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DEVELOPMENTAL BIOLOGY

Deciphering the ancestral mechanisms of neural
regeneration through single-cell analyses of jellyfish

rhopalium repair

Yongxue Li'*t, Fanghan Wang'*1, Tingting Sun'?, Xiaoran Ma't, Zhangyi Yut, Ziyue Xu*,
Wenhui Wang®, Yixuan Xing®, Saijun Peng’, Lei Wang"?, Jianmin Zhao"?, Zhijun Dong

The rhopalium, an early specialized centralized nervous structure in medusozoans, exhibits a remarkable regen-
erative capacity after removal, offering a unique model for investigating the ancestral regulatory logic of neural
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regeneration. However, the cellular and molecular mechanisms underlying the process remain unknown. Here, we
defined distinct stages of rhopalium regeneration in the jellyfish Aurelia coerulea and constructed a stage-specific
cell landscape and gene regulatory networks. Notably, we identified a population of wound-induced cells that
emerges rapidly postinjury and activates Wnt signaling to initiate blastema formation; cross-species comparisons
revealed that this regulatory mechanism is conserved across metazoans. We further identified that retinoic acid
signaling is essential for photoreceptor regeneration and ocelli reconstruction. The findings presented herein un-
cover the ancestral regulatory mechanisms governing neural regeneration in the early centralized nervous sys-
tem, providing insights into the common evolutionary origins of neural repair across organisms.

INTRODUCTION

Neural regeneration capacity remains one of the most notable dis-
parities in the animal kingdom (1). Some organisms seamlessly re-
build damaged nervous systems, restoring complex functions with
remarkable precision (2-5), whereas others, including birds and mam-
mals, struggle to repair even minor neural injuries, their repair ca-
pacity stifled by intricate cellular barriers and network complexity
(6, 7). This difference lies at the core of a longstanding research
focus: What evolutionary principles govern the capacity for neural
regeneration, and can early nervous systems that excel in this capac-
ity illuminate the ancestral logic underlying such repair (8, 9)? From
planarians regenerating entire brains (10) to hydra rebuilding nerve
nets de novo (11), the regenerative prowess of simpler organisms
stands in stark contrast to the limitations of vertebrates. Unlocking
these mechanisms extends beyond understanding biological diver-
sity; it holds the potential to redefine approaches to neural repair,
offering insights into how nature first addressed the challenge of re-
storing functional neural circuits.

Cnidarians, the sister group to Bilateria, provide unique insights
into neural regeneration through neural architectures that balance
simplicity and functionality (5, 12, 13) (Fig. 1A). Unlike the diffuse
nerve nets of polyp-form cnidarians (e.g., hydra and sea anemones),
medusozoans, such as scyphozoans and cubozoans, have evolved cen-
tralized sensory-motor structures termed rhopalia, which are thought
to integrate photoreceptive, mechanosensory, and geosensory inputs
that coordinate swimming, balance, and rhythmic activities (12, 14)
(Fig. 1, B and C). These structures exhibit both functional elaboration
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and remarkable regenerative efficacy, with certain medusozoans ca-
pable of restoring fully functional rhopalia within exceptionally short
timeframes (15). Structural organization, coupled with a basal phylo-
genetic position within metazoans, makes rhopalia attractive for dis-
secting core regenerative mechanisms unobscured by the hierarchical
complexities inherent to the nervous systems of bilaterians. Focused
investigations into rhopalial regeneration thus enable the unravel-
ing of ancestral regulatory networks that may have governed central-
ized nervous system repair in the last common ancestor of cnidarians
and bilaterians.

Pluripotent or multipotent stem cells serve as cornerstones in or-
ganisms with robust neural regenerative capacity. Planarians deploy
neoblasts to differentiate into neural lineages (16), annelids rely on
stem cells to restore ventral nerve cords and ganglia (17), and cnidar-
ians (Hydra vulgaris) activate multipotent interstitial cells (i-cells) to
reconstruct nerve nets postinjury (18). However, despite having early-
stage centralized nervous systems, scyphozoans lack i-cells (19), leav-
ing the cellular mechanisms underpinning the precise regeneration of
their rhopalia unresolved. Beyond cellular dynamics, conserved sig-
naling networks that deeply were rooted in early metazoan evolu-
tion orchestrate regenerative processes across taxa. The Wnt, fibroblast
growth factor, and retinoic acid (RA) signaling pathways have been
reported to coordinate neural repair in diverse organisms, from ze-
brafish retinas to planarian ganglia (20-23), but their interplay with
the cellular drivers of rhopalial regeneration remains poorly defined.
Identifying the cellular progenitors of regenerating rhopalia and map-
ping the signaling networks that guide their differentiation would
make it possible to illuminate the ancient regulatory blueprint under-
lying neural regeneration.

High-resolution analyses can systematically delineate the dynamic
molecular and cellular landscapes during rhopalial regeneration, pro-
viding a critical avenue to dissecting the link between cellular origins
and signaling pathways in this process. The moon jellyfish Aurelia
coerulea, which has access to abundant high-quality genomic resources
and single-cell datasets, is cultured easily under laboratory condi-
tions, and has a transparent body structure, represents a well-suited
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Fig. 1. Rhopalium regeneration in the moon jellyfish Aurelia coerulea. (A) Phylogenetic tree illustrating the position of the moon jellyfish A. coerulea among animals.
(B) Image of the moon jellyfish A. coerulea. Rhopalia are marked with red circles. (C) Oral view of the morphological structure of the rhopalium. Scale bar, 50 pm. (D) Time
series of the oral view showing rhopalium regeneration in A. coerulea. hpa, hours postamputation; dpa, days postamputation. Scale bar, 100 pm. (E) Cellular dynamics
during the stages of rhopalium regeneration, highlighting cell migration and proliferation. PKH (green) was used to trace migrating cells, 5-ethynyl-2’-deoxyuridine (EdU;
red) to label proliferating cells, and Hoechst (blue) to stain cell nuclei. Scale bars, 20 pm. (F) The swim contraction frequency in the jellyfish during the rhopalium regen-
eration process.
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organism for investigating the molecular mechanisms underlying
rhopalial regeneration in scyphozoans (24, 25). In the present study,
we systematically characterized the cellular and molecular bases of
rhopalial regeneration in A. coerulea, combining bulk RNA sequenc-
ing, single-cell transcriptomics, cross-species comparisons, and func-
tional validation. We identified a population of wound-induced cells
(WICs) that rapidly emerges postinjury, allowing the formation of
blastema through the activation of Wnt signaling. Furthermore, we
found that RA signaling regulates photoreceptor regeneration, indi-
cating its crucial role in reconstructing the photoreceptive system.
Our findings establish a conceptual foundation for understanding
how early centralized neuro-sensory structures regenerate in cnidar-
ians, shedding light on the ancestral regulatory mechanisms that un-
derpin neural repair across the animal kingdom.

RESULTS

Rhopalium regeneration and motor recovery in A. coerulea
Preliminary experiments systematically removed varying numbers
of rhopalia from A. coerulea to assess their regenerative capacity. We
excised one to eight rhopalia per individual and observed the com-
plete regeneration of all the lost rhopalia, with no clear variations in
the time taken for regeneration among the groups (fig. S1). On the
basis of these findings, we focused on the regeneration process in
A. coerulea, from which all eight rhopalia were removed.

Over the course of 14 days of observation, we found that rhopa-
lium regeneration followed a distinct, staged progression (Fig. 1D).
From 0 to 1 days postamputation (dpa), the wound edges shrank
and folded, forming curved, white structures characteristic of the
wound healing phase. Between 1 and 3 dpa, a blastema-like struc-
ture developed at the wound site. Around 3 dpa, blastema-like struc-
tures formed in 100% (40 of 40) of the wound sites. The crystal
structure (statocyst) were first observed at 3 dpa and fully developed
in 100% (40 of 40) of the medusae by 5 dpa, defining the statocyst
formation stage (3 to 5 dpa). The photoreceptive structures (ocelli)
first appeared as early as 5 dpa, and by 7 dpa, most of the regener-
ated rhopalia contained fully formed ocelli, defining the ocelli for-
mation stage. From 7 to 14 dpa, the rhopalia gradually enlarged to
their final size (Fig. 1D). Cell-tracking experiments and EdU label-
ing revealed active cell proliferation and migration across regenera-
tion stages (Fig. 1E).

Concurrently, we observed that medusae completely deprived of
all eight rhopalia lost their capacity for active swimming (Fig. 1F).
Before blastema formation (0 to 1 dpa), the medusae exhibited only
reflexive contractions with negligible rhythmic activity (Fig. 1F). Ac-
tive swimming resumed with blastema formation (3 to 4 dpa), with
an average contraction frequency of three beats per minute. This fre-
quency increased gradually as regeneration continued, reaching
14.2 beats per minute at 14 dpa, with an average of 15.7 beats per
minute observed in the uninjured control group (Fig. 1F).

Transcriptomic dynamics of rhopalium regeneration

To investigate the molecular programs governing rhopalium regen-
eration, we performed transcriptome sequencing across the key re-
generation stages (Fig. 2A). A total of 26,729 expressed genes were
identified, with 12,090 genes shared across all stages and displaying
stage-specific expression patterns (fig. S2A). Gene expression simi-
larity analysis showed that early-stage samples exhibit higher simi-
larity, midstage samples were clearly separated, and late-stage samples
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shows highly similarity to the intact rhopalium (control sample)
(fig. S2B). Functional enrichment and pathway analyses revealed
stage-dependent differences in the activity of multiple gene ontolo-
gy (GO) terms and signaling pathways during regeneration (Fig. 2B
and figs. S3 and S4). In parallel, time-series clustering analysis iden-
tified multiple transcriptional modules across the regeneration pro-
cess (Fig. 2C).

At the early regeneration stage (0 to 3 dpa), including wound
healing and blastema formation, gene sets related to stem cell prolifera-
tion, response to wounding, extracellular matrix (ECM)-receptor
interaction, as well as the Wnt and Notch signaling pathway, exhib-
ited relatively higher pathway activity (Fig. 2B and figs. S3 and S4).
At the gene level, ECM-associated genes (e.g., Thbs1 and Lamcl)
and Wnt genes (e.g., Wnt2, Wnt3, and Wnt5a) showed higher ex-
pression within this interval (Fig. 2D). Meanwhile, transcription
factors such as Hoxb4, Myc, Otx5b, and Pax6 displayed increased
expression at specific time points within this process (Fig. 2D). Dur-
ing the statocyst formation stage (3 to 5 dpa), gene sets associated
with otolith formation and vascular endothelial growth factor sig-
naling showed relatively higher pathway activity (Fig. 2B and figs. S3
and S4), and the expression of the transcription factor Nhlh1 reached
its expression peak at 3 dpa, whereas that of Pou4f3 showed increased
expression at 5 dpa (Fig. 2D).

During the ocelli formation stage (5 to 7 dpa), Janus kinase-
signal transducers and activators of transcription and 5’-adenosine
monophosphate-activated protein kinase signaling pathways, togeth-
er with gene sets associated with visual behavior and retinal cone cell
development, exhibited relatively higher activity (Fig. 2B and figs. S3
and S4). Correspondingly, transcription factors (e.g., Rax, Atoh7a, and
Atoh8) exhibited increased expression at 5 dpa within this interval, and
visual behavior-related genes (e.g., Opn4b and Pinopsin) displayed in-
creased expression at discrete time points during this period (Fig. 2D).
At the maturation stage (>7 dpa), gene sets related to neuroactive
ligand-receptor interaction and neurotrophin signaling displayed rela-
tively higher pathway activity (Fig. 2B and figs. S3 and S4). Multiple
neurotransmitter receptor genes (e.g., 5htrl, RYaR, and Drd2I), together
with transcription factors (e.g., Otx1, Otx, and Foxi2) exhibited in-
creased expression at specific late-stage time points (Fig. 2D).

Wound-induced cell population is required for

rhopalium regeneration

Dissecting cellular heterogeneity and temporal dynamics during re-
generation is critical for understanding how molecular programs
translate into rhopalium regeneration. On the basis of morpho-
logical assessments showing that regenerated rhopalia had attained
normal structural features within 7 dpa, a single-cell transcriptomic
analysis was performed across the key regenerative time points with-
in this 7-day period, covering wound healing, blastema formation,
statocyst formation, and ocelli formation (fig. S5A). After filtering,
205,747 high-quality cells were retained, and clustering identified 16
distinct clusters (Fig. 3A and fig. S5). We performed the annotation
of each cluster based on previously reported marker genes (fig. S5, C
and D, and dataset S1). On this basis, we found that the transcription
factor Nhih1 was expressed predominantly in cnidocyte cluster 7 and
neural cluster 5, whereas Pou4f3 was highly expressed in sensory hair
cells (cluster 8), which also showed high expression of Myo7a, Otof,
and Avil (figs. S5C and S6A). In addition, integration of single-cell
expression matrices with G protein-coupled receptor (GPCR) fea-
ture screening and phylogenetic analyses led to the identification of
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Fig. 2. Temporal bulk RNA sequencing analysis during rhopalium regeneration in Aurelia coerulea. (A) Schematic representation of the oral view of the major regen-
erative stages from 0 to 14 days postamputation. (B) GSVA analysis shows dynamic changes in the activity of GO terms and KEGG pathways during regeneration. (C) Mfuzz
clustering analysis shows the temporal expression patterns of gene sets during rhopalium regeneration. (D) Heatmap showing the expression patterns of representative

regeneration-related genes across different stages.

21 olfactory receptor-related genes (fig. S6B). These genes were typi-
cally expressed in only a small number of cells but displayed pro-
nounced cell type specificity, with many showing high expression
levels in neural cluster 5 (e.g., Taar7d, Cnrl, Mclr, and Htr7) and
sensory hair cell (e.g., Adora3 and Htr1d) (fig. S6C). Comparative
analyses across different regeneration stages revealed clear temporal
regulation of olfactory-related genes (fig. S6D). Several receptor
genes, including Htr7, Mcl1r, Adora2a, and Mshl, were not detected at
0 dpa but became progressively expressed at later regenerative stages
(fig. S6D).

Cell proportion analysis revealed that the cluster 2 peaked dur-
ing blastema formation and rapidly declined thereafter (Fig. 3B and

Lietal, Sci. Adv. 12, eaeb8034 (2026) 20 May 2026

fig. S7), revealing a population of WICs that emerges specifically at
the onset of regeneration. The pseudotime analysis positioned WICs
at the root of the regenerative trajectory (fig. S8A). Meanwhile, WICs
functioned as a signaling hub broadly interacting with other clusters
(fig. S8B) and displayed transcriptional programs linked to ECM-
receptor interaction, chromatin organization, and Wnt signaling path-
way (Fig. 3C). The WICs further highly expressed genes associated
with wound healing (Plg and Col6a5), stem cell pluripotency (Piwil,
Soxf2, and Otx5b), and Wnt signaling (Fzd10, Wntless, Wnt1, and
Wnt3) (Fig. 3D and fig. S8C), with peak expression occurring dur-
ing the wound healing stage (0 to 1 dpa) (fig. S8D). Spatial valida-
tion by in situ hybridization confirmed that Wntless, Col6a5, and
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Otx5b were predominantly expressed in the blastema formation re-
gion (Fig. 3E). Subsequently, we performed gene knockdown experi-
ments targeting WICs markers, including Soxf2, Otx5b, and Wntless
(fig. S9A). After 4 days of treatment, knockdown of Soxf2 or Otx5b
resulted in a complete loss of blastema formation (0 of 16 individuals
in both groups), whereas Wntless knockdown led to partial impair-
ment, with blastema formation observed in a subset of individuals
(4 of 16) (fig. S9B). In contrast, blastema formation occurred in the
majority of control individuals (15 of 16; fig. S9B). Quantitative poly-
merase chain reaction (PCR) analysis further confirmed reduced ex-
pression of the targeted genes following knockdown (fig. S9C).

Cross-species comparisons revealed that WICs shared conserved
molecular signatures with early regeneration-associated cell popula-
tions across metazoans, including regeneration-organizing cells in
Xenopus sp., mesenchymal stem cells in zebrafish, neoblasts in pla-
narians and acoels, and i-cells in H. vulgaris (Fig. 3F). These cells also
expressed homologous genes of stemness (Sox8, Vasa, and Sox9b)
(26-28), developmental TFs (Runx1, Six1a, and Hoxb8) (29-31), and
Wnt signaling components (Wntless, Fzd4, and Fzd10) (Fig. 3G).
Collectively, these results indicate that WICs are a transient cell
population that functions at early stages of regeneration and is re-
quired for blastema formation.

Wnt signaling is required for WICs activation and

blastema formation

To further elucidate the regulatory factors that activate and sustain
WICs during early regeneration, we performed a subclustering anal-
ysis of WICs during the blastema formation stage and identified six
subpopulations (Fig. 4A). These subpopulations exhibited marked
stage specificity, and a pseudotime trajectory analysis revealed dy-
namic expression changes in key TFs (Msx, Rax, DIx5, and Runx1)
and Wnt signaling genes (Wnt1, Wnt3, Wnt4, Wnt5a, and Whtless)
(Fig. 4, B and C). Bulk transcriptomic profiling further revealed the
up-regulation of Wnt pathway genes during the blastema formation
stage (Fig. 2D), implicating Wnt signaling as a key regulator of WICs
state transitions during early regeneration.

To functionally validate this regulatory role, regenerating jelly-
fish were treated with the Wnt inhibitor IWP2 (32) to test whether
Wnt signaling is required for WICs activation during early regen-
eration (Fig. 4D). After 72 hours, blastema-like structures formed in
nearly all the controls (22 of 24) but in only a small fraction of the
treated individuals (2 of 22) (Fig. 4D). Inhibitor treatments led to
significant down-regulation of WICs marker genes Piwil and Soxf2
in WICs (P < 0.05) (Fig. 4E). These findings indicate that Wnt sig-
naling is important for proper WICs activation and blastema forma-
tion during early regeneration.

Given the critical role of Wnt signaling in WICs-mediated regen-
eration, we next examined whether this regulatory mechanism is
evolutionarily conserved. Cross-species comparative analyses focused
on the early blastema formation stage across diverse regeneration
models, including lizard tail, zebrafish fin, planarian body, and acoel
head regeneration, revealed the up-regulation of multiple Wnt path-
way homologous genes (Wntless, Wnt2, Wnt5a, and Wnt6) during
this stage across species (Fig. 4F), indicating that Wnt signaling acts
as an evolutionarily conserved regulator of early regenerative pro-
grams across metazoans.

To further characterize the cellular dynamics following WICs acti-
vation, we performed high-resolution reclustering of WICs-associated
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cell populations (Fig. 4G and fig. S10A). Integrating trajectory infer-
ence results from Monocle3 and Slingshot, we found that WICs pri-
marily give rise to two major differentiation branches (Fig. 4G and
fig. S10B). One branch progressed from WICs toward the NPs-3
(neural progenitor cells-3) population and extended further to an
unclassified cluster, characterized by high expression of DIx5 and
elevated Otx1a expression during the early transition stage. The sec-
ond branch showed the differentiation trajectory of WICs toward
NPs-1/NPs-2. Along this trajectory, cells sequentially undergo two
key stages: NPs-1 and NPs-2. During differentiation into the NPs-1
stage, transcription factors associated with NPs, including Sox9b,
Foxbl, Otx2, and Drgx, showed high expression, and after entering
the NPs-2 stage, whereas at the NPs-2 stage, Hoxa4 and Foxi2 ex-
pression increased (Fig. 4G). From the NPs-2 node, this trajectory
branched further into three neural subtypes, marked by increased
expression of distinct transcription factors, including Atoh7a for
NCs-1, Kif6 and FoxI2 for NCs-2, and Lmx1b.1 for NCs-3, respec-
tively (Fig. 4G).

Stage-specific transcriptional programs drive photoreceptor
cell regeneration

Previous morphological observations confirmed that the photore-
ceptive structures (ocelli) within the rhopalium of A. coerulea are re-
generative (Fig. 1D). Transcriptomic profiling showed the significant
up-regulation of the photoreceptor gene Opsin (33, 34) during ocelli
regeneration (Fig. 2D), indicating this process involves photoreceptor
cell regeneration. At the single-cell level, Opsin expression was ini-
tially detected in a small subset of neural cells (cluster 21), reflecting
photoreceptor-lineage cells (PLCs) (fig. S11, A and B). A subcluster-
ing analysis of cluster 21 identified six subclusters (Fig. 5A, fig. S11B,
and dataset S1). Among these, one subcluster expressed the pluripo-
tency/stemness marker Myc (35), which, along with neural progeni-
tors (NP) markers such as Otx1a (36) and Fzd1 (37), was annotated as
an NP cell (Fig. 5A and fig. S11C). Photoreceptor-lineage cluster 1
(PLC1) showed the highly specific expression of the photoreceptor
gene Opsin, and fluorescence in situ hybridization confirmed that
Opsin was mainly localized to the ocelli region (Fig. 5B), indicating
that PLC1 represents photoreceptor cells. A cellular proportion anal-
ysis revealed that PLC1 emerged as early as 0.5 dpa and expanded
progressively thereafter (Fig. 5A and fig. S11D). In addition, Opsin
expression was first detected at 4 dpa, and multiple key effector genes
involved in phototransduction (e.g., Tle4, Pde6d, Pdella, Trpal, and
Adcy3) were predominantly became detectable during the 3 to 4 dpa
stage (Fig. 5C and fig. S12). These results indicate that photoreceptor
cells and their photoreception-related molecular programs can be re-
established during rhopalium regeneration.

Next, we reconstructed a transcriptional trajectory delineating
the differentiation of NPs into photoreceptor cells (Fig. 5D). Func-
tional enrichment analyses along this trajectory revealed dynamic
changes in pathways related to neural development and photore-
ceptive function (Fig. 5E). Notably, phototransduction, retinol me-
tabolism, axon guidance, and neurotrophin signaling pathway were
markedly activated during photoreceptor cell regeneration (Fig. 5F),
suggesting their roles in establishing photoreceptive functionality. In
addition, genes involved in RA metabolism and biosynthesis (Ugt,
Beol, Rdh8, Rdhi2, Aldh, and Aldhla) exhibited distinct temporal
expression dynamics along the pseudotime (Fig. 5G), pointing to
their potential regulatory roles in photoreceptor regeneration.
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Fig. 4. Wnt signaling drives WICs activation and blastema formation during early rhopalium regeneration. (A) UMAP visualization of the subclustering analysis of
WICs during blastema formation. (B) Stage-wise distribution (top) and pseudotime inference (bottom) of WICs. (C) Expression dynamics of key genes along the WICs tra-
jectory (D) Functional inhibition of the Wnt signaling pathway. Top: Schematic of the experimental workflow. Bottom: Morphological comparison of different treatment
groups, with numbers in the upper right corner (e.g., 22 of 24 and 2 of 22) indicating the number of wound sites with blastema formation among the total wound sites
tested. White-circled region marks the site of rhopalium regeneration. Scale bars, 50 um. (E) Box plot showing the expression of WICs marker genes in different treatment
groups. Co, control group; In, inhibitor group. (F) Dot plot displaying the expression trends of homologous Wnt-related genes across species during blastema formation.
The“O"symbol denotes data that are not available in public repositories. (G) Trajectory reconstruction of WICs differentiation during regeneration. The upper panels pres-
ent pseudotime ordering inferred by Monocle3 (left) and show UMAP visualization of WICs-associated cell populations following high-resolution reclustering (right). The
bottom schematic summarizes the inferred differentiation trajectories originating from WICs, reconstructed by integrating Monocle3 and Slingshot analyses, correspond-
ing to fig. S10B. Transcription factors displayed along each arrow represent genes that are highly expressed during the corresponding transitional states along the trajec-
tory. NPs, neural progenitor cells; NCs, neural cells.
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Fig. 5. Transcriptional dynamics of photoreceptor cells during regeneration. (A) UMAP visualization of PLCs following subclustering (top) and proportional changes
of the PLC1 population across regeneration stages (bottom). (B) Opsin expression shown by feature plots (top) and whole-mount fluorescence in situ hybridization (FISH)
confirming Opsin localization in the ocelli region (bottom). Scale bar, 50 pm. (C) Violin plots showing the temporal expression of Opsin across regeneration time points.
(D) Pseudotime trajectory of PLCs showing the transition from NP to PLC1. (E) Dot plot of the enriched pathways along the pseudotime trajectory. (F) Module scores of
the temporal activation dynamics of key pathways across regeneration time. (G) Heatmap showing the expression dynamics of genes along the pseudotime.

RA signaling regulates photoreceptor cell regeneration and
ocelli formation

To further explore the functional role of RA signaling in photore-
ceptor cell regeneration, we conducted pharmacological perturba-
tion experiments 2 days after rhopalial removal (corresponding to
the blastema formation stage). Jellyfish were treated with dimethyl
sulfoxide (DMSO; control), 4-Diethylaminobenzaldehyde (DEAB),
a retinaldehyde dehydrogenase inhibitor that blocks RA synthesis
(38), and DEAB supplemented with exogenous RA (DR group) to
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assess the role of RA signaling in photoreceptor cell regeneration
(Fig. 6A). After 72 hours of treatment, DEAB treatment delayed
the regeneration of both the ocelli and the statocysts significantly
(P <0.05), whereas DR treatment promoted significant ocelli regen-
eration (P < 0.05) (Fig. 6B). Morphological observations showed
that DEAB treatment resulted in reduced rhopalium size and was
accompanied by a pronounced delay in ocelli formation, whereas
the DR group exhibited markedly enlarged rhopalial morphology
and ocelli size (Fig. 6C).
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Fig. 6. RA signaling regulates photoreceptor cell regeneration and ocelli formation. (A) Schematic of the pharmacological perturbation experiment. Jellyfish were
treated with DMSO (control), DEAB (RA synthesis inhibitor), or DEAB plus exogenous RA (DR, rescue group) 2 days after rhopalium removal. (B) Regeneration rates of
statocysts (top) and ocelli (bottom) under different treatments (n = 10). *P < 0.05. (C) Images of regenerated rhopalia at 7 dpa under different treatment conditions. Ar-
rows indicate the location of regenerated rhopalia. Scale bars, 50 pm. (D) Schematic overview of pharmacological manipulation of RA signaling during normal ephyra
development. (E) Representative images showing morphological changes and ocelli formation in control and RA-treated ephyrae, with numbers in the upper right corner
indicating the number of rhopalia with ocelli formation among the total ocelli tested. White-circled region marks the site of rhopalium. White scale bars, 500 pm; black
scale bars, 20 pm. (F) Quantitative PCR analysis of Opsin expression under different treatment (n = 3).

Given the prominent effects of RA signaling on ocelli regeneration,
we investigated whether RA also influences ocelli formation during
normal development, by performing pharmacological perturbations
during ephyra (juvenile medusa) development (Fig. 6D). All individu-
als formed statocysts within 10 days across all treatment groups
(fig. S13). At 12 days post-treatment, compared with controls, RA-
treated ephyrae exhibited pronounced morphological alterations,
including enlarged lappets (Fig. 6E). At higher RA concentrations
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(2.5 pM), released ephyrae displayed conjoined morphologies accom-
panied by further expansion of the lappets (Fig. 6E). Examination of
ocelli development revealed that all RA-treated ephyrae formed dis-
cernible ocelli structures (24 of 24) (Fig. 6E). In addition, quantitative
PCR analysis showed that Opsin expression was reduced significantly
in regenerating jellyfish following DEAB treatment (Fig. 6F). By con-
trast, during normal development, RA treatment led to a marked up-
regulation of Opsin expression compared with controls (Fig. 6F).
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DISCUSSION
The regeneration of centralized neural-sensory structures represents
a defining challenge in understanding the evolutionary origins of tis-
sue repair, with profound implications for deciphering how metazo-
ans first acquired the capacity to restore complex functional systems
(6, 39). Although most bilaterians display limited or no ability to
regenerate sensory structures (40), our study demonstrates that the
jellyfish A. coerulea can fully reconstruct rhopalia, the integrative
sensory-motor centers (41). This regenerative process involves blas-
tema formation, after which subsequent tissues regenerate in an order
and temporal pattern that is consistent with normal development,
while sustained cell proliferation and cell migration are maintained
throughout the process. This regenerative mode is consistent with re-
generation processes reported in several highly regenerative species
(e.g, hydra, planarian, and zebrafish) (11, 40). By integrating bulk and
single-cell transcriptomics with functional perturbation assays, we
reconstructed the cellular and molecular patterns during rhopalia re-
generation. We identified a transient population of WICs that initiate
regeneration through Wnt signaling and further reconstructed the
transcriptional trajectory of photoreceptor cell regeneration, which
was found to be regulated by an RA-dependent transcriptional cas-
cade. These results define a stepwise program for rebuilding central-
ized sensory structures and highlight conserved regulatory strategies
that may underlie neural regeneration across diverse animal lineages.
Regenerative capacity is typically supported by a population of
regeneration-driving cells (40), with distinct cell populations under-
pinning repair across taxa that planarians rely on resident pluripo-
tent neoblasts (10, 42), hydrozoans on i-cells (43), and vertebrates on
tissue-specific stem or progenitor cells (1, 7, 40). In contrast, although
early morphological studies have reported the presence of undifferen-
tiated cells in nonhydrozoan cnidarians (e.g., Cubozoans) (14, 15),
a resident pluripotent stem cell population equivalent to hydra i-cells
has not been clearly identified (19), leaving the cellular basis of their
robust regenerative capacity unresolved. In the present study, we iden-
tified a population of WICs that transiently emerges and becomes
enriched at the onset of rhopalium regeneration in the scyphozoan
A. coerulea; these WICs play a nonredundant role in blastema for-
mation, as gene knockdown of WICs-specific markers abrogates or
impairs this process. At the transcriptional level, WICs exhibit pro-
nounced similarities to pluripotent stem cells across metazoans in-
cluding planarian neoblasts, and hydra i-cells coexpressing a core set
of evolutionarily conserved stemness-associated genes (Piwil, Nanos,
and Vasa) (27, 44, 45) and Wnt signaling components. This suggests
that nonhydrozoan cnidarians may harbor cell populations charac-
terized by stemness-related molecular signatures that are mobilized
postinjury to drive regeneration, representing a convergent or basic
strategy for tissue repair. Furthermore, after excluding significant ef-
fects of pharmacological treatment on overall cell viability (fig. S14),
we observed that inhibition of Wnt signaling reduced the expression
of WICs marker genes markedly and disrupted blastema formation
substantially, indicating that Wnt signaling is specifically required for
WICs activation or proliferation and function during regeneration
initiation. This regulatory role aligns with conserved functions of Wnt
signaling in planarian tail regeneration (46), zebrafish caudal fin re-
generation (47), and tadpole early-stage limb regeneration (48). Col-
lectively, these observations suggest that Wnt signaling may act as a
deeply conserved regenerative switch that activates regeneration-
associated cell populations to initiate blastema formation, highlight-
ing a core regulatory module inherited from the last common ancestor
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of cnidarians and bilaterians. In addition, single-cell trajectory analy-
ses allowed us to infer preliminarily putative differentiation trajecto-
ries and potential fates of WICs, revealing stage-specific activation
of multiple transcription factors along the regenerative continuum.
However, owing to the current lack of well-established genetic ma-
nipulation and lineage-tracing tools in jellyfish, these inferred trajec-
tories could not yet be experimentally validated in vivo.

Jellyfish represent one of the earliest animal lineages to evolve
specialized photoreceptive structures, with their rhopalial ocelli in-
tegrating light signals to coordinate motor responses (49, 50). Our
study demonstrated that these ocelli are fully regenerative and re-
construct the differentiation trajectories of photoreceptor cell types
at single-cell resolution, revealing RA signaling as a pivotal regula-
tor of this process. Notably, while RA was shown to regulate Opsin
expression and promote ocelli development, we also observed that
different RA doses markedly influence overall ephyrae morphology.
Pronounced morphological alterations were detected both in regen-
erating rhopalia and in rhopalia formed during normal development.
Similar dose-dependent effects of RA on patterning and regeneration
have been reported in other animal systems, including regeneration
and pattern formation in planarians (51, 52), anterior-posterior hind-
brain patterning in Xenopus embryos (53), and cranial ganglion for-
mation in zebrafish embryos (54). In addition, recent studies have
shown that exogenous supplementation with appropriate levels of
RA can reprogram the fate and transcriptional programs of key re-
generative cells, enabling the reconstruction of cartilage and neural
tissues in adult mouse ear pinna wounds that otherwise lack regen-
erative capacity (55). Our observations indicate that RA signaling,
as a conserved developmental regulatory signal, is capable of modu-
lating the initiation hierarchy of developmental signaling programs
in a dose-dependent manner during both regeneration and develop-
ment. These parallels spanning cnidarians to vertebrates also high-
light that its role in sensory structure regeneration and patterning is
an ancestral trait pre-dating the divergence of cnidarians and bilat-
erians, underscoring how conserved developmental pathways were
co-opted for regenerative processes throughout evolution.

The single-cell transcriptomic atlas of rhopalium regeneration
provides initial insights into the molecular and functional organiza-
tion of early centralized sensory structures. We identified a specific
cell cluster in which the transcription factor Pou4f3, which is essential
for vertebrate hair cell differentiation and normal hearing (56), is co-
expressed with gene markers of vertebrate sensory hair cells (Myo7a,
Otof, and Avil) (57-59), suggesting a degree of molecular conserva-
tion between jellyfish sensory hair-like cells and vertebrate hair cells,
despite their profound structural differences. However, currently, di-
rect evidence demonstrating bona fide auditory perception in jelly-
fish is lacking, and whether this molecular resemblance corresponds
to functional sensory perception remains to be determined. In addi-
tion, we uncover a small subset of neural cells specifically express-
ing olfactory receptor-related genes, with some olfactory-related
genes being activated only during regeneration, indicating the pres-
ence of neural types potentially associated with chemosensory func-
tions and suggesting that rhopalium regeneration may involve the
establishment or reconstruction of olfactory-related neural programs.
These findings challenge the view of rhopalia as quite simple senso-
ry structures, particularly in cubomedusae where they exhibit con-
siderable complexity (14), and highlight the utility of jellyfish as
models for understanding the evolutionary origins of sensory sys-
tem organization.
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Behavioral recovery during rhopalium regeneration, marked by
the gradual restoration of swimming contraction frequency, further
links cellular and molecular events to functional outcomes. Putative
swimming pacemakers are a cluster of giant neurons in the proximal
region of the rhopalium, whose action potentials trigger bell muscle
contractions one to one (60). Previous studies in the box jellyfish
Tripedalia cystophora have shown that rhopalium regeneration re-
stores pacemaker-like electrical signals, with firing frequency rising
gradually (15). Further, in scyphozoans, multiple pacemakers are
thought to increase the frequency and regularity of swim contrac-
tions (61). The gradual recovery of swimming frequency in our ob-
servation is therefore functionally consistent with classical models of
pacemaker network regulation and suggests that rhopalium regen-
eration may involve reconstruction of pacemaker-related functional
units, although direct verification of pacemaker neuron regeneration
remains limited owing to the lack of definitive molecular markers.
Hence, future efforts should focus on establishing genetic manipulation
platforms in jellyfish, including gene editing, transgenesis, lineage-
tracing technologies, and integrating them with regenerative atlases
and functional validation. These will enable systematic dissection of
the cellular composition and functional organization of early cen-
tralized nervous systems, and will provide deeper insights into how
centralized neural organs are rebuilt and progressively regain func-
tion during regeneration.

MATERIALS AND METHODS
All animal experimentation performed did not require Institutional
Animal Care and Use Committee approval.

Animal husbandry

Medusae from A. coerulea were maintained in 60-liter jellyfish cul-
tivation tanks at the Muping Coastal Environment Research Station,
Yantai Institute of Coastal Zone Research, Chinese Academy of Sci-
ences. The medusae were kept in filtered artificial seawater [FASW;
0.22 pm, salinity of 30 parts per trillion (ppt)], with one-third of the
medium replaced every 2 days to maintain water quality. A controlled
light-dark cycle of 8:16 hours was applied using a standard timer.
The medusae were fed daily with freshly hatched Artemia nauplii.

Rhopalial amputation and subsequent regeneration

To investigate the regeneration of rhopalia, 100 medusae, each having
eight rhopalia, were selected. All the rhopalia were surgically removed
using a sterile scalpel, and the medusae were subsequently returned
to the cultivation tanks. Regeneration and contraction frequency
were monitored over a 14-day period, during which samples were
collected for bulk RNA and single-cell RNA sequencing (scRNA-
seq) analyses. During cultivation, the medusae were maintained at
15°C in FASW (salinity, 30 ppt), with one-third of the water replaced
every 2 days. The medusae were fed freshly hatched Artemia nauplii
every 3 days.

Locomotor behavior monitoring

Locomotor behavior during rhopalia regeneration was assessed by
measuring the pulse rate of the medusae bell. After the complete
removal of all rhopalia, 15 medusae were transferred to a cultivation
tank under controlled conditions. The locomotor behavior of the
medusae was continuously recorded for 5 min daily using a high-
resolution video recording system. The pulse rate of each medusa
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was calculated as the number of bell contractions per minute. Both
the control group and the experimental group consisted of 15 healthy
adult medusae. Throughout the experiment, the same rearing con-
ditions and observation period were applied to both groups to elim-
inate interference from differences in sample size and environmental
factors on the experimental results. This measurement was performed
daily over a period of 14 days to monitor changes in swimming be-
havior during the regeneration process.

PKH and EdU labeling

To simultaneously track cell migration and assess cell prolifera-
tion during rhopalia regeneration, medusae were labeled with both
PKH67 dye (Fluorescence, China) and EAU cell proliferation assay
kit (Beyotime, Jiangsu, China). In brief, medusae (2 to 3 cm in diam-
eter) were first incubated with PKH67 dye at a final concentration of
20 puM in FASW for 2 hours at 19°C in the dark to achieve uniform
membrane labeling. After thorough rinsing with FASW to remove
excess dye, all rhopalia were removed surgically using sterile scal-
pels. For EAU labeling, medusae were transferred to 100-ml glass
beakers containing FASW supplemented with 150 puM EdU and in-
cubated for 2 to 4 hours at 19°C. Following incubation, medusae
were washed thoroughly with fresh FASW and processed for EAU
detection according to the manufacturer’s instructions. Nuclear stain-
ing was performed using Hoechst 33342 with overnight incubation
at 4°C in the dark. The fluorescence imaging of different samples
was conducted using a confocal microscope (Olympus I1X83).

Transcriptome sequencing and analysis
Regenerating rhopalial tissues were collected from intact controls and
at0,0.5,1,2,3,4,5,6,7,8,9,10, 11, 12, 13, and 14 dpa, as detailed in
table S1. For each time point, the rhopalial region was defined as a
standardized segment of the bell margin encompassing the original
rhopalium excision site, including the regenerating regions and the
surrounding tissues within a ~1 mm radius. Each sample consisted of
tissue pooled from five to six equivalent excision sites. All biological
replicates were derived from independent individual medusae, with
three biological replicates per stage. Total RNA was extracted using
the Illustra Polyphenol Polysaccharide Plant Total RNA Extraction Kit
(ZOMANBIO, Beijing, China) according to the manufacturer’s proto-
col. RNA quality was assessed, and only samples with OD260/280 >
1.8, 0D260/230 > 1.0, and RNA integrity number >8 were used for
downstream sequencing.

Libraries were sequenced on an Illumina NovaSeq 6000 platform
(2 X 150 bp read length) using triplicate mRNA samples per condi-
tion. Raw paired-end reads were processed to remove adapters, low-
quality sequences, and reads shorter than 50 bp using SeqPrep and
Sickle with default parameters. Clean reads were aligned to the ref-
erence genome (BioProject: PRINA1048363) using HISAT2 and as-
sembled with StringTie based on a reference-guided approach. All
unigenes were assigned against the National Center for Biotechnol-
ogy Information (NCBI) Non-Redundant Protein Sequence Database
(BLASTP, e-value <107°), SWISS-PROT Dataset and GO Database.
Gene expression was calculated using the transcripts per million
(TPM) method.

Fuzzy c-means clustering

Normalized TPM values were used as input for the Mfuzz (62) to
group genes based on their expression dynamics. Following the stan-
dard pipeline, soft clustering was performed using the fuzzy c-means
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algorithm. The optimal fuzzifier parameter (m = 1.25) and cluster
numbers were selected to minimize overlap between clusters, yield-
ing good resolution for both developmental and regenerative pro-
cesses. Gene Set Variation Analysis (GSVA) (63) and ClusterProfiler
(64) were used to identify enriched GO terms and Kyoto Encyclope-
dia of Genes and Genomes (KEGG) pathways, providing insights
into the functional and pathway-level implications of the gene ex-
pression dynamics.

Preparation of cell suspensions

For the scRNA-seq library preparation, regenerating rhopalia were col-
lected at nine time points spanning 0 to 7 dpa, covering the major
stages of wound healing, blastema formation, statocyst formation, and
ocelli formation (0, 0.5, 1, 2, 3, 4, 5, 6, and 7 dpa; detailed in table S2)
and washed twice in Ca?"- and Mg2+-free FASW [CMFASW; NaCl
(25 g/liter), KCI (0.8 g/liter), and NaHCOj; (0.04 g/liter); pH 8.0]. The
samples were immediately sliced into small fragments and trans-
ferred to a centrifuge tube containing 3 ml of digestive buffer [dispase
II (3.6 mg/ml) and collagenase IIT (1.25 mg/ml) in CMFASW]. Tissues
were dissociated at room temperature for ~20 min with occasional
stirring. Once most of the tissues had dissociated into single cells (as
observed microscopically), enzymatic digestion was terminated by
adding fetal bovine serum to a final concentration of 8% (v/v). The
single-cell suspension was then centrifuged at 650g for 8 min at 4°C,
resuspended in prechilled CMFASW, and passed through a 40-pm cell
strainer (Falcon; Corning, NY, USA). The cell suspension at each
regeneration time point was prepared by pooling regenerating re-
gions from three independent medusae at the same stage.

scRNA-seq library preparation, sequencing, and count
matrix generation

Low concentrations of Calcein AM (2 mM) and Draq7 (0.3 mM)
were used to assess cell viability with the BD Rhapsody system (BD
Biosciences, Franklin Lakes, NJ, USA). Only cell suspensions with
>90% viability were used for cell capture. The BD Rhapsody system
was used for single-cell capture and library construction. The libraries
were quantified using a Qubit high-sensitivity DNA assay (Thermo
Fisher Scientific, Waltham, MA, USA). Sequencing was performed
using the Illumina NovaSeq 6000 platform with 150 bp paired-end
runs (Illumina, San Diego, CA, USA). Fastq files were processed
using the BD Rhapsody WTA Analysis Pipeline (version 1.2) on
Seven Bridges (https://sevenbridges.com/) following the manufac-
turer’s guidelines. Reads were mapped onto the Aurelia genome (Bio-
Project: PRINA1048363).

Data quality control, integration, and analysis

UMI count matrices were processed with the R package Seurat (ver-
sion 5.1.0) (https://satijalab.org/seurat/). To remove ambient RNA
contamination and low-quality cells, the transcriptomes were fil-
tered for each time-course sample as follows: (i) cells with fewer
than 200 expressed genes were discarded; (ii) only genes expressed
in at least three cells in each dataset were considered; and (iii) cells
were filtered on the basis of total UMI counts, excluding the cells
with excessively low (<300) or high (>10,000) UMI counts. The R
package DoubletFinder (65) was used to identify putative doublets.
To compare the differences in cell types during different stages of
regeneration, quality-filtered datasets of different recovery stages
were merged in Seurat following a standard analysis pipeline. We
used FindNeighbors and FindClusters to generate cell clusters and
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identified cluster-specific gene expression signatures using the FindAll-
Markers function. The R packages Monocle 3 (66), Slingshot (67),
and Monocle 2 (68) were used to infer cell differentiation trajecto-
ries. The R package CellChat (69) was used to identify intercellular
communication and statistically predict receptor-ligand pairs.

RNA interference
RNA interference experiments were performed using double-stranded
RNA (dsRNA) synthesized with an in vitro T7 transcription kit (Takara,
Japan) according to the manufacturer’s instructions. Gene-specific
dsRNAs were designed by SiDirect (version 2.1; https://sidirect2.rnai.
jp/), and an enhanced green fluorescent protein plasmid-derived
dsRNA was used as a negative control. For dsRNA delivery, dsSRNA
was complexed with a nucleic acid transfection reagent (RFect Prime,
Baidai Biotech, China) following the manufacturer’s protocol. In brief,
the dsRNA-transfection reagent complexes were prepared in sterile
conditions and subsequently diluted in FASW before animal treatment.
For each experimental group, four juvenile medusae (approxi-
mately 1 cm in diameter), each bearing eight rhopalia, were used.
After removing four rhopalia from each medusa, the medusae were
immediately transferred to 3 ml of FASW containing 10 pg of dsRNA-
transfection reagent complexes, and then cultured in 12-well cell
culture plates at 15°C. The FASW containing dsRNA-transfection
reagent complexes was refreshed daily, and freshly hatched Artemia
nauplii were fed every 2 days. Primer sequences used for dsRNA
synthesis and quantitative PCR are listed in table S3.

Olfactory receptor gene identification and

phylogenetic analysis

To identify olfactory receptor genes, we first screened potential GPCR
genes based on MAKER annotation files derived from single-cell tran-
scriptomic data. We then predicted the protein domains of these
GPCRs using the InterPro database (https://ebi.ac.uk/interpro/). Genes
with clearly identifiable olfactory receptor-specific domains were
considered highly likely to be olfactory receptors. To identify and
validate the putative olfactory receptor genes in A. coerulea, a phy-
logenetic tree was constructed to determine whether these candi-
dates cluster with known olfactory receptors from other species like
Branchiostoma floridae, Homo sapiens, and Danio rerio. The analysis
included gonadotropin-releasing hormone receptors (GnRHR) and
opsin genes from various species (B. floridae, H. sapiens, D. rerio,
Argopecten irradians, Ciona intestinalis, Ylistrum balloti, and Lethenteron
camtschaticum) to serve as outgroups. Two phylogenetic approaches
were used: the maximum likelihood (ML) method and the neighbor-
joining (NJ) method. IQ-TREE (version 2.3.4) was used to construct
the ML tree with 1000 bootstrap replicates, while MEGA12 was used
to build the NJ tree with 1000 bootstrap replicates. Genes that consis-
tently clustered with known olfactory receptors in both analyses were
ultimately identified as olfactory receptor genes.

Cross-species analysis

To compare the cellular and transcriptional profiles during regenera-
tion across different species, scRNA-seq datasets were analyzed from
five model organisms: Xenopus laevis (70), D. rerio (71), Schmidtea
mediterranea (72), H. vulgaris (18), and Hofstenia miamia (73). Using
the SAMap pipeline (74), cell-to-cell similarity matrices were generated
between A. coerulea and each of these species. To enable cross-species
integrative gene expression analysis, based on a SAMap-derived ma-
trix of homologous genes, genes from each species were unified and
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mapped to the A. coerulea gene nomenclature. On this basis, cross-
species single-cell datasets were subsequently integrated to construct
a unified expression matrix for downstream comparative analyses.
Single-cell data from the lizard Anolis carolinensis (75) were further
incorporated to investigate gene expression dynamics during blas-
tema formation.

Pharmacological treatment

For the Wnt pathway inhibition experiment, 12 medusae (2 to 3 cm
in diameter) were assigned to two groups: a control group cultured
in 100 ml of FASW containing 100 pL DMSO and an inhibitor-
treated group cultured in 100 ml of FASW containing 1000 nM of
the Wnt signaling pathway inhibitor IWP2 (32). Before injury, both
groups were pretreated for 24 hours. Half of the rhopalia in each
medusa were then surgically removed using a sterile scalpel, and mor-
phological regeneration was assessed under a microscope at 72 hours
post-amputation. All treatment groups were cultured at 15°C with
orbital shaking at orbital shaking at 50 revolutions per minute (rpm),
and the medium was replaced every 24 hours.

For the RA signaling intervention experiment, the medusae were
divided into three groups: a DMSO control group, an RA synthesis
inhibition group (DEAB), and an RA rescue group (DEAB + RA).
Each group contained 10 medusae that were subjected to rhopalia
removal and cultured in FASW for 2 days postamputation to allow
blastema formation. Medusae in the DEAB and DEAB + RA groups
were immersed in 100 ml of FASW containing 10 uM DEAB, a reti-
naldehyde dehydrogenase inhibitor that blocks endogenous RA syn-
thesis (38); the rescue group additionally received 0.5 pM all-trans
RA. All pharmacological treatments were initiated at day 2 postin-
jury (corresponding to the blastema formation stage) and maintained
for 72 hours under controlled conditions (15°C, orbital shaking at
50 rpm), with the 100-ml treatment solutions replaced every 24 hours.
The regeneration of ocelli and statocysts was examined and quanti-
fied daily under a microscope.

To further verify the specificity of the pharmacological interven-
tion, we applied an identical treatment protocol as described previ-
ously to the samples, collected tissues from the regenerative area at
the rhopalium amputation site to prepare single-cell suspensions,
and then used a calcein-AM/PI double-staining kit (Solarbio Bio-
tech, China) to assess the viability of dissociated single cells in strict
accordance with the manufacturer’s operating instruction. Dunn’s
test was applied for multiple pairwise comparisons between groups.

To assess the role of RA in normal rhopalial development, polyps
were cultured in FASW under three treatment conditions: A vehicle
control containing 5 pM 5-methoxy-2-methyl indole dissolved in
DMSO, a low-dose RA treatment containing 1 pM RA and 5 pM
5-methoxy-2-methyl indole, and a high-dose RA treatment containing
2.5 pM RA and 5 pM 5-methoxy-2-methyl indole. 5-Methoxy-2-methyl
indole was used to induce the metamorphic transition from polyps to
ephyrae (24). For each treatment, 48 healthy polyps of comparable size
were individually cultured in 48-well cell culture plates (one polyp
per well) with 1 ml of the corresponding treatment solution per well
and maintained at 15°C. Treatment solutions were renewed daily,
and statocyst formation was monitored and recorded on a daily basis.
Newly released ephyrae were examined to quantify the number of ocelli
under a microscope.

Reverse transcription quantitative PCR
Samples derived from the different treatment groups were collected
for RNA extraction. cDNA was synthesized using the One-Step
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gDNA Removal and cDNA Synthesis SuperMix Kit (TransGen Bio-
tech, Beijing, China), with strict adherence to the manufacturer’ in-
structions. Quantitative PCR was performed using the SYBR Green
Master Mix (Thermo Fisher Scientific) and an Applied Biosystems
7500 real-time PCR system (Foster City, CA, USA). All primers (se-
quences provided in table S3) were diluted to 10 pmol/liter. Each
analysis was performed with at least three replicates. All samples were
analyzed using Gadph as a reference gene. Expression was quanti-
fied using the AACt method. Statistical significance between groups
was evaluated using two-tailed Student’s ¢ tests.

Whole-mount in situ and fluorescence in situ hybridization
Aurelia riboprobes (primer sequences provided in table S4) gener-
ated from templates produced via standard cloning and restriction
endonuclease digestion were synthesized using a DIG RNA Label-
ing Kit (SP6/T7) (Roche, Basel, Switzerland). Riboprobes generated
from templates produced via standard cloning and restriction digest
were synthesized using the HighYield T7 AF555 RNA Labeling Kit
(Jena Bioscience, Germany). Colorimetric in situ hybridization and
fluorescence in situ were performed as described by Fuchs et al. (76)
and Fujita et al. (77), with minor modifications. In brief, A. coerulea
specimens were relaxed in 2% MgCl, for 10 min and fixed overnight
at 4°C in 4% paraformaldehyde. The specimens were then dehydrat-
ed in a 25/50/75% methanol series for 20 min to remove undesired
pigmentation and stored in 100% methanol at —20°C. The samples
were rehydrated using a 75/50/25% methanol series for 10 min each,
washed with PBT (phosphate buffer containing 0.05% Tween 20) for
10 min, and bleached in 3% H,0,/PBT solution for 10 min. The spec-
imens were then permeabilized for 20 min with proteinase K (1 pg/
ml; Sigma-Aldrich, St. Louis, MO, USA) in PBT. Hybridization was
performed at 57°C for 72 hours in hybridization buffer [50% for-
mamide, 5X SSC, 0.1% Tween-20, 0.1% CHAPS, 1x Denhardt’s so-
lution, and heparin (100 pg/ml) in DEPC water] with torula yeast
RNA (0.5 mg/ml; Sigma-Aldrich). The samples were incubated with
AP-conjugated anti-digoxigenin antibody (Roche) and detected with
NBT/BCIP substrate using a DIG Nucleic Acid Detection Kit (Roche).
Last, the samples were transferred to 80% glycerol and imaged using
a DMi8 microscope (Leica, Wetzlar, Germany).

Supplementary Materials
The PDF file includes:

Figs.S1to S14

Tables S1 to S4

Other Supplementary Material for this manuscript includes the following:
Dataset S1
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