch
points (i, right axis). A color version of this figure is available
online.

Testing this AOX-Sex hypothesis could be as sim-
ple as inhibiting or knocking out AOX in a faculta-
tively sexual animal and comparing the stress and
ROS levels at which gametogenesis occurs to the
wild type animal that has AOX. For example, the
sea anemone, Nematostella vectensis (which has
AOX, McDonald et al. 2009), can be experimentally
induced to produce gametes in part by a 10°C in-
crease in temperature for 6 h (Fritzenwanker and
Technau 2002; Genikhovieh and Technau 2009).
The AOX-Sex hypothesis predicts that without
AQOX, the switch to sex would occur at a lower tem-
perature stress and/or a shorter duration of expo-
sure, but that ROS production would reach the
same level as the wild type animal (Fig. 3).

AOX, mitochondrial mutation rates,
and why DNA barcoding fails in basal
metazoans

The advent of DNA barcoding that was popularized
during the early 2000s took advantage of the obser-
vation that in many animals, a portion of the mito-
chondrial gene cytochrome ¢ oxidase subunit I (CO],
a part of Complex IV of the ETC) is strikingly sim-
ilar among individuals within a taxonomically de-
scribed species (~3% genetic distance divergence,
Hebert et al. 2003). Individuals from a diverged pop-
ulation or species have its own COI sequence simi-
larity (i.e., barcode) that differs from other species
(10-25% genetic distance divergence, Hebert et al.
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2003). Thus, species could be delimited by a barcode
“gap”; where the interspecific genetic distances of
COI are greater than the COI sequence variation
observed among individuals within a species
(Meyer and Paulay 2005).

COI barcode gaps match species boundaries in the
majority of cases, especially among vertebrates
(Bucklin et al. 2011). Notably, however, basal meta-
zoans do not follow this same pattern; interspecific
COI variation overlaps considerably with variation
within species. DNA barcoding fails so remarkably
in basal metazoans that they have been described
as “the problem children” (Bucklin et al. 2011).
Closely related species within these groups lack the
distinct barcode gaps observed among other taxa. At
the proximate level, there is an obvious reason why
this pattern is observed: mtDNA mutation rates are
much slower among basal metazoans than bilaterian
animals. For example, mutation rates in COI are up
to 20 times lower for poriferans than bilaterians
(Shearer et al. 2002) and very low levels of COI
variation exist within most cnidarian taxa, particu-
larly in anthozoans (Huang et al. 2008). COI sequen-
ces were found to be invariant in close to 50% of the
cases examined by Huang et al. (2008). But at the
ultimate level, why is this the case? Here, I am pro-
posing that AOX respiration and the protection it
confers from ROS is the basis for low mtDNA mu-
tation rates in basal metazoans.

mtDNA mutation accumulation has previously
been linked to oxidative damage from ROS and in-
sertion or deletion errors during the repair of oxi-
dized nucleotides. Excessive ROS accumulation
within cells catalyzes chain-reactions that produce
DNA-damaging hydroxyl radicals that induce dou-
ble strand breaks and oxidative lesions (Lagouge and
Larsson 2013; Saki and Prakash 2017). Damaged
DNA must be repaired before replication and errors
in the repair process are one way that mutations
accumulate (Shadel and Clayton 1997; Kazak et al.
2012; DeBalsi et al. 2017). Moreover, oxidative stress
from excessive ROS has been shown to increase
basal mutation rates by inducing downregulation
of repair processes involved in correcting mis-
matched nucleotides (Gutierrez et al. 2013). ROS
production contributes to the background oxidation
state of a cell (Kamata and Hirata 1999; Ray et al.
2012; Sies 2015) and prior work has shown that the
cellular redox state significantly mediates mutation
rates (Jee et al. 2016). Jee et al (2016) found that
experimentally decreasing ROS production in
Escherichia coli under antibiotic stress decreased mu-
tation rates by a factor of 8 compared with wildtype
bacteria.

R.J. Weaver

Slowly-evolving mtDNA has been argued to be the
ancestral state in metazoans (Shearer et al. 2002;
Huang et al. 2008) as has the presence of AOX (dis-
cussed above). It is enticing to speculate that AOX
may play a role in the observed low mtDNA muta-
tion rates of some basal metazoans. One way to as-
sess this putative relationship would be to map
mtDNA mutation rates onto the phylogeny of ani-
mals that have functional AOX. Do those animals
that have low mutation rates also have AOX? For
example, Acropora coral species have low mtDNA
mutation rates (Fukami et al. 2000; van Oppen
et al. 2001) and also have AOX sequences in their
genome (Technau et al. 2005; McDonald et al. 2009).
The same holds true for many poriferans, anthozo-
ans, hydrozoans, and placozoans. While this relation-
ship, if it exists, precludes inference of any
mechanism that may link the two characters it would
provide some support to the idea that AOX may be
playing a role. However, I note that high mutation
rates do not require an absence of AOX. These pat-
terns could emerge from a number of mechanisms:
differences in mtDNA base-repair efficiencies, differ-
ences in environmental fluctuations/stress, and dif-
ferences in the strength of purifying selection on
mtDNA. A perhaps better test of the AOX-
mutation rate hypothesis would be to experimentally
remove AOX from a taxon that normally expresses it
and also has low mtDNA mutation rates. For exam-
ple, would AOX genetic knockout lineages of N.
vectensis accumulate mtDNA mutations at a higher
rate than wild type anemones? Sequence-based
approaches for estimating mutation rates may be a
powerful method to test this AOX-mutation rate hy-
pothesis (Jee et al. 2016; Sloan et al. 2018).

Concluding remarks

The relatively recent discovery of AOX in animals
perhaps belied its role in adaptation to stressful envi-
ronments. Further, its likely ancient origin puts AOX
at the inception of eukaryotes and I suggest AOX
played a critical role in the evolution of complex
life during the transition to a fully oxygenated
Earth. A major challenge in assessing the contribu-
tion of AOX to the above hypothesized arenas is the
disconnect between detecting AOX at the sequence
level and that sequence coding for a functional pro-
tein. In addition, while the details of AOX regulation
have been revealed to be complex and variable in
plants and fungi (Vanlerberghe and McIntosh 1997;
Szal et al. 2003; McDonald et al. 2009), very little
information is available on the post-transcriptional
and post-translational regulation of AOX in animals.
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Non-invasive isotope-discriminating techniques that
quantify metabolic flux through AOX and cyto-
chrome pathways (Del-Saz et al. 2018) are well-
suited to fill in these gaps. While physiological
experiments such as oxygen consumption assays in
the presence of known AOX inhibitors or using AOX
knockout lineages could be useful to understanding
how AOX mediates the response to environmental
stress. Aside from the hypotheses I proposed above, I
hope that future research will consider the contribu-
tion of AOX and other alternative mitochondrial
proteins (e.g., Matus-Ortega et al. 2011) to animal
physiology and mitochondrial performance.
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