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Introduction: The modification of the marine ecological environment has led to

the frequent occurrence of jellyfish blooms, causing global hazards. The budding

reproduction of jellyfish polyps is a critical factor in their population size, yet there

is limited understanding of the molecular mechanisms involved in this process.

This study aims to explore the intrinsic regulatory factors of the budding of jellyfish

Aurelia coerulea (A. coerulea) polyps from the perspective of jellyfish biotoxin and

to develop new strategies for the management of jellyfish abundance.

Methods: The main biological toxins of the A. coerulea polyp were screened

through the integrated analysis of transcriptomic and proteomic data. The

broad-spectrum metalloproteinase inhibitor, ethylenediaminetetraacetic acid

(EDTA), was employed to treat polyps for observing its effect on the budding of

A. coerulea polyps. Through conducting the detection of metzincin proteolytic

activity, molecular docking and kinetic analysis, as well as transcriptomic analysis

and RT-qPCR verification before and after EDTA treatment of the polyp, the key

biological toxins and the mechanisms influencing polyp budding were clarified.

Results: Four types of the metzincin family of metalloproteinases constituted the

main biotoxins in the A. coerulea polyp. Among them, astacins (NAS) were the

predominant metzincins of the A. coerulea polyp. We discovered that EDTA

significantly inhibited the activity of metzincins and the budding of A. coerulea

polyps. EDTA was capable of stably binding to the zinc-binding active sites of the
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four major types of metzincins in the A. coerulea polyp and could down-regulate

the expression levels of key metzincin molecules and enrich multiple pathways

related to development.

Conclusion: This study elucidates the effects of metzincins on the budding of

jellyfish polyps, providing a potential target for mitigating jellyfish blooms.
KEYWORDS
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1 Introduction

Climate change, environmental pollution, and anthropogenic

activities, such as eutrophication, overfishing, and the construction

of nuclear power plants have led to alterations in the offshore

ecological environment, thereby creating favorable conditions for

the proliferation of jellyfish (Marques et al., 2019). In recent years,

there has been a global proliferation of jellyfish, with at least 14 sea

areas experiencing frequent blooms, including the Mediterranean

Sea, the Gulf ofMexico, and the Sea of Japan. The scale and frequency

of these blooms far exceed the capacity for self-regulation within

marine ecosystems, leading to catastrophic consequences on a

worldwide scale (Levy et al., 2024). Therefore, the prevention and

control of jellyfish blooms in offshore waters is imminent for the

marine ecological environment, human economic activities and

human safety (Song et al., 2024). On the other hand, there exist

tens of millions of cases involving jellyfish stings every year (Kan

et al., 2016; Law, 2018; Mubarak et al., 2021; Edelist et al., 2023; Li

et al., 2024a). Currently, the global management of jellyfish blooms

primarily involves surveillance, early warning systems, interception

measures, and salvage operations (Rowe et al., 2022; Gao et al., 2023;

Song et al., 2024). However, the absence of dependable prevention

and control measures for jellyfish blooms persists due to the high cost

and inefficacy of conventional field surveillance and salvage

operations (Bi et al., 2024; Levy et al., 2024). The underlying factors

contributing to the surge in jellyfish populations may be another key

point for prevention of jellyfish blooms.

As the main species of jellyfish blooms, scyphozoa exhibits a

complex metagenic life cycle, encompassing sexual and asexual

reproduction (Fuchs et al., 2014). The polyp stage primarily

increases its population through asexual reproduction, either by

budding for self-replication or by releasing strobilae via

metamorphosis, and subsequently proceeds through the ephyrae

stage, ultimately generating new jellyfish (Fuchs et al., 2014;

Marques et al., 2019). The moon jellyfish A. coerulea is extensively

distributed in coastal waters worldwide and serves as a well-

established candidate for artificial breeding, within the class of

scyphozoa jellyfish (Dong and Sun, 2018). It has been extensively
02
employed in research on asexual reproduction, including

metamorphosis and budding (Gold et al., 2019; Khalturin et al.,

2019; Weiland-Brauer et al., 2020). The majority of prior researches

primarily focused on the influence of alterations in environmental

factors on the occurrence of jellyfish blooms (Hubot et al., 2017; Dong

and Sun, 2018). The deep insights into the polyp proliferation of A.

coerulea, including the vital mechanisms and regulators in the process

of proliferation, need to be further investigated. While there are some

recent studies about the mechanism of metamorphosis in jellyfish

polyps (Fuchs et al., 2014; Li et al., 2024b), the molecular mechanism

of budding of jellyfish polyps remains inadequately understood.

The presence of biotoxins and their biotoxicity are fundamental

biological traits exhibited by marine toxic jellyfish (Marchelek-

Myśliwiec et al., 2024; Yanagihara et al., 2024; Yasanga et al., 2025).

It is crucial to emphasize that the biotoxins of jellyfish are not only in

their nematocysts, but also extensively distributed throughout all of

their tissues (Stabili et al., 2021). The transcriptome data of

Podocoryna, Clytia, and Aurelia revealed significant differences in

the expression levels of biotoxins in polyps compared to those in

developing or adult medusae (Klompen et al., 2021). Previous studies

have confirmed that biotoxins show variations in different

developmental stages in other animals, such as Latrodectus

tredecimguttatus (Peng et al., 2020), or participate in the

metamorphosis process, such as in the Xenopus laevis (Mathew

et al., 2010). Hence, we hypothesize that the biotoxins in jellyfish,

apart from exerting toxic effects (Kim et al., 2019), are highly likely to

be related to life processes like development and proliferation.

Studying the function of jellyfish biotoxins beyond their toxic

effects is crucial for advancing our comprehension of the biological

characteristics of jellyfish and their biotoxins.

In this study, we first identified metzincins as the prominent

biotoxins of A. coerulea polyps, which was then confirmed to function

in the process of asexual reproduction, charactered its three-

dimensional structure and active binding sites, and explored the

possible signaling pathway mechanism for budding. This study has

significantly expanded our understanding on the life functions of

jellyfish biotoxins, providing new insights into potential targets for

controlling jellyfish populations in the changing marine environment.
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2 Materials and methods

2.1 Animal and culture condition

Experimental animal Aurelia coerulea polyps, a species of the

genus Aurelia (Aurelia sp.) (Ohdera et al., 2024), were cultured at

the Naval Medical University in Shanghai, China. The feeding

system for polyps was described in previous research (Wang

et al., 2023). In brief, the polyps were fed with brine shrimp

(Artemia pathenogenetica) every two days. Additionally, fresh

artificial seawater was added two times per week, maintaining

salinity levels between 28-32‰.
2.2 RNA extraction library construction and
sequencing

Thirty polyps per sample were added to 400 mL of SDS (Solarbio,

China) mixture solution containing 10% b-mercaptoethanol

(Sangon, China) in a tissue grinder for initial cracking. The specific

RNA extraction method has been described in a previous research

(Wang et al., 2023). The purity and concentration of RNA were

measured using a Qubit 2.0 Fluorometer. The entire process of RNA

extraction was carried out at 4°C.

The total RNA quantity and purity were analyzed using the

Bioanalyzer 2100 and RNA 6000 Nano LabChip Kit (Agilent, USA).

High-quality RNA samples with the RIN > 7.0 were used to construct

the sequencing library. Poly(A) RNA was purified using the magnetic

beads method. Finally, 2×150 bp paired-end sequencing (PE150) was

conducted using the Illumina Novaseq™6000 platform (LC-Bio

Technology, China). Subsequently, adapter contamination and low-

quality reads were removed through the application of internal

Cutadapt and Perl scripts following sequencing.
2.3 Total protein extraction and treatment

The proteins of A. coerulea polyps were extracted using the

Protein Extraction Kit (Bangfei, China). The quantification of the

proteins was performed using the Bradford method (Bradford,

1976). The protein samples were then reduced and alkylated with

DTT and iodoacetamide (IAA) before being digested with trypsin

using the FASP method.
2.4 HPLC and mass spectrometry analysis

Each sample was separated by a High-Performance Liquid

Chromatography (HPLC) system and analyzed with the Orbitrap

Fusion mass spectrometer (Thermo Scientific). The raw data in the

RAW file was generated using Proteome Discoverer software

(Thermo Scientific), with the de novo transcriptome used as a

reference. The search parameters were set as follows: enzyme =

trypsin, max missed cleavages = 2, fixed modifications =

carbamidomethyl (C), variable modifications = oxidation (M),
Frontiers in Marine Science 03
acetyl (Protein N-term), peptide mass tolerance = ± 7 ppm,

fragment mass tolerance = 20 mmu, peptide confidence = high.
2.5 Bioinformation analysis

All identified proteins were annotated in five authoritative

databases, including the Gene Ontology (GO) (http://

www.geneontology.org), Kyoto Encyclopedia of Genes and

Genomes (KEGG) (http://www.genome.jp/kegg/), non-redundant

(NR) protein database (http://www.ncbi.nlm.nih.gov/), SwissProt

(http://www.expasy.ch/sprot/), and UniProt Knowledgebase

(UniProtKB) (https://www.uniprot.org/) with a threshold of E-

value < 0.00001. Multisequence alignment analysis was performed

using BioEdit (Version: 7.0.5.3) under default parameters. The local

BLAST tool was used with SwissProt and UniProtKB for screening

toxins, employing a threshold E-value of less than 10−5 to yield

toxin-related genes at the transcriptome and proteome levels.
2.6 The construction of the budding model
of A. coerulea polyps

New polyps were inoculated in 150 mm cell culture dish one

week prior to the experiment to ensure their overall health. Before

the experiment, select polyps without buds and with good tentacle

extension for vaccination into the new single-well plate. Three

polyps were set in each well as a biological replicate, and each

group had four biological replicates (n = 4). The four experimental

groups were fed according to feeding cycles of two days (FM-per2),

four days (FM-per4), seven days (FM-per7), and fourteen days

(FM-per14), respectively. All the experimental units (the single-well

plates with 3 polyps) were placed on the same layer of the 20°C

incubator, and the experimental units were assigned to different

treatment groups by using the simple randomization method. If a

highly isolated layout occurred, the layout would be discarded, and

then the randomization operation would be repeated until a layout

with an acceptable degree of interleaving was obtained. The number

of the polyp buds was observed and recorded every 24 hours for 14

days. The software GraphPad Prism 8.4.2 was used to create line

graphs showing the number of the polyp buds in each group.
2.7 Treatments with metalloproteinase
inhibitors on budding polyps

The metalloproteinase inhibitor EDTA (Bio-Light, China) is a

broad-spectrum inhibitor of metalloproteinases (Li et al., 2019).

ARP-100 (TargetMol, USA) is an effective and selective inhibitor of

metalloproteinase MMP-2. The solid reagent was dissolved in

ddH2O to a concentration of 1 mM and then further diluted with

sterile seawater for the experiment.

The experimental group was treated with EDTA at the

concentration of 600 nM, while the polyps in control group were

kept in artificial seawater. The polyp budding observation experiment
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was conducted according to Method 2.6. Three polyps were set in

each well as a biological replicate, and each group had four biological

replicates (n = 4). The feeding cycle of FM-per4 (once every four

days) was selected, and the observation period was seven days.
2.8 Metzincin proteolytic activity
determination

Thirty polyps were collected and ultrasonically fragmented in

each sample to create a homogenized mixture. RIPA lysate

(Epizyme, China) and a protein phosphatase inhibitor (Solarbio,

China) were added to each sample, followed by centrifugation at

10,000 g for 15 minutes. The supernatant subsequently collected

was assessed using the BCA assay (Beyotime). According to the

results of the BCA assay, each sample protein from both the

experimental group and the control group was diluted to the

same concentration before the activity of metzincins was detected.

Each sample was added to a solution of Azocasein (Sigma, USA)

at pH 8.8 and incubated in a water bath at 37 °C for 90 minutes.

Subsequently, 200 mL of 0.5 M trichloroacetic acid (TCA) (Ronoen,

China) was added to each sample and allowed to stand at room

temperature for 30 minutes. The samples were then centrifuged at

10,000 g for 10 minutes, after which 100 mL of the supernatant was

collected from each sample and mixed with an equal volume of 0.5

M NaOH (Amresco, USA). The absorbance was subsequently

measured at a wavelength of 450 nm. The protein extracted from

30 polyps was taken as one biological sample, and there were four

biological replicates in each group.
2.9 Transcriptome analysis of EDTA-treated
polyps

Both the experimental group and the control group had four

replications, with 36 polyps in each group. According to 2.7, the

polyps in the experimental group were treated with 600 nM EDTA

seawater, while those in the control group were treated with sterile

seawater. Total RNA was extracted after four days of treatment and

the RNA libraries were sequenced on the illumina NovaseqTM 6000

platform by LC Bio Technology CO., Ltd (Hangzhou, China).
2.10 RT-qPCR

Following the isolation of total RNA, mRNAwas transcribed into

cDNA using a Bio-Rad PCR instrument and REverTra qPCR RT

Master Mix (Toyobo, Japan) in accordance with the manufacturer's

protocol. The primers for amplifying these genes (Supplementary

Table S1) were synthesized by Sangon Biotech (Shanghai, China).

Each amplification system contained SYBR Green qPCR Master Mix

(TargetMol, USA), primers, target gene cDNA, and DEPC water

added tomake a total volume of 20 mL. The reactions were carried out
using an Eppendorf MasterCycler realplex2 with an initial

denaturation at 95°C for 5 minutes, followed by 40 cycles of 94°C

for 10 seconds, 60°C for 20 seconds, and 72°C for 30 seconds. A final

extension was performed at 72°C for 5 minutes. The terminations of
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SYBR Green I density and cycle threshold (Ct) values were analyzed

using CFX management software (Bio-Rad, USA). The gene

expression levels were estimated using the best comparative Ct

value (2−DDCT) method.
2.11 Evolutional analysis

The coding sequences of four types of metzincins were

organized into a fasta file. The MUSCLE method was used for

sequence alignment, and then the phylogenetic tree was analyzed by

Maximum Parsimony (MP) in MEGA7 software. The most

parsimonious tree with length = 3077 is shown. The consistency

index is 0.182970 (0.182439), the retention index is 0.271304

(0.271304), and the composite index is 0.049641 (0.049497) for all

sites and parsimony-informative sites (in parentheses). The MP tree

was obtained using the Subtree-Pruning-Regrafting (SPR)

algorithm with search level 0 in which the initial trees were

obtained by the random addition of sequences (10 replicates).

The analysis involved 48 nucleotide sequences. Codon positions

included were 1st+2nd+3rd+Noncoding. All positions with less

than 95% site coverage were eliminated.
2.12 Molecular docking and dynamic
simulation

The receptor peptides were found and extracted from the A.

coerulea polyps. The structure of all peptides was predicted using

AlphaFold2 (Bryant et al., 2022), and the PDB file was selected as

the predicted file for the receptor. The 3D SDF format file

(Compound CID: 6049) of small molecule ligand EDTA can be

downloaded from the website https://pubchem.ncbi.nlm.nih.gov/.

Pre-processing and docking of all receptors and ligands were

performed using AutoDock Vina software (Eberhardt et al.,

2021). First, all files of the receptor and ligand are transformed

into PDBQT files, then the docking sites of the receptor protein are

predicted to screen out the best conformation for binding to the

ligand. After docking with a small molecule ligand, analysis was

performed on the website https://plip-tool.biotec.tu-dresden.de/

plip-web/plip/index to identify non-covalent interactions between

protein and small molecule ligands. Finally, the representative

molecules were selected to be combined with EDTA for

molecular dynamics simulation.
2.13 Statistical analysis

All data were expressed as mean ± standard deviation (SD). The

Shapiro-Wilk method was used to test whether the two variables of

the control group and the experimental group in RT-qPCR followed

a normal distribution, and then analysis of variance was performed.

For data that did not follow a normal distribution, the rank sum test

was used. For data that followed a normal distribution and had

homogeneous variance, the independent sample t-test was used; for
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data with heterogeneous variance, the Welch-corrected t-test was

used to analyze the data. Statistical significance was set at *P < 0.05,

**P < 0.01, ***P < 0.001, and ****P < 0.0001. Statistical analysis was

conducted on the difference in metzincin proteolytic activity of

polyps before and after metalloproteinase inhibitor treatment by

employing the same method as that of RT-qPCR. The column

charts were drawn by GraphPad Prism 8.4.2.
3 Results

3.1 Metzincins were identified as the key
biotoxin components of jellyfish polyps

In order to explore the potential role of biotoxins in regulating

the growth and development of jellyfish, we conducted

transcriptomic and proteomic analyses on jellyfish A. coerulea

polyps (Figures 1A, B, Supplementary Figures S1, S2).

Subsequently, the data from our combined transcriptome-

proteome analysis were carefully screened to identify unigenes

potentially associated with biotoxins and biotoxin proteins

(Figure 1C), including major biotoxin families such as

metalloproteinases, latrotoxin, and calglandulin. In the polyp of

A. coerulea, the expression of metalloproteinases topped the list at

the transcriptional level and was among the top three at the protein

level(Figures 1D, E). Notably, metalloproteinases were the most

abundant in quantity at both transcriptional (Figure 1D) and

protein levels (Figure 1E). Specifically, we identified a total of 50

metalloproteinases at the transcriptome level and 17 at the

proteome level, collectively representing 32% and 24% of the top

eight biotoxins in transcriptions and proteome, respectively.

Our data showed that metalloproteinases in the A. coerulea

polyps predominantly existed in four forms: NAS, matrix

metalloproteinases (MMPs), a disintegrin and metalloproteinases

(ADAMs) and a disintegrin and metalloproteinase with

thrombospondin motifs (ADAMTSs). All these members belong to

the metzincin superfamily of the metalloproteinases (Rivera et al.,

2010). Despite their presence in different subtypes, the evolutionary

relationship between metzincins was observed to be closely related

(Figure 1J). Moreover, among the four metzincins, the quantity and

overall expression of NAS were the highest (Figures 1F–I).Four

unigenes that were relatively highly expressed in the transcriptome

(Figure 1F) were selected for RT-qPCR verification, which confirmed

the reliability of the data (Supplementary Figure S3). Overall, the

integrated analysis of transcriptome-proteome data reveals that

metzincins are the key biotoxin components in A. coerulea polyps.
3.2 EDTA suppresses the activity of
metzincins and inhibits the budding of
jellyfish polyps

Figure 2A illustrates the complete process of the budding of A.

coerulea polyps and subsequent detachment from the parental

organism in the model. Based on the observed variations in polyp
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budding rates at different feeding frequencies, we developed a

model of the budding of A. coerulea polyps, revealing a positive

correlation between increased feeding frequency and enhanced

budding (Figure 2B). To optimize experimental efficiency and

efficacy, we determined that feeding every four days would be the

subsequent experimental condition. To investigate the impact of

inhibiting metzincins on the budding of A. coerulea polyps, a broad-

spectrummetalloproteinase inhibitor, EDTA, was employed to treat

the polyps. During the experimental observation period (seven

days), the number of the polyp buds in the EDTA-treated group

was consistently lower than that in the control group (Figure 2C,

Supplementary Figure S4A), indicating a restraint in budding.

Furthermore, the assessment of metzincin activity demonstrated

that the total protein of polyps exhibited strong metzincin activity,

which showed a positive correlation with the concentrations of the

protein of polyps (Figure 2D). Following EDTA treatment of the

polyps, there was a decrease in metzincin activity in the total protein

of polyps (Figure 2E, Supplementary Figure S4B). These findings

suggest that EDTA negatively regulates the process of the budding of

A. coerulea polyps, potentially by inhibiting metzincin activity.
3.3 EDTA inhibited the activity of
metzincins through binding to their zinc
binding active site

We selected 26 representative metzincin molecules from the

transcriptome of A. coerulea polyps to elucidate the mechanism of

interaction between EDTA and four types of metzincins.

AlphaFold2 was used to predict the 3D spatial structure of the

molecular proteins mentioned above, and then they were docked

with EDTA. The binding energy values are displayed in Figure 3A

Among the four metzincins, the receptor polypeptides that

exhibited the closest binding affinity to EDTA, or is most

representative, are as follows: ADAM: CTG-72.172 (-6 kJ/mol),

ADAMTS: CTG-109.158 (5.3 kJ/mol), MMP: CTG-132.73 (5.7 kJ/

mol), and NAS: CTG-120.86 (-6 kJ/mol) and NAS: CTG-27.246

(-4.4 kJ/mol)(Figure 3A, Supplementary Tables S2, S3). Further

docking analysis and kinetic simulation were conducted for these

five receptor polypeptides. Through non-covalent interaction

analysis, it was observed that these five metzincins are capable of

binding to EDTA and forming hydrogen bonds and salt bridges.

The bindings of the five metzincins receptor polypeptide with

EDTA were all located in the central region of the receptor space,

surrounded by elongated protein helices (Figures 3B–F).

In the aforementioned molecular docking, NAS and ADAM

receptor polypeptides are the most susceptible to bind with EDTA.

Moreover, both NAS receptor polypeptides, namely CTG-120.86 and

CTG-27.246, can spontaneously bind to EDTA. Hence, we focused

on these two NAS metzincins for the further exploration of the

mechanism by which EDTA inhibits metzincin activity. CTG-120.86

and CTG-27.246 are NAS with similar structures, characterized by

Pre-Pro-Sequences, astacin domain, epidermal growth factor-like

modules, CUB domain, and Thrombospondin type 1 domains

(TSP1) (Figure 3G). The CTG-120.86 astacin domain contains a
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FIGURE 1

The analysis of toxic components of A. coerulea polyps. (A) Venn diagram analysis of the toxin unigenes with the total unigenes in the A. coerulea
polyp transcriptome. (B) Venn diagram analysis of the toxin proteins with the total proteins in the A. coerulea polyp transcriptome. (C) Venn diagram
analysis of toxins between the proteome and the transcriptome of A. coerulea polyps. (D) Right:The A. coerulea polyp transcriptome encompasses
eight major toxin families, including Metalloproteinase, Calglandulin, Serine protease, Venom prothrombin, Latrotoxin, Thrombin, Coagulation factor
and Phospholipase; Left:The composition of metalloproteinases in the A. coerulea polyp transcriptome. (E) Right:The A. coerulea polyps proteome
contains eight major toxin families, including Metalloproteinase, Myosin, Serine protease, Proteasome, CDPK, Phospholipase, Calmodulin and Toxin
TX; Left: The composition of metalloproteinases in the A. coerulea polyp proteome. (F) The expression of astacins (NAS) in the A. coerulea polyp
transcriptome. (G) The expression of matrix metalloproteases (MMPs) in the A. coerulea polyp transcriptome. (H) The expression of a disintegrin and
metalloproteinase with thrombospondin motifs (ADAMTSs) in the A. coerulea transcriptome. (I) The expression of a disintegrin and
metalloproteinases (ADAMs) in the A. coerulea transcriptome. The (F–I) expression values were calculated based on the FPKM values of the
corresponding genes. (J) An evolutionary tree analysis of metalloproteinases of the A. coerulea polyps. The evolutionary history was inferred using
the Maximum Parsimony method.
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very specific base sequence HEXXHXXGFXHEXXRXDRD

(HEIMHAIGFYHEQSRRDRD), also known as the zinc active site.

CTG-120.86 is composed of 11 a-helices and eight b-sheets, and
CTG-27.246 is composed of 10 a-helices and 14 b-sheets, with the

zinc-binding active site located in the middle of the polypeptide

(Figure 3H). Although the binding region remains consistent, there

were differences in the residues involved in protein interactions.

EDTA can form hydrogen bonds with GLU159, ASN216, and

GLN227 on CTG-120.86 protein. Additionally, it was observed to

form salt bridges with HIS148, HIS152 and ASP224. In contrast, in

CTG-27.246 protein, EDTA formed salt bridges with ARG176 and

simultaneously formed hydrogen bonds with GLN175, GLY179,

TYR249, GLN251, and TYR253. The stability of the CTG-120.86

and CTG-27.246 bound to the EDTA conformation was verified

through molecular dynamics (MD) simulations, which showed that

the SASA values of both docking complexes gradually decreased and

subsequently stabilized over time (Figures 3I, J). The RMSD value of

the CTG-27.246 docking complex simulation was more stable than

that of CTG-120.86. In CTG-27.246, the RMSD value gradually

increased and tended to stabilize, while 120.86 showed a constant

fluctuation trend (Figures 3K, L).

Therefore, we speculated that EDTA was able to bind stably to

metzincins such as NAS and most likely inhibited the activity of

metzincins by preventing zinc ions from binding to their Zn-

binding active sites.
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3.4 EDTA treatment of polyps
downregulated the expression of
metzincins

Through RNA sequencing analysis of the polyps treated with

EDTA, we further explore the alterations in the gene expression of

metzincins in A. coerulea polyps and acquire an understanding of

the molecular mechanisms underlying the negative regulation of the

budding of the polyps treated with EDTA. A total of 10,752 genes

were sequenced, and 285 expressed biotoxin genes were obtained

through local BLAST analysis of transcriptome genes and databases.

The biotoxin categories were ranked in accordance with the number

of genes, among which metzincins held the top position, followed

by serine protease and phospholipase (Supplementary Figure S5).

There were 34 metzincin genes, consisting of NAS, MMPs,

ADAMTSs and ADAMs, and NAS were found to be the most

abundant, accounting for 55.8% of the total number of metzincin

genes (Figures 4A–D). Compared to the control group, the

expression of CTG-27.246 (NAS-4) was significantly down-

regulated in the EDTA-treated group, and there was a downward

trend in the expression of 19 metzincin genes (Figure 4E). The top

four down-regulated metzincin genes were chosen for RT-qPCR

validation. The results of the RT-qPCR analysis confirmed that the

alterations in the expression levels of these genes were in accordance

with the sequencing findings. Specifically, NAS-4 (CTG-27.246),
FIGURE 2

The polyp budding is inhibited by EDTA. (A) The process of budding in A. coerulea polyps. Scale bar: 1 mm. (B) Construction of a budding model for
the polyps of A. coerulea; Feeding Model FM-per2, FM-per4, FM-per7 and FM-per14 represent feeding every two, four, seven, and fourteen days
respectively. Three polyps were set in each well as a biological replicate, and each group had four biological replicates (n = 4). (C) Effects of EDTA
treatment on the budding of A. coerulea polyps. The feeding model FM-per4 was used and the experiment lasted for seven days. Three polyps were
set in each well as a biological replicate, and each group had four biological replicates (n = 4). (D) Metzincin activity of total polyp protein at different
concentrations. (E) Metzincin activity of the polyps before and after treated with EDTA. (D, E) The protein extracted from 30 polyps was taken as one
biological sample, and there were four biological replicates in each group. Data are presented as mean ± SD (n=4). ****P < 0.0001.
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ADAMT-6 (CTG-18.548), NAS-4 (CTG-116.73) and MMP-25

(CTG-132.73) exhibited significant down-regulation in EDTA-

treated polyps (P < 0.05) (Figures 4F–I). The results indicated

that EDTA treatment could attenuate the expression of key

metzincin molecules in polyps.
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Based on the criteria of |log2FC|≥1 and P < 0.05, a substantial

number of differentially expressed genes were identified between the

EDTA-treated group and the control group, comprising 126 up-

regulated genes and 42 down-regulated genes (Figure 4J). GO

enrichment analysis was conducted on these differentially
FIGURE 3

EDTA inhibits the activity of metzincins through binding to their zinc binding active site. (A) The docking binding energy values of 26 representative
metzincin receptor proteins and the ligand EDTA. The screening criteria for the 26 representative metzincin molecules were that each molecule had
an FPKM value greater than six and an expression level within the top 34% of its category. (B) Schematic diagram of molecular docking between
CTG-132.73 and EDTA. (C) Schematic diagram of molecular docking between CTG-109.58 and EDTA. (D) Schematic diagram of molecular docking
between CTG-72.172 and EDTA. (E) Schematic diagram of molecular docking between CTG-27.246 and EDTA. (F) Schematic diagram of molecular
docking between CTG-120.86 and EDTA. The dotted box in B-F indicates the molecular docking site. (G) Schematic representation of the NAS
structure. (H) 3D structure simulation of CTG-120.86 protein. (I, J) SASA fluctuation curves of CTG-120.86 (I) and CTG-27.246 (J) docking with
EDTA. (K, L) RMSD fluctuation curves of CTG-120.86 (K) and CTG-27.246 (L) docking with EDTA.
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expressed genes and disclosed the 15 most significant GO terms,

which pertained to three GO categories. Among them, the

transporter activity was the sole one belonging to Molecular

Function. The most enriched genes in the Cellular Component

were membrane and cytoplasm, signifying the location of the gene

product within the cell. The canonical Wnt signaling pathway and

cell differentiation were the most enriched genes in Biological

Process, mirroring the relevance to biological development

(Figure 4K). KEGG analysis indicated that out of the Top 15
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pathways exhibiting significant differences before and after EDTA

treatment of polyps (P < 0.05), eight were linked to growth and

development (Figure 4L). Among these pathways, the Notch

signaling pathway displayed the most notable distinction,

followed by ECM-receptor interaction. The GSEA analysis of the

Notch pathway disclosed that the enrichment score (ES) amounted

to 0.5018, and the significant p-value was 0.0056 (< 0.05).

Concurrently, the differentially expressed genes enriched in the

Notch pathway were conspicuously upregulated (Figure 4M). These
FIGURE 4 (Continued)
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FIGURE 4 (Continued)

Transcriptomic analysis of polyps treated with EDTA (A–E). The expression of NAS (A), MMPs (B), ADAMTSs (C) and ADAMs (D) was compared between
the control group and the EDTA-treated group. The gene expression of the EDTA treated group is indicated in red, while that of the control group is
indicated in blue. (E) Heat map showing the expression of 20 metzincins that were downregulated in the A. coerulea polyp treated with EDTA. (F–I) RT-
qPCR results of the expressions of CTG-27.246 (F), CTG-18.548 (G), CTG-116.73 (H) and CTG-132.73 (I) before and after EDTA treatment. RNA was
extracted from 20 polyps as one biological sample, and there were four biological replicates in each group.Data are presented as mean ± SD (n=4). *P
< 0.05, **P < 0.01, and ***P < 0.001. (J) A volcano plot of the differentially expressed screened in the control and EDTA treated groups, in which the red
indicates the differentially upregulated genes and the blue indicates the differentially downregulated genes. (K) Top 15 differentially enriched GO
pathways. (L) Top 15 differentially enriched KEGG pathways. The pathways highlighted in red denote pathways that are developmentally significant. In
Figure (K, L), the size of the bubble shows the number of matched unigenes in the pathway, and the color represents the P value. (M) Left: Differential
expression GSEA plot of the Notch pathway in polyps. Right: Heatmap of differentially expressed signaling molecules enriched in the Notch pathway.
(N) Left: Differential expression GSEA plot of the ECM-receptor interaction pathway in polyps. Right: Heatmap of differential gene expression on the
ECM-receptor interaction pathway in polyps. (O) RT-qPCR results of the expressions of the representative upregulated genes enriched in the notch
pathway and ADAM-10 before and after EDTA treatment. (P) RT-qPCR results of the expressions of the ECM-receptor interaction pathway before and
after EDTA treatment. (O, P) RNA was extracted from 20 polyps as one biological sample, and there were four biological replicates in each group. Data
are presented as mean ± SD (n=4). *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.
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outcomes signified that the Notch pathway was significantly

upregulated in polyps subsequent to EDTA treatment. The GSEA

analysis of the ECM-receptor interaction pathway revealed that the

enrichment score (ES) was 0.3496 and the p-value was 0.1660 (>

0.05), suggesting that the ECM-receptor interaction pathway merely

exhibited an upward tendency following EDTA treatment, yet was

not statistically significant. Nevertheless, it is notable that the ECM-

related genes enriched in the ECM-receptor interaction pathway

were significantly upregulated (Figure 4N). We respectively

screened the representative upregulated genes enriched in the

Notch pathway and the ECM-receptor interaction pathway, as

well as a related upregulated metzincin gene, ADAM10, and

performed RT-qPCR verification. It was found that the expression

changes of these genes were consistent with the RNA-seq

expression profile (Figures 4O, P).

The data indicated that EDTA treatment down-regulated the

expression of metzincins and enriched a number of developmental

pathways and biological processes.
4 Discussion

This study reveals the important role and potential regulatory

mechanism of metzincins in the budding of jellyfish polyps.

Through combined omics analysis, we have identified the key

metzincin NAS in A. coerulea polyps. The inhibition of polyp

budding was observed following EDTA treatment. Further

validation through metzincin activity assay, molecular dynamics

analysis, and transcriptome analysis has confirmed that EDTA

inhibits the activity of metzincins and alters expression levels.

The presence of biotoxins in marine jellyfish is highly abundant.

Previous researches have indicated variations in the expression

levels of biotoxins across different growth and development stages

of jellyfish (Klompen et al., 2021; Li et al., 2022). This study

specifically investigated the biotoxin gene and protein expression

of A. coerulea polyps, revealing that metzincins hold a prominent

position among them. Our data revealed the presence of four

prominent classes of the metzincin family of metalloproteinases

in A. coerulea polyps, namely NAS, MMPs, ADAMTSs and

ADAMs (Rose et al., 2021). Metzincins play a crucial role in
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various biological growth and development processes, including

mammalian gonadal development (Livermore et al., 2019; Li et al.,

2023), animal bone regeneration (Keow et al., 2011), sea urchin

hatching (Morgulis et al., 2021; Chiarelli et al., 2025), and intestinal

regeneration in sea cucumber (Apostichopus japonicus ) (Miao et al.,

2017). The metzincin superfamily is composed of Zinc-

metalloproteinases that play a crucial role in remodeling the ECM

by degrading ECM components (Apte and Parks, 2015), activating

cell surface proteins, and shedding membrane-bound receptor

molecules. However, the function of these metzincins in jellyfish

remains unknown. Through combined transcriptomic and

proteomic analysis, we identified NAS as the predominant

metzincins in A. coerulea polyps, and they are likely to exert a

crucial role in the growth and development of jellyfish polyps by

decomposing and remodelling the ECM (Sterchi et al., 2008;

Becker-Pauly et al., 2011). Furthermore, among the genes

enriched in the transcriptome in which the budding of polyps

was inhibited following EDTA treatment, metzincins still consisted

of NAS, MMPs, ADAMTs, and ADAMs, with NAS ranking first.

This further substantiates the dominant position of NAS in polyps

and its potential role in development.

It has been demonstrated that the extended N-terminal propeptide

plays a role in conferring a latent period to NAS in eukaryotes, resulting

in the secretion of most NAS as inactive zymogens. After combining

with zinc ions, the molecular conformation of NAS changes, leading to

the formation of the competent N-terminus (Gomis-Ruth et al., 2012).

In this study, we performed 3D structural simulations of metzincins

represented by NAS and identified the central location of the

polypeptide as the active site for zinc binding, which is consistent

with the findings of previous studies (Cerdà-Costa and Gomis-Rüth,

2014). Further molecular docking analysis of the broad-spectrum

metalloproteinase inhibitor EDTA with metzincins peptides has

revealed that the binding sites are also located within the central

region of the ligand polypeptide space. Combined with the results of

molecular dynamics, it can be inferred that EDTA could inhibit the

activity of metzincins by stably binding to the zinc-binding active site of

A. coerulea polyp metzincins, especially NAS. This differs from the

previously widespread understanding that EDTA reduces the activity

of metzincins by chelating the requisite divalent ions (Marino and

Funk, 2012; Garcıá-López et al., 2023), and it constitutes a novel
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supplement to EDTA for metalloproteinases. In the experiment on

budding intervention inA. coerulea polyps, EDTA showed a significant

adverse effect on the budding of A. coerulea polyps. Meanwhile, the

metzincin activity of the total protein in EDTA-treated polyps

exhibited a significant decrease compared to that of the control

polyps. Taken collectively, EDTA significantly inhibited the activity

of metzincins by stabilizing the zinc-binding active site of metzincins

and directly chelating free zinc ions.

During budding, the body epithelial cells in the body column

region of cnidarian polyps migrate along with the ECM and

eventually give rise to new individuals (Aufschnaiter et al., 2011).

In thisprocess, epithelial cells undergo random movement on a

mobile matrix, and the matrix moves in a directed manner towards

the target location to form new buds (Matsubayashi, 2022). In

contrast to the migration of epithelial cells, the ECM requires

biochemical remodeling for shape alteration. During the early

stage of budding, ECM disassembly and remodeling, rather than

new ECM synthesis, are crucial for the budding of the polyps

(Aufschnaiter et al., 2011). The metzincin family exerts a broad

range of degradation effects on the ECM and constitutes an

important enzyme family that regulates the dynamic equilibrium

of ECM. For example, NAS can act on ECM proteins, such as

lamzinin, collagen IV, and adhesion molecules, and influence

morphogenesis by cutting and modifying the structural or

mechanical properties of the ECM (Sarras et al., 2002; Apte and

Parks, 2015), exerting pro-migratory effects on cells (Peters and

Becker-Pauly, 2019). Whether it is the inhibition of the activity of

metzincins or that of their transcription, it will exert a severe impact

on ECM degradation. In this study, we confirmed that EDTA

treatment reduced the activity of metzincins in A. coerulea polyps

and downregulated the expression levels of key metzincins.

Meanwhile, we observed evidence of restricted ECM degradation

and excessive deposition. Transcriptome data showed that,

compared with the control group, in the polyps treated with

EDTA, laminin (LAMC1, CTG-95.548) and agrin (AGRN, CTG-

91.129), both components of the basement membrane (BMs), were

significantly upregulated. Additionally, collagen VI protein

(COL6A, CTG - 84.172, CTG - 84.72) was also significantly

upregulated. The decomposition and remodeling of the ECM are

inhibited, leading to the decreased migratory ability of epithelial

cells and the ECM in polyps, and then exerting a negative regulatory

effect on the budding of polyps. This is consistent with the

phenomenon in our research results, that is, treating polyps with

EDTA will lead to a reduction in the number of new buds of polyps.

EDTA also regulates the expression level of metzincins in polyps

through signal transduction, inhibits ECM decomposition, and affects

the budding of A. coerulea polyps. In this study, multiple

developmental related pathways were enriched in the transcriptome

of the EDTA-treated polyps, among which the Notch pathway and

the ECM receptor interaction pathway were the two most

significantly different pathways. The thrombospondin-1 (THBS-1,

CTG-131.382) and thrombospondin-2 (THBS-2, CTG-72.63) genes,

which were enriched in the ECM-receptor interaction pathway, were

significantly up-regulated. Among the differentially expressed genes
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in the pathway, THBS-1 exhibited the highest fold change (Log2FC =

12.24). The up-regulated THBS-1 could further down-regulate the

expression of metzincins and induce the up-regulation of the crucial

ECM structural proteins COL6A, LAMC1, and AGRN, thereby

impeding the disassembly and remodeling of ECM (Vadon-Le Goff

et al., 2015; Chen et al., 2024). Intriguingly, contrary to previous

reports suggesting that THBS-1 mainly regulates MMP (Chen et al.,

2024), NAS-4 and ADAMT-6 also exhibited down-regulation in our

validation results. However, our research in this aspect is limited, and

whether the changes in the expression of metzincins other thanMMP

are caused by the changes in THBS-1 and whether they are directly

regulated by THBS-1 need to be investigated through separate

intervention of THBS-1 in A. coerulea polyps and additional

molecular biology experiments.

Previous in vitro investigations regarding the activation of the

Notch pathway by EDTA have disclosed that EDTA is capable of

chelating extracellular free Ca2+ and undermining the binding

stability of the two subunits of Notch heterodimers, resulting in

the dissociation of the Notch extracellular domain and the release of

its inhibition on the intrinsic active Notch intracellular subunit.

This subsequently activates Notch receptors (Liu et al., 2024b). In

the present study, we have made a further addition to the

mechanism by which EDTA activates the Notch pathway. In the

transcriptome data of EDTA-treated polyps, Notch-pathway-

enriched molecules were significantly up-regulated. In addition,

ADAM10 (CTG-41.118) showed a different up-regulation trend

compared with other metzincins. These results indicate that EDTA

activates the Notch receptor notch1 (CTG-221.43, CTG-224.18,

CTG-231.59) by chelating extracellular free Ca2+, followed by the

combination of the Notch receptor with the ligand. The up-

regulation of ADAM-10 caused by EDTA treatment promotes the

processing of ADAM-mediated receptor-ligand complex (S2

cleavage) (Dornier et al., 2016; Defamie et al., 2024; Shimizu

et al., 2024). Subsequently, the up-regulated g-secretase (APH1,

CTG- 64.98) complex mediates transmembrane cleavage (S3

cleavage), releasing the intracellular domain of Notch receptor

(NECD) and facilitating its translocation to the nucleus. The

acetyltransferase (EP300, CTG-95.191) is significantly up-

regulated, leading to recruitment of acetylated histone (Kovall

et al., 2017). This facilitates chromatin entry into the

transcription complex, ultimately activating the Notch pathway

and its effector molecules. Among these effector molecules, Myc-1

(CTG-46.95) exhibits significant up-regulation as a principal target,

suppressing cell differentiation (Nguyen et al., 2025; Xiong et al.,

2025), accelerating transforming growth factor-b1(TGF-b1)
transcription (Liu et al., 2024a), and ECM deposition (Vadon-Le

Goff et al., 2015; Karakaya et al., 2022). In addition, the THBS family

of ECM receptor interaction pathway is also jointly implicated in

this process. On the one hand, the up-regulated THBS-1 can also

activate TGF-b, and TGF-b exerts a potent effect in down-

regulating the expression of metzincins and inhibiting ECM

degradation as well as promoting ECM deposition (Porpiglia

et al., 2022; Yan et al., 2025). On the other hand, the increased

expression of THBS-2 can positively regulate the Notch pathway
frontiersin.org

https://doi.org/10.3389/fmars.2025.1563258
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Liu et al. 10.3389/fmars.2025.1563258
(Chang et al., 2024). Therefore, we speculate that EDTA can activate

the Notch pathway by chelating Ca2+ and up-regulating ADAM-10.

The THBS family in the ECM receptor interaction pathway acts

synergistically with the Notch pathway to downregulate the

expression of metzincins, inhibit ECM disassembly and

remodelling promote ECM deposition, resulting in the negative

regulation of the budding of A. coerulea polyps.

Through the integrated omics analysis carried out in this study,

the composition of metzincins in the polyp of A. coerulea was

clarified, and it was confirmed that NAS was the predominant

metzincins in the polyp of A. coerulea. Regrettably, due to restrictive

conditions, this study was unable to experimentally verify the

independent role of NAS in ECM degradation and the budding of

A. coerulea polyps, which will be our future task. In this study,

EDTA had an impact on the polyp of jellyfish A. coerulea, resulting

in the reduction of metzincin activity and expression, thereby

further influencing ECM remodeling and inhibiting the budding

of A. coerulea polyps. This enabled us to identify potential targets

for regulating the number of jellyfish. Subsequently, how to

transform this discovery into applicable products and how to

avoid the side effects of the application of EDTA in the

prevention and control of jellyfish blooms on the marine ecology

will be our subsequent research goals.
5 Conclusion

This study emphasizes that NAS metzincins are important

biotoxins of A. coerulea polyps and are involved in regulating the

budding reproduction of the polyps. EDTA can inhibit the budding

of A. coerulea polyps by diminishing the proteolytic activity of

metzincins and down-regulating their molecular expression. The

ECM-receptor interaction pathway and Notch pathways

cooperatively contribute to regulating this process.

Certain limitations exist in this study. Firstly, the single source of

samples and the insufficiently large sample size might potentially lead

to a reduction in the universality of the outcomes. The biological

sample A. coerulea polyps employed in this study were obtained from

stable breeding within the laboratory. Ideally, representative

samplings should be conducted from various jellyfish blooms

waters worldwide, and reliable manipulative experiments should be

carried out to validate the universality of the research findings.

Secondly, the exploration of the mechanism through which EDTA

regulates the metzincins in this study is not profound enough. In the

EDTA intervention budding experiment of polyps, altering and

detecting the concentration of divalent ions in the culture

environment within the experimental unit, in combination with the

detection of the activity of metzincins, will contribute to further

clarifying the mechanism through which EDTA regulates the activity

of metzincins to inhibit the budding of polyps.

The findings have provided valuable insights into the role of

biotoxins in the development and proliferation of jellyfish, and also
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provided new means and a theoretical basis for the prevention and

control of the jellyfish blooms.
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