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Animal tissue requires low-oxygen conditions for its maintenance. The need
for low-oxygen conditions contrasts with the idea of an evolutionary leap in
animal diversity as a result of expanding oxic conditions. To accommodate
tissue renewal at oxic conditions, however, vertebrate animals and vascular
plants demonstrate abilities to access hypoxia. Here, I argue that multicellu-
lar organisms sustain oxic conditions first after internalizing hypoxic
conditions. The ‘harnessing” of hypoxia has allowed multicellular evolution
to leave niches that were stable in terms of oxygen concentrations for those
where oxygen fluctuates. Since oxygen fluctuates in most settings on Earth’s
surface, the ancestral niche would have been a deep marine setting. The
hypothesis that ‘large life” depends on harnessing hypoxia is illustrated in
the context of conditions that promote the immature cell phenotype (stem-
ness) in animal physiology and tumour biology and offers one explanation
for the general rarity of diverse multicellularity over most of Earth’s history.

1. Introduction

Animal tissues are usually thought of as growing and differentiating effectively
when given sufficient access to nutrients and oxygen. However, the view that
tissue growth and oxic conditions are easily compatible could be a fallacy
based on observer bias. Although humans effortlessly live and grow at oxic
conditions, the cells that fundamentally drive the formation of our tissues
lose their function at oxygen exposure. An oxygen-sensitive basis of tissue
(multicellularity) could imply that oxic conditions posed an evolutionary
hurdle for the diversification of multicellular life, which contrasts with our
current view on events of oxygenation as both permissive and prompting
animal diversification. The following investigation of the potential hardships
for life to become big is based on a tissue perspective and, thus, on clues
from cell behaviour in plants, animals and indeed also tumour multicellularity.

Animal tissues consist of cells with many different functions and fates. The
establishment of cell fate, or so-called cell differentiation, is a delicate process
during development and tissue renewal where parts of the DNA are made
inaccessible, while other parts remain accessible. Exposing an animal cell to
oxygen, however, can immediately condense DNA (heterochromatin) within
the nuclei [1,2], which restricts much gene transcription and leaves the cell
with a specific fate (differentiation state) (figure 1). In contrast to differentiated
cells, cells that continuously regenerate tissue originate from self-renewing
immature cells (stem cells) that maintain versatile access to DNA through
either an open chromatin conformation (euchromatin) or molecular mechanisms
that open it. Recent discoveries relate stem cell phenotype in animals and plants
with very low (hypoxic) oxygen concentrations [7,8] or even no oxygen (anoxia)
[9]. This oxygen imbalance leaves us with a paradox: aerobic metabolism sustains
‘large life’ but tissue renewal and maintenance rely on hypoxia.

The evolution of complex multicellularity (organ-grade) is generally
regarded as the result of our eukaryotic ancestors acquiring the necessary gen-
etic toolkit, regulatory networks and ecospace in the presence of sufficient free
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Figure 1. A critical threshold at approximately 2% 0, separates (a) relaxed
euchromatin from tight heterochromatin [1,2], (b) stem cells from differen-
tiated cells [3-5] and (c¢) immature from differentiated cell behaviour
within tissues [6].

oxygen. Here, I propose that the success of ‘large life’ in oxy-
genated niches (above approx. 2% O,) can be considered
improbable, assigning an essential role to biological mechan-
isms that preserve hypoxia, its cellular responses, and cell fate
plasticity in tissues (tissue competencies). Building on pre-
vious work [9,10] and animal tissue competencies in
particular, I present a framework by which tweaking tissue
competencies to ‘harness’ hypoxia would have solved the
paradox of oxygen-sensitive tissue renewal and allowed com-
plex multicellular lifeforms to decouple from their deep,
ancestral and stably hypoxic niches.

Small, unicellular lifeforms dominate diversity on Earth
today [11,12] and probably always have. By contrast, complex
multicellularity is rare, as demonstrated by the described
diversity of life forms with greater than 10 different cell
types (figure 2). Animals are the most complex, with up to
50 (most invertebrates) and 200 (vertebrates) morphologically
different cell types [13], but constitute a mere 8% of all
described diversity [11] (whereof vertebrate animals consti-
tute only 0.4%). Modern plants constitute the largest
component of global biomass (80%) [14] and can grow over
100 m in height with less than 10 cell types, but their diversity
constitutes only 3% of all known species; macroalgae and
fungi even less (0.5%). Furthermore, ‘large life’ diversity
appeared late in the history of life. The age of our last eukary-
otic common ancestor (LECA) is debated. When the
eukaryotic crown group diverges is also under discussion
[15-17]. However, after up to possibly a billion years after
the LECA, dramatic within-clade diversifications of Archae-
plastida (plants including green and red algae) and of
animals are noted to occur in close temporal proximity [18]
(geologically speaking). While animals and plants today
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Figure 2. The rarity of complex multicellularity visualized as (a) the diversity of
prokaryotes (purple) compared to the diversity of organisms with more than 10
different cell types: plants (green), invertebrate animals (pink) and vertebrate
animals (brown); and (b) the late diversification of animals (brown and pink)
and plants (green) in comparison to estimates of the ancestral roots and
presence of the eukaryotic cell (dashed boxes) and prokaryotes (purple).

appear omnipresent and normal, an overall rarity and late
appearance may indicate that the success of large life is the
anomaly, and thus a remarkable biological achievement.

The lag between clade divergence and diversification is
debated, the main hypotheses being that it took time for:
(1) the necessary genetic traits and regulatory networks to
gather, (2) ecological dynamics to fuel diversification, or
(3) the environment to offer suitable chemical conditions
[19,20]. Studies of genetic traits and regulatory networks
now emphasize that biological refinement, such as the
co-opting of ancestral genes, facilitated the transition between
unicellular and multicellular holozoans [21], which even-
tually also led to a shift from temporal to spatio-temporal
cell fate control [22]. Nevertheless, much effort has focused
on the third hypothesis, particularly when and how sufficient
free oxygen became available to animals in marine niches.
Note that we as observers who experience high (21%)
oxygen as necessary and normal may be prone to a bias
towards the importance of oxygen and, then, the sufficiently
high oxygen concentrations. Therefore, it is essential to define
the thresholds and mechanisms relating to oxygen and the
formation of multicellularity.

Hypoxia remains a common denominator for tissue for-
mation, even though its definitions are discipline-specific
and easily confused. For example, geoscientists may seek
oxygenation events at the time of animal diversification, but
there is agreement that atmospheric oxygen concentrations
were 25-50% [23,24] of present atmospheric levels. Such
levels would correspond to approx. 5-10% O,, which in the
modern ocean would be regarded as hypoxic (depending
on the definition [25]). In parallel, medical researchers seek
abnormal tissue deoxygenation events, where maximum
tissue oxygenation is 5-7% O, [26] and many tissues function
well at, or even require, even lower levels [3]. Therefore, ‘nor-
mality’ in both settings spans a similar range of low oxygen
concentrations although the nomenclature to describe it dif-
fers. Here, the present atmospheric oxygen concentration of
21% likely serves as a subtle reference point that makes us
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unconsciously assume it as normal. Fact is that if animal
divergence began in the Cryogenian [27] and atmospheric
oxygen concentrations reached modern levels first in the
Devonian [28], hypoxic conditions would have prevailed in
most environmental settings and tissues for the earlier half
of animal history. It is from this hypoxic context that adap-
tations to and dependencies on even higher oxygen would
have developed.

In parallel, tissue built and renewed by stem cells high-
lights that an upper threshold of oxygen concentrations may
hinder the diversification of complex multicellular life in oxic
niches. While a lower oxygen threshold for animal diversity
has been investigated [20,29,30], an upper threshold to
‘higher oxygen’ where adaptations would be needed has
not. An upper threshold can be inferred from the chromatin
tightening point (CTP). Since animal tissue unconditionally
requires immature cells with broad access to chromatin and
consequent cell fates, the CTP for vertebrate cells at 1-3% O,
(for simplicity here set at approx. 2%) may represent a bound-
ary above which tissue function requires new adaptations. The
CTP has mostly been explored in vertebrate animal cells, and
vertebrates appear to possess additional mechanisms to
unfold chromatin. Nevertheless, with the information at
hand it is fair to propose that environments with oxygen con-
centrations above the CTP (greater than 2%) would have been
challenging for tissue renewal and thus also for big life. Irre-
spective of the status of global oxygenation, environments
where oxygen concentrations reach above the CTP would
have been most common in Earth’s dynamic surface environ-
ments, where also the fuel for new biomass (i.e. the labile
carbon) is produced. Consequently, the innovation of compe-
tencies that preserve hypoxia, its cellular responses, or in
other ways promote versatile access to cell plasticity would
offer a selective advantage by offering a way across the ‘oxic
boundary’ and beyond the hypoxic cradle.

The formation of multicellularity can also be studied
through tumours, which misuse the same cellular capacities
as available to normal cells in the host. Tumour biology rep-
resents an evolutionary system, where new multicellularity
(transformed tissue) arises within and beyond an established
tissue environment and ‘ecosystem’. The lifetime risk to
develop cancer in an ageing human population is high
(about 1 in 3) [31]. Still, the appearance (incidence) and diver-
sification (metastasis) of tumours occur late and are statistically
rare [32] in comparison to the evaluated risk by having many
cells. Human cancer incidence increases dramatically after the
age of sixty [33], i.e. after a vast number of normal tissue
renewal cycles. For example, human intestinal crypt cells
have a turnover time of approximately 3 days, which means
the entire intestinal lining is renewed several thousand times
before the age of 60 years. The statistical rarity of tumour mul-
ticellularity is also indicated when considering the total
number of cells in the human body: an adult human contains
10" [14] somatic cells and roughly the same number of new
somatic cells are replenished through asymmetric stem cell
renewal each year. Although errors in cell stemness thus com-
prise an evolutionary liability [34], cancer clones have to pass
multiple evolutionary bottlenecks [32,35] before only a small
proportion ‘succeed’ to become malignant [36]. The potential
rarity of tissue transformation is interpreted as if the transition
from cellular autonomy to collaboration [37] is rare, fragile and
even improbable [38,39]. These observations suggest that tran-
sition to tumour multicellularity in the form of cancer is

difficult. Although the necessary genetic toolkits and regulat- [ 3 |

ory networks are available, the transition to the construction
of this version of multicellularity (or perhaps the interruption
of a functional ecosystem) remains improbable. The ‘success’
of tumours, on the other hand, critically involves cell stemness
[40], self-renewal [41] and alterations in the so-called cellular
hypoxia-response machinery [42].

Here, I combine insight from cell stemness studies, devel-
opmental evidence from both normal and transformed
(tumour) tissue, and observations in the geological record
to argue for the hypothesis that the ‘harnessing’ of
hypoxia—either on demand or through controlled cellular
mechanisms—shaped large life evolution. I summarize the
main factors that give rise to the hypothesis and illustrate
the potential impact of the harnessing hypoxia hypothesis.
I describe a scenario that provides an explanation for the
rare bursts in diversity of complex multicellularity and link
evolving mechanisms that sustain access to cell fate plasticity
to the development and distribution of early animals in
hypoxic, stable and deep-water niches.

2. Solutions to the paradox of oxygen-sensitive
tissue construction

The paradox, in the eyes of us as observers, that aerobic metab-
olism sustains ‘large life’ while maintenance of tissue in
multicellular organisms requires hypoxia, compels us to
explore biological solutions that have solved it. Tissue main-
tenance balances cell renewal with cell death, thereby
defining the life expectancy of multicellular organisms.
While tissue homeostasis more broadly includes balances of,
for example, nutrients or gases, here, I focus particularly on
cell replenishment in tissues. Vertebrates clearly cope in oxic
conditions and thus serve as an exemplar of complex multicel-
lular life that has overcome the paradox of oxygen-sensitive
tissue renewal. Tissue renewal has been extensively studied
during animal development but even more so in vertebrate
tumours. Using examples of how animal tissue and its
tumours circumvent the paradox, I infer three evolutionary
strategies for tissue renewal under oxic conditions: (i) hypoxia
on demand, (ii) pseudohypoxia and (iii) fast cell turnover or
tissue plasticity.

2.1. Hypoxia on demand

Tissue niches that are particularly low in oxygen exist in both
animals and plants. In vertebrates, the bone marrow, where the
most basal and active hematopoietic stem cells (HSCs) reside,
is one such niche. HSCs give rise to, for example, platelets,
macrophages and red blood cells (RBCs) that live for approxi-
mately three months. Thus, HSCs replenish roughly 100 billion
new RBCs every day [43], and the HSCs reside in a truly
low-oxygen niche (figure 3a). Bone marrow oxygenation is
notoriously difficult to determine without disturbing the
microenvironment, but blood studies suggest that mitochon-
drial inactivity is central to HSC stemness [46,47]. Vascular
plants also have pluripotent stem cells (meristem stem cells)
that give rise to new leaves, and it was recently determined
that these core stem cells also reside in a hypoxic niche [8]
(figure 3b). This hypoxic niche is somewhat surprising since
it is found within 100 pm of the cuticle, suggesting either an
impermeable layer to the atmosphere or high oxygen
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Figure 3. Hypoxic stem cell niches in (a) human bone marrow (modified from Wielockx et al. [44]) and (b) the vascular plant Arabidopsis thaliana (modified from

Weits et al. [45]).

consumption. Overall, for both mammals and vascular plants,
access to a permanently hypoxic niche is deemed vital.

Oxygen is also particularly low during mammalian
embryogenesis, at peri-implantation, during the first trime-
ster, and for some placental cells throughout gestation
[48-50]. Oxygen tension in the uteruses of monkeys and
humans is less than 2% [49,50], and gaseous exchange
between the maternal and fetal blood only becomes fully
developed towards the end of the first trimester [49].
During the first trimester, cells migrate, find their fate and
build organs, which argues for an association between the
narrow range of low oxygen concentrations that can promote
both cell stemness and differentiation.

Hypoxic phases in other animals are less well documen-
ted, but numerous observations suggest that invertebrates
control not only access of oxygen but also its restriction. For
example, insect larvae live in hypoxic habitats like mud or
trunks [51] while their shorter-lived adult versions hold
breathing canals predominantly closed [52] unless flying.
Blue mussels are closed when not filtering [53,54], while
sponges and annelids arrest ventilation in their canals and
burrow for extended periods of time (minutes to days),

such that hypoxic or anoxic conditions follow repeatedly
[55,56]. Anoxia is associated with crab and lobster moulting
[57,58], while coral tissue anoxia at night when symbiotic
algae respire is hypothesized to contribute to successful noc-
turnal skeletal extension [59]. At the cellular level, hypoxia
does not promote higher animal cell death rates than oxic
conditions [13]. Hypoxia is associated, however, with the
reversal, or de-differentiation, of previously specialized cells
[60]. By inference, hypoxic phases may offer a simple solution
to reboot stem cell capacity in invertebrates.

One known adaptation to fluctuations in oxygen concen-
trations is the synthesis of hypoxia-inducible factors such as
HIF-1a. While mainly known from the cancer field and
indeed its discovery awarded the 2019 Nobel Prize in Physi-
ology or Medicine, HIF-1a is expressed by all animals but
sponges and ctenophores [10,61,62]. HIF-1a is commonly
described as a necessary response system to low oxygen con-
ditions, but it primarily assists in handling of fluctuations by,
for example, switching from glycolysis and muscle angiogen-
esis at hypoxia to aerobic metabolism and seized construction
of blood vessels at conditions with higher oxygen concen-
trations (in a context-specific manner). Indeed, HIF proteins
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Figure 4. The immature cell phenotype (a) depicted as promoted by HIF-2-driven pseudohypoxia (modified from Vaapil et al. [16]), (b) in tumour tissue (nuclear
HIF-20;; brown) and next to blood (red) (modified from Holmqvist-Mengelbier et al. [68]), (c) in the oxygen-sensitive glomus cells (red) in the carotid body that are
(d) lost when EPAST/HIF2 is knocked out (Macias et al. [69]). Scale bars 20 pm (g), 100 pm (b) and 200 pm (c,d).

are omnipresent in the cell also under oxic conditions but
then continuously degraded through ubiquitination and, in
essence, transcriptionally silenced. Degrading HIFs under
oxic conditions suggests that their stabilization under
hypoxia (approx. 1% in the case of HIF-1a) was the early
and ancient mode of function, while their silencing under
oxic conditions the adaptation [9]. Since biological inno-
vations must first be expressed in order for their silencing
to undergo selection [9], the silencing of HIFs at oxic con-
ditions represents an adaption. Therefore, HIFs are better
regarded as means for organisms to adapt to oxic and con-
ditions with fluctuating oxygen rather than, as it is
commonly described by us today, assisting animals to acutely
adapt to low oxygen conditions [62].

We must, therefore, consider the difference between mul-
ticellular organisms in a low O; setting that first lack and then
possess critical control of the hypoxia machinery through
mechanisms such as HIFs. HIF-1a likely provides several
‘services’ to bilaterians and cnidarians (also recently called
Hifozoa) [62], such as regulating aerobic glycolysis [63],
innate immune responses [64], or tolerance to sulfide [65],
and are suggested to be a new or co-opted transcription
family [21] that allowed dramatic diversification of primarily
bilateral animals [10]. By contrast, organisms without HIF-1a
would depend on a predictable external environment for pre-
dictable cell fates (e.g. hypoxia and stem cells at the core of
the organism with more oxic and differentiated cells at its
edges). Thus, organisms without HIF-1a (or similar) would
have depended on a stable external environment, which is

rare on the Earth’s surface. One of the more stable environ-
ments on Earth is the deep ocean (here defined as below
the storm wave base), where oceanographic factors like
wind, currents, primary production and carbon remineraliza-
tion change at much longer intervals than at the surface.

In conclusion, hypoxia is fundamental for vertebrate stem
cells and mammalian embryogenesis and can also be inferred
to be common to invertebrate animals where, for example,
HIFs provide a means to adapt to fluctuating oxygen con-
ditions such as those common in shallow marine settings.

2.2. Pseudohypoxia

Vertebrate cell stemness under oxic conditions (greater than
2%) would be fundamentally impossible, since oxygen
promotes differentiation [6] and chromatin condensation with-
out mechanisms to stop differentiation [9] or induce stemness
[10]. Still, cell stemness can clearly occur next to oxygenated
blood. For example, multipotent stem cells (adult stem cells)
in the basal skin stem cell layer reside just above vasculariza-
tion that shuttles oxygenated blood. In tumours, immature
cells also maintain their immature phenotype next to vessels,
which represent areas of maximum oxygenation. In the
tumoural setting, the main regulatory mechanism to induce
cell stemness despite oxic conditions is called pseudohypoxia
[66,67]. Cancer stem cells maintain their stemness properties
at physiologically oxic conditions through HIF-2a [66]
(figure 4a,b). The association between HIF-2a0 and stemness
is further evidenced by how constitutional HIF-2a expression
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(gain of function mutation in EPAST) is associated with
heritable types of cancers [66,70]. Since these cancer stem
cells demonstrate hypoxic responses under physiologically
oxic conditions, the phenotype is called pseudohypoxia [67].
HIF-20 is vertebrate-specific [10,61] and—although a term
derived from tumour biology—the pseudohypoxic phenotype
is postulated to control stemness to allow animals to fully enter
oxic niches [10]. One argument supporting pseudohypoxia
being necessary for vertebrate evolution is that the ability to
produce RBCs, which efficiently transport oxygen, appears
to have evolved after HIF-2a [10]. Other and possibly older
mechanisms for inducing cell stemness in vertebrates inde-
pendently of HIE through lactate or energy sensing are
also recently demonstrated [71-73]. The recent discoveries
highlight that much likely remains to be discovered of how
pseudohypoxia can be induced by HIF-2a or parallel mechan-
isms. Nevertheless, investigations of cellular mechanisms
that sense oxygen, induce stemness, and their evolutionary
sequence are pertinent in order for us to decipher their role
for multicellularity to adapt to life in oxic environments
(i.e. O, concentrations above CTP or greater than 2%).

There is only indirect evidence of pseudohypoxia regu-
lated by HIF-2a or other key molecules maintaining adult
stem cells in normal vertebrate tissues. Indeed, whether stem-
ness in adult stem cells is an induced or a hardwired property
has been intensely explored within different tissues. In the
small intestine, for example, epithelial cells have a lifetime of
approximately 3 days and must be continuously replenished.
The cell fate plasticity of these cells is thought to reflect an
induced, rather than hardwired, property [74]. However,
HIF-2a has also been observed in the basal stem cell layer of
skin [75] and is essential for the function and development
of the carotid body (which regulates vertebrate heart rate
and ventilation) [69]. HIF-2a is also transiently expressed
during normal rodent and mammalian embryogenesis and,
particularly, during the development of the sympathetic ner-
vous system [76-78]. While the ability to manage stemness is
complex, it is likely that pseudohypoxia played a role in the
way large life solved the paradox of an oxygen-sensitive core
of tissue renewal. It might even be argued that HIF-2-driven
pseudohypoxia assists vertebrates to generally reach larger
size, higher complexity (organs), and longer lifespan in oxic
conditions than invertebrate animals [10]. However, the ability
to promote stemness under oxic conditions must be balanced
against the risk of developing stemness-related disease like
cancer. Tumour growth is noted in all multicellular life, but
it is primarily in the vertebrates that tumours are observed
to invade and metastasize [79].

2.3. Tissue plasticity

Some modes of tissue renewal appear to bypass the need of
oxygen-sensitive stem cells and thus the need of harnessing
hypoxia. For example, large life can consist of tissue where
all cells are pluripotent (stem cells of sorts) such as in macroal-
gae, fungi or sponges. Any cell in the tissue of brown algae can
give rise to a new individual. Sponge cells, on the other hand,
continuously transdifferentiate between a stem cell state
(archaeocyte) and a more differentiated state (e.g. choanocyte)
[80], a metastable state that may be as short as four hours [81].
Cnidaria also demonstrate remarkable regenerative capacity.
For example, the fresh water polyp (Hydra) can regenerate
from dissociated cells or half of the original organism through

cellular de- and transdifferentiation [82]. This capacity to [ 6 |

‘toggle’ between cell fates is suggested to be an ancestral
capacity of primitive multicellularity and even unicellular
holozoans [21,22,81,83]. When cell fate alternation is fast, as
in the sponge example, this biologically driven plasticity
could be regarded as a microcosm where signals derived
from the surrounding environment are kept at bay. In this
microcosm, tissue renewal bypasses the need of both
oxygen-sensitive stem cells and fully differentiated cells. How-
ever, the ability of cells to maintain plasticity could also come
with limitations since it has been suggested to restrict the
number of possible cell fates, and thus cell types [84]. This
would mean that cell differentiation states in, for example,
sponges and cnidarians are non-terminal and that reversion
to an immature phenotype is possible at the cost of a small
wardrobe of cell fates. This is supported by the observation
that Cnidaria possess similar genes to bilateral animals for
muscle formation but lack the typical terminal differentiation
proteins [82]. However, several modes of tissue renewal
occur across the animal kingdom [85,86] and even the
human liver can regenerate through transdifferentiation [87]
(although proliferation is more common) [88]. Mammals
during development and also adult lizards demonstrate
remarkable scar-free tissue regeneration [89,90] that involves
de- and transdifferentiation [91]. The ultimate indication that
all cells may hold the potential capacity for transdifferentiation
is experimental, such as when fully differentiated human ker-
atinocytes (skin cells) can be induced to acquire stemness
properties [92]. Although complex, solutions for tissue plas-
ticity that involves fast fate turnover likely matter for how
life decoupled from the environment and these solutions
may be independent of those involving hypoxia.

3. Primordial coexistence of oxic and hypoxic
niches

Conventionally, we think of atmospheric oxygen concen-
trations to have increased when animals diversified on Earth
[19,29]. The presence, evidence and timing of oxygenation
events are also actively explored within the geoscientific com-
munity. However, this view mainly considers animal diversity
depending on a lower oxygen threshold for respiration
[20,29,30], when the oxygen-sensitive core of tissue renewal
also clearly highlights an upper oxygen threshold (approx.
2%) [2,4] in the absence of additional competencies [9,10].
Also, the geological record demonstrates that oxic niches
(greater than 2%) were present long before the diversification
of animals and possibly for long periods of time [93,94].
Reconstructions of atmospheric oxygen are always indirect
and primarily estimate the extent of anoxia (which is more
clearly evidenced by, for example, redox-sensitive geochemis-
try). However, oxic niches at the very least have been present
at the microscale since the rise of oxidative photosynthesis [95]
some three billion years ago (Ga) [96]. Thus, in the vicinity of
cyanobacterial mats in the photic zone (down to approx.
80m), oxygen would have been present approximately 2
billion years before diversification of any large life. Oxygen-
ation on the larger scale is also noted well before the
Phanerozoic. Mesoproterozoic rocks yield point observations
of oxidative weathering [97] and oxic deep-water conditions
[98]; studies that still result in either no or much debate
[99-102]. Indeed, debates pertaining to Precambrian events
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of both oxygenations and macrofossil occurrences may be par-
ticularly fierce since our current model relies heavily on the
assumption that Precambrian oxygen concentrations were
insufficiently low for large life. For example, the so-called
great oxidation event (GOE), noted at 2.45Ga [103] and
during the Lomagundi carbon isotope excursion at 2.3 to
2.1 Ga [104], reflects two things. First, that oxygen built up
in the atmosphere, possibly to concentrations as today [104],
and, secondly, our choice of the term ‘event’. The oxygenation
occurred or re-occurred during some three hundred million
years or more [104], which is as long as the time during
which the Phanerozoic was fully oxygenated [24]. The term
‘event’ is thus slightly misleading. Also, between putative
eukaryotic macrofossils at 1.6 Ga [105] or 1.2 Ga [106], up to
a billion years pass (with likely some time periods of oxygen-
ation [97]) before visible diversification of large life appears to
have occurred. The time needed for evolution to exploit new
conditions, such as increased oxygen, remains unknown, but
the million years of ‘oxic’ conditions in the Mesoproterozoic
or Neoproterozoic clearly did not lead to large life diversifica-
tion. I do not claim that oxic niches are unimportant for animal
evolution; clearly, modern animal diversity and their ability to
biomineralize is reduced at low oxygen concentrations (less
than 2 ml1~!, which corresponds to less than 25% of full
modern saturation or less than 5% O,) [25,30]. I do claim, how-
ever, that oxic and hypoxic niches have coexisted for most of
Earth’s history without leading to large life diversification
(figure 5). This megaevolutionary stasis [15] could reflect
that oxic niches were inaccessible to tissue-grade organisms.

Oxic, hypoxic, and anoxic niches are hypothesized to
have existed at the microscale since the dawn of photosyn-
thesis and in the atmosphere since 2.4 Ga (figure 5). During
this coexistence, both animal ancestors [107] and animals
have evolved within the hypoxic niche [9], restricted from
the oxic niche by the CTP threshold. First, after the develop-
ment and selection of adaptations to oxic conditions, large life
could colonize the oxic niche [10]. Once there, the develop-
ment of energy-intensive organs made vertebrate animals
wholly dependent on oxic conditions. Other eukaryotic mul-
ticellular organisms may also be limited by how oxygen
induces chromatin condensation, but their solutions for sen-
sing hypoxia and oxygen and accessing cell stemness are
yet much less well understood. However, if the competencies
that curb the oxygen-sensitivity of tissue maintenance are as
central as claimed here, some of their evolution must have
been shared by organisms entering the oxic niches around
the same time. This hypothesis requires further testing.

4. Hypothetical framework for conquering oxic
niches

If multicellular organisms solved the paradox of oxygen-
sensitive tissue maintenance by accessing hypoxia or cell
plasticity, this allows us to sketch the hypothetical steps taken
to improve the control of cell stemness and, thus, their ability
to live in oxic environments. The evolutionary steps that even-
tually led to animals can be argued to have included stemness
control through (a) oxygen gradients, (b) fast cell fate turnover,
() the hypoxia-response machinery (HIF-1 or similar) and
(d) pseudohypoxia (HIF-2 or similar) (table 1).

Each of these hypothetical steps has different implications.
(a) If primitive multicellular organisms (e.g. Ediacaran

reptiles/mammals

vertebrate animals

invertebrate animals

{b\q;be -~ metazoa
hypoxic multicellularity
0 PR RN NN N e eukaryotes
anoxic
A
4.6 | 2.3 0.6  0(Ga)
prokaryotes GOE

Figure 5. Schematic depiction of the coexistence of niches (also on
microscale) during Earth’s evolution, with the appearance of complex multi-
cellularity deliberately placed before the GOE in the hypoxic niche, and the
later diversification of those organisms with solutions to uphold hypoxia (or
fast cell fate turnover) into the oxic niche (separated from the other niches by
the chromatin condensation point, CTP).

rangeomorphs [108]) possessed spatial cell stemness as a func-
tion of oxygen gradients within the tissue, they were
vulnerable to fluctuations in environmental oxygen concen-
trations. This vulnerability would make them unlikely to
survive in Earth’s shallow marine niches, where oxygen con-
centrations continuously fluctuate as a result of wind,
temperature and primary production (figure 6). One geologi-
cal observation of proto-animals are the Ediacaran organisms
found in deep marine settings [108,110]. Their occurrence is
biased by preservation, but a deep marine setting [111]
would be consistent with the prediction that primitive stem-
ness control demands an environment with stable oxygen
concentrations. (b) Organisms that possess cell stemness as a
function of fast cell fate turnover create an independent
environment in which fast-paced tissue maintenance may out-
compete, or delay, signalling from conditions (like oxygen) in
the environment. Continuous cellular transdifferentiation
would create sovereignty but maybe at the price of a limited
range of cell fates and complexity or other mechanisms by
which the chromatin is remodelled. (c) For invertebrate ani-
mals, HIF-1a (or similar) allows versatile access to hypoxic
cell responses (the hypoxia response machinery) which allow
them to cope for longer periods in oxic conditions. In compari-
son to organisms that require stable conditions for stemness
via oxygen gradients, these organisms (e.g. annelid worms
or blue mussels) would through HIF regulation (e.g. of cellular
metabolism) be able to cope with a life that ventures into oxic
conditions. However, their limited stemness control would
require continuous access to true hypoxia on demand. This
implies that invertebrate animals remain coupled to truly
hypoxic conditions for their livelihood. Studies of the earliest
preserved animals also suggest that both the Chengjiang and
Sirius biotas were established in very low oxygen conditions
that would have been particularly stable [112,113]. Indeed,
two subsequent animal diversification events in the Phanero-
zoic are also associated with, and hypothesized driven by,
phases of dominantly anoxic water column conditions [114].
(d) Vertebrate animals would, with their ability for HIF-2-
driven pseudohypoxia, excel in cell stemness under oxic
conditions and thus be mostly decoupled from true hypoxia
(but still exploit it on demand, such as in the bone marrow).
Their ability for spatio-temporal stemness control and organ-
grade complexity (such as the brain or kidneys) would,
however, later have developed into oxygen dependency and,
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the conquered niche

J
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Figure 6. The framework of niches on Earth, of which the hypoxic niche represents the ancestral, stable, deep and ‘normal” world for large life, from which it
conquered the challenging, unstable, oxic and more surficial niche. Solutions to conquering the oxic niche couple to the harnessing of hypoxia (white) and temporal
anoxia (dark grey), promotion of pseudohypoxia (yellow) or fast cell fate turnover (blue). Although not always anoxic (black), the deep biosphere or shadowland
remains Earth’s most ancient biosphere and, until the rise of high plant biomass, largest reservoir of living cells (carbon mass) (McMahon & Parnell [109]).

Table 1. Cell stemness is inferred to be regulated through oxygen gradients, cell fate plasticity, controlling (CTRL) the hypoxia response machinery and
pseudohypoxia, which resulted in varying capacities, dependencies and implications for the large lifeforms that acquired these solutions.

dependency on the
external environment

cell stemness option

implications model organism

X high (vulnerable to struggle to colonize rangeomorphs
high 0,) the oxic niche
R . medlum(mlcrocosms) e spongesalgae
fungi
; o ; . Iow(copem P~ ng — requ|restruehypOX|a msectsvascu S
conditions) for stemness plants
; Ty ; ; h|gh (vulnerableto D
low 0,) animals
B 02 grad|ents e (TRLhypoxm pseudohypoxm e
plasticity (e.g. HIF-1a) (e.g. HIF-2a)

thus, vulnerability to oxygen deficiency (which has since
affected our evaluation of the importance of high oxygen).
Their ability to control stemness would also increase the risk
of stemness-related disease such as metastasizing cancer.
While vertebrates are hypoxic organisms since end-capillary
pressures rarely exceed 7% [26], their solutions for stemness
control emphasize that their harnessing of hypoxia and its
responses (spatio-temporal cell fate control) reached a new
level. I suggest that the potential of these solutions is reflected
in the vast number of cell types observed in vertebrates, which
is not observed within other multicellular organisms.

This hypothetical framework has several unknowns.
There is no comprehensive overview of the mechanisms in
multicellular organisms that curb the paradox of oxygen-sen-
sitive tissue renewal. This hypothetical framework also does
not address how such solutions could have been shared or
evolved in parallel, while diversification within clades (ani-
mals, plants and algae) and in oxic niches occurred within
a short geological timespan. Rather, we have until now not
asked or determined whether

invertebrates maintain

dependency on truly hypoxic conditions. We do know, how-
ever, that oxygen above a certain threshold challenges cells in
tissues, that oxygenation events through Earth’s history can
be argued as being uncoupled from the diversification of ani-
mals and plants, and that implications of a model in which
solutions involve hypoxic responses or cell plasticity are con-
sistent with observations within the geological record and in
developmental biology. This view of tissue competencies that
solve the paradox of oxygen-sensitive renewal holds potential
for rethinking the diversification of large life via integrated
studies of geology, evolutionary principles and developmental
biology.
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