SCientiﬁc Reports https://doi.org/10.1038/s41598-026-44143-x
Article in Press

Hypoxia-induced gene expression changesin N.
vectensis embryos

Received: 17 November 2025 Sen Hadife, Hongdi Wang, Yayoi Hongo & Hiroshi Watanabe
Accepted: 10 March 2026

Published online: 20 March 2026 We are providing an unedited version of this manuscript to give early access to its
findings. Before final publication, the manuscript will undergo further editing. Please
note there may be errors present which affect the content, and all legal disclaimers

Cite this article as: Hadife S., Wang H.,
Hongo Y. et al. Hypoxia-induced gene

expression changes in N. vectensis apply.
embryos. Sci Rep (2026). https://doi. If this paper is publishing under a Transparent Peer Review model then Peer
0rg/10.1038/541598-026-44143-x Review reports will publish with the final article.

©The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International
License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you give appropriate credit
to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the licensed material. You do

not have permission under this licence to share adapted material derived from this article or parts of it. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.


https://doi.org/10.1038/s41598-026-44143-x
https://doi.org/10.1038/s41598-026-44143-x
https://doi.org/10.1038/s41598-026-44143-x
http://creativecommons.org/licenses/by-nc-nd/4.0

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

Hypoxia-induced gene expression changes in N.
vectensis embryos

Sen Hadife!:", Hongdi Wang'-", Yayoi Hongo', and Hiroshi Watanabe'-*

'Okinawa Institute of Science and Technology Graduate School, Evolutionary Neurobiology Unit, Okinawa, Japan
“hiroshi.watanabe@oist.jp
"These authors contributed equally to this work.

ABSTRACT

O, availability is one of the critical drivers of metazoan evolution and diversification. The earliest metazoans evolved in
shallow marine shelves of the Neoproterozoic era, where the redox environment was likely variable and spatially heterogenous.
This imposed physiological constraints on the emerging animals, selecting for O»-responsive and stress-adaptive traits.
Embryogenesis is a novel and highly conserved stage of metazoan development, and its regulatory architecture may hold the
key to understanding how adaptive traits arise in response to environmental change. Defining how early metazoan embryos
respond to fluctuating O, levels will therefore provide essential insights into the adaptive mechanisms that shaped the evolution
of metazoans. Here, the embryos of the cnidarian Nematostella vectensis, a representative of early-diverging metazoans,
were used to comprehensively investigate the developmental and genetic responses o hypoxia. N. vectensis embryogenesis
is Oo-dependent, with hypoxia inducing a reversible developmental arrest. Transcriptomiic profiling reveals that the hypoxia
response in N. vectensis embryos is conserved with bilaterians, encompassing core hypoxia-responsive genes and pathways.
These findings suggest that the genetic toolkit underlying embryonic hypoxia responses was already established in the common
cnidarian—bilaterian ancestor.

Introduction

The evolution of metazoans unfolded against a backdrop of rising environmental O, levels. The history of Earth’s oxygenation
is generally described as a series of stepwise increases. One of these major increases is termed the Neoproterozoic Oxygenation
Event (NOE; ~850—540 million years ago) which increased O, concentrations to about 5-15% of modern levels'->. The
metazoan lineage is inferred to have originated near the outset of the NOE when atmospheric O, concentration was likely
< 10% of modern levels®*, and many crown-group divergences occurred during this Ediacaran—Cambrian transition®~. Rising
0, is widely argued to have enhanced metabolic capacity and tissue complexity via oxidative phosphorylation, enabling much
higher ATP production than anaerobic pathways. Furthermore, it facilitated the emergence of O,-dependent biosynthetic
processes such as collagen formation, supporting larger and more complex body structures® 811,

While there is broad agreement on a net increase in atmospheric O;, our understanding of the temporal and spatial
heterogeneity of marine redox conditions remains fragmented! 2. Several studies infer persistent deep-ocean anoxia throughout
much of the Neoproterozoic'® '#, whereas others suggest repeated intervals of oxygenation and deoxygenation'>1®. Recent
biogeochemical modeling data suggests that it was the shallow marine shelf, where most animals evolved and most fossil
records are preserved, which experienced NOE in the form of elevated dissolved molecular oxygen and productivity windows
(Fig. 1a)'*. Within these shallow shelves, photosynthetic activity of eukaryotic phytoplankton over day-night cycles likely
amplified diel O, variability!”. Such variation in O, availability would have imposed strong physiological challenges and
selective pressures on ancestral animals'®. Thus, it is hypothesized that ancestral metazoans would have had to adapt to rising
0, levels, while simultaneously developing protective mechanisms against exposure to low O, conditions'329,

The most well studied hypoxia-responsive machinery in metazoans is the Hypoxia Inducible Factor (HIF) pathway, which
mediates a very well characterized transcriptional reprogramming under low O concentrations in bilaterians”>2!. Other stress
response pathways, such as AMP-activated protein kinase (AMPK) signaling®?, unfolded protein response (UPR)??, and
cAMP-response element binding (CREB) signaling®*, also function under hypoxia in a HIF-independent manner. These
pathways respond to the cellular energy and nutrient status, or accumulation of unfolded/misfolded proteins, and function to
restore cellular homeostasis under low O, conditions>>~2*. Although these hypoxia-responsive gene were acquired before the
emergence of Bilateria, their function in non-bilaterian lineages remains largely unknown?>26.

Metazoans share a reproductive strategy in which a nutrient-rich zygote (fertilized egg) undergoes rapid cleavage divisions
to generate a multicellular embryo. Furthermore, this embryonic development also involves gastrulation, where the primary
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germ layers, the ectoderm and the endoderm, are established?’—2°. If this mode of reproduction, conserved across both bilaterian

and non-bilaterian lineages, arose early in metazoan evolution, then embryogenesis would also have occurred under variable O,
conditions.

Analyses in several model bilaterian species have revealed that embryonic development is arrested under hypoxic condi-
tions*=3>_ It remains unclear, however, how the embryonic development of non-bilaterian metazoans is affected under hypoxia.
Interestingly, cnidarians, an early-diverging metazoan placed as the sister group to Bilateria*®3’, show particular tolerance to
hypoxia in their adult stages*®*°. Studying the O, requirements of developing cnidarian embryos would therefore provide
key insights into understanding the biological constraints governing the emergence of ancestral metazoans. In this study,
the morphological and genetic responses to hypoxia were investigated in the cnidarian Nematostella vectensis, which has a
well-annotated genome and well-described developmental stages*!~*.

Our analysis using a novel hypoxic culture system showed that N. vectensis embryos require O, to progress through early
development. In the absence of O,, embryos in the early stages enter a reversible state of developmental arrest just before the
onset of gastrulation. Transcriptome analysis suggested that the hypoxic response in N. vectensis embryos is regulated by a
stress adaptation program that responds in a stage-specific manner. The hypoxia response genes in N. vectensis embryos are
reminiscent of pathways reported in bilaterians, suggesting that the hypoxic response system was established, at least in part, in
the common ancestor of Cnidaria/Bilateria. Taken together, the findings support a model where ancestral metazoans evolved in
a generally oxygenated environment, even during periods of fluctuating redox conditions.

Results

To investigate the effects of hypoxia on N. vectensis embryonic development, a novel hypoxic culture system was developed
(Fig. 1b). O, was removed from the culture medium (1/3" artificial seawater) by bubbling Ny, and O, levels were continuously
monitored following previously described protocols*®. Under Normoxic’ conditions, the culture medium was saturated with
80% N, and 20% O, gas to create 100% atmospheric O, saturation, and under a ‘Hypoxia’ condition, the culture medium was
saturated with 100% N, creating a final dissolved concentration of less than 0.1% atmospheric O, saturation. The culture
medium was continuously supplied into sealed chambers containing N. veciensis embryos using a flow-through system, which
minimized secondary effects from accumulation of metabolites in the system. Finally, the experiments spanned half-day (12
hours) hypoxic exposure to simulate low O, stress, particularly the diurnal oxic-anoxic cycles that likely existed in ancient
shallow marine environments'®.

Hypoxia induces developmental arrest in N. veciensis embryos

N. vectensis embryos developed under normal O, conditions for 6, 12, or 24 hours post-fertilization (hpf) (Fig. 2a) before being
used for the hypoxia culture.

Under normal O, conditions, N. vectensis embryos consist of irregularly shaped and loosely connected*? cells by 6 hpf (Fig.
2b). By 12 hpf, these cells adhere to each other and form a hollow blastula, consisting of a single ectodermal layer with no
internal structures (Fig. 2b). Massive morphogenetic movements occur as the embryo undergoes gastrulation*>47-43 and by 24
hpf, the embryo is at a gastrula stage, where the ectoderm invaginates inwards to form a diploblastic embryo (Fig. 2b).

In contrast, embryos cultured under hypoxia were unable to develop as normal. 6 hpf embryos cultured under normoxia
had entered the early stages of gastrulation by 18 hpf, and the inwards migration of the ectoderm could be observed at the
oral pole. In contrast, 18 hpf (6N+12H; 6 hours normoxia plus 12 hours hypoxia) embryos developed to a hollow embryo but
showed no indications of gastrulation (Fig. 2¢). Similarly, 12 hpf embryos cultured under normoxia reached the gastrula stage
by 24 hpf, but 24 hpf (12N+12H; 12 hours normoxia plus 12 hours hypoxia) embryos did not develop any internal structures
indicative of gastrulation (Fig. 2d). In both hypoxic treatments, the embryos retained a blastula-like phenotype with an absence
of morphogenetic cell internalization.

While exposure to hypoxia before, or during, gastrulation caused clear embryonic morphological abnormalities, 36 hpf
(24N+12H; 24 hours normoxia plus 12 hours hypoxia) embryos that had already undergone gastrulation prior to hypoxia
treatment did not show any visible morphological effects (Supplementary Fig. 1). This implies that the effects of hypoxic
exposure observed in early embryos were not simply due to non-specific cytotoxicity. In fact, even in early embryos where clear
phenotypes were observed under hypoxia, there was no significant change in their survival rate (Supplementary Fig. 2). These
data suggest that the hypoxia-induced developmental defects observed in early N. vectensis embryos are a specific response
regulated by a developmental arrest mechanisms.

O, is a prerequisite for gastrulation in N. vectensis embryogenesis

To determine whether the developmental arrest observed in early V. vectensis embryos reflects an active and reversible response
to hypoxia rather than an irreversible damage, arrested embryos were transferred to normoxic conditions and cultured for up to
12 hours. Embryos were collected at 1, 2, 3, 6, and 12 hours following reoxygenation.
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Embryos at 18 hpf (6N+12H), which showed developmental arrest prior to the onset of gastrulation, resumed gastrulation
around 6 hours post-reoxygenation, and more than 70% of embryos reached the gastrula stage by 12 hours post-reoxygenation
(Fig. 3a, b).

Late embryos cultured under hypoxia showed a similar, but more rapid, recovery compared to early embryos. 24 hpf
(12N+12H) embryos, which retained a blastula-like morphology, initiated ectodermal invagination within 3 hours post-
reoxygenation, and nearly 80% of embryos became gastrula by 6 hours post-reoxygenation (Fig. 3c, d).

Collectively, these results clearly demonstrate that N. vectensis embryogenesis, particularly during early developmental
stage, is dependent on environmental O, availability.

Cell proliferation during N. vectensis embryogenesis is O, dependent

In order to clarify the mechanisms underlying hypoxia-induced quiescence in N. vectensis embryos, cell proliferation assays
were performed on developing embryos. DNA synthesis was quantified using EdU incorporation, mitotic cells were identified
by immunostaining for phosphorylated histone H3 (pHH3). Cell proliferation was assayed at the end of hypoxia treatment, at
18 hpf (6N+12H) and 24 hpf (12N+12H), and compared to time-point matched embryos cultured under normoxia. Additionally,
the embryos were also sampled up to 2 hours following reoxygenation to characterize proliferative recovery.

18 hpf (normoxia) embryos showed active proliferation, with EAU signal detected in 60% of DAPI-positive cells (Fig. 4a,
b). In contrast, hypoxia-arrested 18 hpf (6N+12H) embryos showed a significant decrease in EAU incorporation, with less than
10% of cells being EdU-positive. Interestingly, reoxygenation rapidly reversed the hypoxia-induced cell growth arrest. Within 2
hours, the percentage of EdU-positive cells exceeded 75%. The strong negative effect of hypoxia on cell proliferation was
also confirmed by analysis of phosphorylated histones. pHH3 signals were observed in an average of ~ 5% of cells in 18 hpf
(normoxia) embryos (Fig. 4a, b). Meanwhile, in hypoxia-arrested embryos at 18 hpf (6N+12H), most pHH3-positive cells were
< 1%. This percentage rapidly increased to ~13% within 1 hour post-reoxygenation

Hypoxic treatment also inhibited cell proliferation in the later-stage 24 hpf embryos. 24 hpf (normoxia) embryos also showed
active cell proliferation, with with EdU signal detected in 45% and pHH3 signal detected in 4% of DAPI-positive cells (Fig. 4c,
d). In contrast, proliferation was almost completely suppressed in 24 hpf (12N+12H) embryos, with EAU incorporation reduced
to ~0.5% and pHH3-positive cells to ~1%. These effects were reversed witlin 1 hour post-reoxygenation; EdU-positive cells
increased to ~45% and pHH3-positive cells increased to ~6%.

These data demonstrate that hypoxia suppresses both S-phase entry/DNA synthesis and mitotic progression in N. vectensis
embryos. The rapid restoration of proliferative activity upon reoxygenation suggests that re-entry into the cell cycle occurs
through a mechanism that may be independent of de-novo gene expression. Furthermore, these finding indicate that hypoxia-
induced developmental arrest prior to gastrulation might not be attributed to impaired cell proliferation. Although proliferative
activity resumes rapidly upon reoxygenation, embryos require several additional hours to initiate gastrulation, indicating that
the recovery of proliferation alone is insufficient to immediately trigger morphogenesis (Fig. 3 and 4).

Transcriptomic response of N. vectensis embryos cultured under hypoxia

To gain insight into the molecular mechanisms underlying the hypoxia-induced developmental arrest during embryogenesis, the
effects of hypoxic exposure were examined at a transcriptomics level. Embryos developed under normal conditions until 6, 12,
and 24 hpf, before being cultured in the hypoxia culture system for 12 hours. RNA-seq analyses were performed at the end of
hypoxic exposure at 18 hpf (6N+12H), 24 hpf (12N+12H), and 36 hpf (24N+12H) (Fig. 5a). These data were compared to
embryos cultured under normoxia up to the same developmental time points, i.e. 18 hpf, 24 hpf, and 36 hpf, respectively.

The raw reads were mapped to the latest N. vectensis genome*’ obtained from the SIMRBase. Differentially expressed
genes (DEGs) were filtered for each stage using an adjusted p-value threshold of < 0.05 and a log2foldchange of > 1 or < -1
(Fig. 5b).

Hypoxia treatment at different developmental stages revealed unexpected complexity in the genetic programs that may be
related to the observed developmental arrest. The total number of hypoxia-responsive DEGs were higher at the earlier 18 hpf
(6N+12H) and 24 hpf (12N+12H) stages (Fig. 5b). The magnitude of the hypoxia induced gene expression changes in these
early embryos appears to correlate with the clear disturbance on morphogenesis observed under the same conditions. More
interestingly, DEGs that were downregulated or upregulated in response to hypoxia showed a developmental stage-specific
response (Fig. 5c¢). Relatively few up/downregulated genes were shared across all stages, and the 18 hpf (6N+12H) stage had
the largest number of unique genes (62% of downregulated and 75% of upregulated DEGs) affected by hypoxia. Downregulated
genes were most commonly shared between the 18 hpf (6N+12H) and 24 hpf (12N+12H) stages (17%), while upregulated
genes were most commonly shared between the 24 hpf (12N+12H) and 36 hpf (24N+12H) stages (21%).

Gene ontology (GO) enrichment analysis of the hypoxia induced upregulated genes gave some insights into this stage-
specific response. A total of 159, 164, and 166 GO terms were enriched at 18, 24, and 36 hpf, respectively (Fig. 5d). The unique
response at the 18 hpf (6N+12H) stage could be attributed to a specific subset of biological processes related to cytoskeleton
organization, chromosome organization, and cell division. At the later developmental stages, some of these biological responses
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were related to regulatory programs rather than structural changes. 24 hpf (12N+12H) stage-specific response primarily involved
mRNA processing and cellular respiration, while 36 hpf (24N+12H) stage-specific response involved lipid biosynthesis and
carbohydrate metabolic process. All together, these data suggest that the early response to hypoxia in N. vectensis embryos
involves tissue organization and morphogenesis, but is later tuned towards mediating cellular energetics against low O, as
development progresses.

Stage-specific molecular mechanisms underlying N. vectensis hypoxia response

The most well-studied hypoxia response system in Bilateria is the HIF pathway, which is composed of several transcription
factors, and O, sensors. In bilaterians, the HIF system responds under hypoxia to mediate transcriptional regulation®>!.
Unexpectedly, the typical hypoxia response involving the HIF genes was not observed across N. vectensis embryonic stages (Fig.
6a); NvHifa, NvHif3, and NvFih were not upregulated; only the O, sensors NvEgIn1 and NvEgIn3 showed upregulation at the
later embryonic stages at 24 hpf (12N+12H) and 36 hpf (24N+12H). Notably, basal expression of NvHiff3 was constitutively
high in embryos under normoxia (approximately 170-180 transcripts per million, TPM), substantially exceeding levels in
normoxic adults (approximately 70-80 TPM). In contrast, hypoxia-induced upregulation of NvHiff3 was only evident in adults,
where NvHiff transcripts increased from 70-80 TPM to 130-140 TPM under hypoxic conditions (Supplementary Fig. 3).
This pattern suggests that sufficient HIF components are present at baseline in embryos, enabling hypoxia-dependent pathway
activation primarily through post-translational stabilization (e.g. O;-dependent inhibition of protein degradation), rather than
transcriptional upregulation of the HIF genes themselves.

Although the transcriptional data did not show canonical HIF upregulation, several well-established hypoxia markers that
are direct HIF targets were also activated under hypoxia in N. vectensis embryos %%, Established hypoxia markers such as
NvPck1/2, NvAldoc, NvSlc2a8, and Nvlmjd6 were upregulated across all embryonic stages, while others such as NvPdk2,
NvGapdh, and NvEnol only responded at the later stage embryos 6b). These data suggest that, although HIF itself does not
show a transcriptional response under hypoxia, HIF-mediated transcriptional regulation is still active in N. vectensis embryos.

To further understand cellular programs activated under hypoxic stress, pathway enrichment analysis was performed on
the hypoxia-induced DEGs sets from 18 hpf (6N+12H), 24 hpf (12N+12H), and 36 hpf (24N+12H) stage embryos using the
Ingenuity Pathway Analysis (IPA) tool to identify over-represented canonical pathways>.

Across N. vectensis embryonic developmental stages, GPCR—second-messenger modules (CREB signaling, cAMP-mediated
signaling, G-protein/Ga signaling) were consistently enriched (Fig. 6¢), implicating receptor-proximal sensing and cAMP/Ca®*-
dependent transcriptional control in the coordinated hypoxic response during N. vectensis embryogenesis %2,

A more fine-tuned response is also present at each individual developmental stage. At the early 18 hpf (6N+12H) stage,
enrichment is centered on translational control and redox homeostasis (Fig. 6¢). EIF2 signaling is most enriched, consistent
with eIF2a-mediated translational attenuation under low 0,°%, while enrichment of antioxidant/NADPH-producing modules
(Glutathione Redox Reactions, Pentose Phosphate Pathway, NAD kinase/phosphatase cycles, vitamin C transport), aligns with
increased oxidative damage under hypoxia®*.

By the later 24 hpf (12N+12H) and 36 hpf (24N+12H) stages, enrichment shifts towards proteostasis, extracellular matrix
(ECM) organization, and cell-cycle control (Fig. 6¢). Across these stages, Mitochondrial Dysfunction and Endoplasmic
Reticulum (ER) Stress respond alongside the well-established stress responsive pathways, Unfolded Protein Response (UPR)
and AMPK Signaling, to maintain cellular homeostasis.

These results indicate a temporally structured hypoxia response in N. vectensis embryos. Translational regulation and
antioxidant defense mechanisms in early development transition to proteostasis and ECM remodeling in later developmental
stages, integrating with stress-responsive pathways that function to maintain cellular homeostasis.

Discussion

Although geochemical data indicates a net rise in atmospheric O, during the Neoproterozoic era, a growing body of evidence
suggests that shallow marine shelves experienced repeated oxic—anoxic oscillations rather than a simple rise in O, levels!#18:20,
Such redox instability would have imposed intermittent hypoxic stress on emerging metazoans, potentially selecting for
robust O-sensing and adaptive pathways!'®. Yet, the cellular and molecular strategies by which the early emerging metazoans
responded to hypoxia remain largely uncharacterized.

Embryogenesis is a common feature of the early emerging metazoans, and this study demonstrates that embryonic
development in cnidarians is dependent on O,, particularly at the earlier stages. N. vectensis embryos do not die under hypoxic
conditions, but rather enter a state of hypoxia-induced quiescence prior to gastrulation. This hypoxia-induced developmental
arrest of N. vectensis embryos aligns with observations in various bilaterians, including nematodes?, insects’!=33, and
vertebrates’* 3. The findings of this study further demonstrate that the hypoxia-induced developmental arrest in N. vectensis
embryos is reversible following reoxygenation. This resilience to low O, likely reflects an adaptation to the O, fluctuations
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in the ancient marine shelves where cnidarians evolved!$:37

reoxygenation relieves the hypoxia-induced arrest and allows developmental progression for several bilaterian species

In N. vectensis embryos, the response to hypoxia was strongly stage-dependent. Embryos at the 18 hpf (6N+12H) stage
exhibited the highest number of DEGs under hypoxia, and together with the 24 hpf (12N+12H) stage showed developmental
arrest prior to gastrulation. By contrast, 36 hpf (24N+12H) embryos showed no obvious phenotypic response to O, deprivation
and produced the fewest DEGs. These observations are consistent with previous studies showing that early stage embryos
are most sensitive to hypoxia treatment®'-32, and that hypoxia leads to developmental arrest prior to>>, or at the onset of®,
gastrulation. A possible explanation for such a response is metabolic restriction. Gastrulation is energetically demanding,
relying on substantial ATP to support coordinated cell movements and signaling, and embryos at this stage depend heavily on
oxidative phosphorylation to meet these high energy demands®® 68, Tt is hypothesized that disruption in ATP synthesis cycles in
the absence of O, is sufficient to cause cell cycle arrest’?. Park ez al. (2018)%° demonstrate that artificial reduction in ATP
levels inhibits cell-cycle progression. Consistent with these reports, hypoxic exposure of early N. vectensis embryos resulted in
a significant decrease in cell proliferation (Fig. 4). Additionally, the transcriptional response to hypoxia lead to an upregulation
in gene sets (NvSlc2a8, NvPckl/2, NvGapdh etc.) that mediate metabolic reprogramming toward anaerobic glycolysis and
homeostatic control of ATP synthesis. These findings suggest that high O,-dependent ATP production may be required for cell
proliferation during early development in N. vectensis.

Disruption in ATP synthesis may also be involved in the activation of the hypoxia stress-responsive signaling pathways
in N. vectensis embryos. In bilaterians, when ATP levels decrease, AMPK signaling promotes catabolic processes, such
as glucose uptake and fatty acid metabolism to restore ATP levels, while simultaneously suppressing anabolic processes
such as protein/fatty acid synthesis that consume ATP?>-7°. Since AMPK signaling genes show increased expression under
hypoxia in developing embryos at 36 hpf (24N+12H), a similar mechanism may be operating in cnidarians. Hypoxia-induced
decline in ATP levels is also known to inhibit ATP-dependent processes such as protein folding in the endoplasmic reticulum
(ER)*>*7!_ In bilaterians, accumulation of unfolded and misfolded proteins in the ER causes ER stress and activates the unfolded
protein response (UPR)’>73. ER stress also promotes phosphorylation of eIF2¢, inhibiting protein synthesis and leading to G1
arrest®>74. Genes involved in ER stresses, UPR, and elF2a signaling also respond in N. vectensis embryos cultured under
hypoxia. These mechanisms may be collectively involved in the N. vectensis embryonic developmental arrest. Whether the
hypoxia response gene sets mediate the same functions in Bilateria and Cnidaria is an important question that remains to be
analyzed for the future.

Taken together, the results of this study suggest that core aspects of the hypoxia response are conserved during embryogenesis
between cnidarians and bilaterians. This universal dependence on O, during embryogenesis suggests that the last common
ancestor of Cnidaria and Bilateria arose in a relatively oxygenated environment. Further detailed molecular analyses of hypoxia
responses, including in the embryonic development of other non-bilaterian lineages, will help us understand how rising O3
levels on Earth shaped the evolution of molecular mechanisms that enabled animals to adapt to fluctuating O, conditions.
Additionally, these data would help reconstruct the conserved core components of the hypoxia-response system acquired from
the last common metazoan ancestor.

. This adaptation has been conserved through to bilaterians:
30-34
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Methods

Nematostella culture

N. vectensis culture was maintained, and spawning and dejellying were carried out, as previously described”>7®. N. vectensis
adults were maintained in Nematostella medium (1/3rd artificial seawater; 108.32g/l SEALIFE, MARINETECH; pH 7.6) under
dark at 18°C. The animals were fed 2-3 times per week with freshly hatched Artemia. Spawning was induced by incubating the
animals through a specific light-dark cycle: the animals were first incubated at 26°C for 12 hours under light, followed by 1
hour in darkness at 18°C, and finally back under lights to induce egg laying and sperm production. Fertilization was performed
at room temperature over 15-20 mins with gentle agitation. The gelatinous mass surrounding the egg masses were removed
using 4% (wt/vol) L-cysteine (Nacalai Tesque, Inc., cat. 10309-12) in Nematostella medium, pH 7.5-8. The egg masses were
incubated in this solution for 10mins with gentle agitation and rinsed off thoroughly with Nematostella medium to obtain
individual embryos.

Hypoxia Treatment

Nematostella medium was filtered through a 0.22um PES membrane (Millipore Express PLUS, Merck). O, or N, were
pre-dissolved in the filtered Nematostella medium, which flowed through airtight chambers containing the embryos.The O,
concentration was constantly measured throughout the course of the experiments using the Firesting-O2 Optical Oxygen Meter
(PyroScience). Upon termination of the experiments, exposure to atmospheric conditions was kept to a minimum and the
embryos were instantly frozen in liquid nitrogen for RNA extraction, or fixed in para-formaldehyde for staining and morphology
observations.

Phalloidin and DAPI Staining

N. vectensis embryos were fixed in 4% paraformaldehyde (PFA) in 1X PBS with 0.2% Triton X100 (PBST) solution overnight
at 4°C. Following fixation, animals were washed with PBST at RT (3 x 15min each). A solution of Phalloidin-conjugated Alexa
Flour 555 (1:500) (AAT Bioquest, cat. AATB-23119) and DNA-binding dye 4’,6-diamidino-2-phenylindole (DAPI) (1:2000)
(Sigma-Aldrich, cat. MBD0015-1ML) in PBST was added to the embryos, which were further incubated overnight at 4°C in
the dark. Embryos were finally washed with PBS at RT (3 x 15min each). The embryos were mounted with the SlowFade Gold
Antifade Mountant (Invitrogen, cat. S36937) and imaged with the ZEISS LSM880 Airyscan Confocal Microscope.

Cell proliferation assays

N. vectensis embryos were cultured in 10uM EdU for 30mins at RT before being fixed in 4% PFA/PBST. Click-iT EdU
Cell Proliferation Kit (ThermoFisher Scientific, cat. C10337) was used for EAU detection according to the manufacturers
protocol. EdU incorporation for the hypoxia treatments were carried out in small chambers where O,-free conditions were
maintained. Embryos were fixed iriimediately upon termination of the hypoxia treatment. Independently fixed N. vectensis
embryos were blocked in PBST + 1% BSA for 1hr at RT, and then incubated with 1:200 Phospho-Histone H3 (Ser10) Antibody
(Cell Signalling, cat. 9701) in PBST + 1% BSA overnight at 4°C. A solution of Goat anti-rabbit IgG secondary antibody
(1:1000) (Jackson ImmunoResearch, cat. 111-545-006) and DAPI (1:2000) (Sigma-Aldrich, cat. MBD0015-1ML) in PBST +
1% BSA was added to the embryos, which were then incubated for 1hr at RT in the dark. Embryos were finally washed with
PBS at RT (3 x 15min each). The embryos were mounted with the SlowFade Gold Antifade Mountant (Invitrogen, cat. S36937)
and imaged with the ZEISS LSM880 Airyscan Confocal Microscope. All embryos were imaged at the aboral pole to maintain
consistency (Supplementary Fig. 4)

RNA extraction

Total RNA was extracted from the relevant stage embryos using the RNeasy Mini Kit (Qiagen, cat. 74104) according to the
manufacturer’s instructions. On-column genomic DNA digestion was performed using the RNase-Free DNase Set (Qiagen,
cat.79254). Final RNA was eluted in 30 uL nuclease-free water. Purified RNA concentrations and RIN were determined using
Agilent 4200 TapeStation.

Next-Generation Sequencing

Total RNA was collected over three biological repeats per treatment (hypoxia/normoxia) per developmental stage (12 hpf,
24 hpf, 36 hpf) (RNA integrity number RIN >9). RNA library preparation and sequencing were performed by the OIST
Sequencing Section (SQC). A strand specific poly-A RNA library was prepared using the NEBNext Poly(A) mRNA Magnetic
Isolation Module (Catalog E7490) and NEBNext Ultra II Directional RNA Library Prep Kit for Illumina (Catalog E7760).
Next-generation sequencing was performed on the Illumina NovaSeq6000 platform. The sequence reads were mapped to the NV.
vectensis genome Nvec200 obtained from SIMRBase*. The average sequencing depth across all samples was 37x (range: 18x
—49x), calculated as the total number of mapped bases divided by the reference genome size.
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Bioinformatics

The STAR package v.2.7.9a”” was utilized to build a genome index and alignment, and either StringTie v.2.2.17® or featureCounts
v2.0.27° were used to generate the transcript per million (TPM) quantification or counts files respectively. The raw counts
data were then subjected to a differential expression analysis using the DESeq2 package®’ on R v.4.3, while the TPM values
were used to generate graphic visualizations. The transcriptomics data from the various hypoxia conditions are compared to
data from the same developmental time points of animals cultured under normoxia conditions. GO analysis was performed
on Metascape®! and enrichment analysis was performed using the Ingenuity Pathway Analysis (IPA)* tool on the gene sets
upregulated under hypoxia.
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Data availability
The sequencing data generated during this study have been deposited to the Sequence Read Archive (SRA), under accessions
DRR794742-DRR794759. Code used for RNA-seq analyses is available upon request.
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Figure 1. O, variability across the NOE, and setup of the hypoxia culture system. (a) The estimated fluctuations in O,
conditions during the Neoproterozoic. Modified from Krause e al. (2022)'°. (b) Schematic of the hypoxia culture system used
in this study. Normoxia Condition: 80% N, and 20% O,; Hypoxia Condition: 100% N.
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Figure 2. Developmental arrest of N. vectensis embryos under hypoxia. (a) N. vectensis embryos at 6, 12, and 24 hpf cultured
under normoxia. (b) Under normoxia, N. vectensis embryogenesis progresses from a cluster of cells at the 6 hpf stage (top), to
a spherical hollow blastula at the 12 hpf stage (middle), and finally to a diploblastic gastrula by 24 hpf (bottom). (¢, d) Under
normoxia, 18 hpf stage embryos were at the early gastrulation, and 24 hpf stage embryos were at late gastrulation. While
cultured under hypoxia, both 18 hpf (6N+12H) and 24 hpf (12N+12H) embryos failed to progress onto gastrulation. Red dots
on the timescales show timepoints sampled for imaging. Asterisk denotes the oral pole of gastrula stage embryos. hpf: hours
post-fertilization. Ec: ectodermal layer; En: endodermal layer. Scale bars: 50um.
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Figure 3. Resumption of hypoxia-arrested embryonic development in N. vectensis following reoxygenation. (a) 18 hpf
(6N+12H) embryos arrested in development under hypoxia initiated gastrulation by 6 hours post-reoxygenation at the 24 hpf
(6N+12H+6N) stage. (b) Percentage of blastula to gastrula stages embryos at 18 hpf (6N+12H) over several hours of
reoxygenation. (c¢) 24 hpf (12N+12H) embryos arrested in development under hypoxia resumed gastrulation by 3 hours
post-reoxygenation at the 27 hpf (12N+12H+3N) stage. (d) Percentage of blastula to gastrula stages embryos at 24 hpf
(12N+12H) over several hours of reoxygenation. All data is presented for three biological repeats (embryo number of each
repeat: n > 100). Red dots on the timescales show timepoints sampled for imaging. Asterisk denotes the oral pole of gastrula
stage embryos. hpf: hours post-fertilization. Ec: ectodermal layer; En: endodermal layer. Scale bars: 50um.
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Figure 4. Hypoxia-induced cell proliferation arrest in N. vectensis embryos and subsequent recovery upon reoxygenation. (a,
¢) Changes in cell proliferation indices in 18 hpf (6N+12H) and 24 hpf (12N+12H) embryos under hypoxia and after
reoxygenation. Staining images show EdU incorporation (magenta) and pHH3 signal (green) intensity. (b, d) Graph showing
the percentage of EAU- or pHH3-positive cells relative to the total number of DAPI-positive nuclei at different developmental
stages. All data is presented for three biological repeats, with > 20 technical repeats for the percentage counts. Asterisks
denote the statistical significance (**** p < 0.0001, Student’s ¢-test). Error bars are presented as mean +/-SE. Magenta and
green dots on the timescales show timepoints sampled for imaging. hpf: hours post-fertilization. Scale bars: S0um.
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Figure 5. Transcriptome analysis of hypoxia cultured N. vectensis embryos. (a) N. vectensis embryos developed under
normoxia for 6 hpf, 12 hpf, and 24 hpf were cultured under hypoxia for 12 hours. RNA-seq was performed at 18 hpf
(12N+12H), 24 hpf (12N+12H) and 36 hpf (24N+12H), respectively. (b) Volcano plots showing changes in gene expression
levels following hypoxia treatment of N. vectensis embryo at the three developmental stages. (¢) Venn diagram showing the
shared number of DEGs at the three developmental stages. (d) Stage-specific responses to hypoxia treatment indicated by a
subset of enriched Gene Ontology (GO) terms in the upregulated gene sets. Total of 159, 164, and 166 GO terms were enriched
at 18, 24, and 36 hpf, respectively (not all GO terms shown).
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Figure 6. Stage-specific molecular responses to hypoxia during N. vectensis embryogenesis. (a) Expression levels of HIF

pathway genes under normoxia or hypoxia at 18 hpf, 24 hpf, and 36 hpf, shown as transcripts per million (TPM). Error bars are
presented as Mean+/-SE. Asterisks denote the statistical significance (* adj. p<0.05, *** adj. p<0.0001). (b) Heatmap showing
gene expression of HIF targets under hypoxia normalized as log2 fold change at each developmental stage. Grey boxes indicate
genes that were not upregulated at 18 hpf. (¢) Selection of significantly enriched pathways represented by the DEGs under

hypoxia at each developmental stage (adj. p < 0.01) out of 37, 31, and 21 pathways identified at 18, 24, and 36 hpf, respectively
(not all pathways shown). The ratio on the x-axis shows the percentage of DEGs that map to a given pathway relative to the total
number of molecules in that canonical pathway. Red dots mark pathways that respond across all developmental stages tested.
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