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The frequent occurrence of Aurelia coerulea medusae in coastal waters poses a serious threat to power plants and fisheries, emphasizing the importance of early jellyfish bloom detection. Owing to the complex life cycle of jellyfish and the limitations of traditional survey methods, identifying the natural habitat of early stage jellyfish, especially polyps and ephyrae, is challenging. In this study, we aimed to identify the early habitats A. coerulea using environmental DNA (eDNA) metabarcoding technology to predict the sources of blooms. We successfully detected A. coerulea in a temperate bay (Laizhou Bay, LZB) and nearby aquaculture ponds (Dongying, DY) in March, when medusae were absent, revealing the habitats and distributions of the early stages of bloom-causing jellyfish. The relative abundance of blooming A. coerulea in the DY aquaculture ponds was significantly higher than that in the LZB. Our results suggest that coastal aquaculture ponds, as natural habitats for A. coerulea polyps and ephyrae, are an important source of A. coerulea medusa aggregates in the surrounding coastal waters. These findings suggest that jellyfish management strategies can be focused on aquaculture ponds, allowing for the source-based prevention and control of blooms before they cause damage.
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1 Introduction

Aurelia spp., the most common bloom-causing scyphozoan jellyfish, are widely distributed in harbors, lakes, and coastal waters worldwide (Lucas, 2001; Dong, 2019), disrupting ecological balance and threatening local power plants, fisheries, and aquaculture (Purcell et al., 2013; Dong, 2019). Climate change, coastal eutrophication, overfishing, and artificial construction have been proposed as important contributors to Aurelia spp. blooms (Dong et al., 2010; Duarte et al., 2012; Dong, 2019).

Aurelia spp. has a metagenetic life cycle comprising a benthic, asexual polyp and a pelagic, sexual medusa. As polyps can rapidly multiply through asexual reproduction, leading to an increased adult population, they are crucial for regulating the formation of blooms (Lucas et al., 2012). Previous studies on the population dynamics of Aurelia coerulea in Chinese coastal waters have shown that medusae appear primarily in summer and autumn (Dong et al., 2014; Wang and Sun, 2015). However, the distribution and population dynamics of polyps and ephyrae are difficult to monitor because of their cryptic morphology and habitats, which are often overlooked by traditional survey methods. This poses a considerable challenge for reliably predicting and controlling A. coerulea blooms (Ceh and Riascos, 2017), highlighting the urgent need to track the natural habitats of A. coerulea during its early life stages.

Environmental DNA (eDNA) metabarcoding is an emerging method that uses environmental samples, such as water and sediments, to investigate biodiversity and biomass (Berry et al., 2019; Ruppert et al., 2019; Skelton et al., 2022). Recently, this technique has been used for studies on invasive species detection (Roux et al., 2020; Thomas et al., 2020), pollution prediction (Li et al., 2018), dietary and trophic investigations (Yoon et al., 2017), and species distribution (Timmers et al., 2022). In addition, the high detection rate and sensitivity of eDNA detection assays demonstrate their applicability in investigations of jellyfish diversity and spatial distribution (Ames et al., 2021; Morrissey et al., 2022; Peng et al., 2023; Ye et al., 2024; Morrissey et al., 2024a, b). For example, eDNA techniques demonstrated that A. coerulea has a vertical distribution pattern in the Bohai Sea (Ye et al., 2024) and that A. coerulea aggregations were most likely to occur at the inner bottom region of Yantai Sishili Bay (Peng et al., 2023). Moreover, eDNA has been used to investigate potential polyp habitats and to detect polyps when medusae are absent (Morrissey et al., 2024a, b).

Laizhou Bay, situated in the Bohai Sea of China, is characterized by its coastal areas, which support sea cucumber Apostichopus japonicus aquaculture. A previous study showed that artificial reef structures in A. japonicus culture ponds, such as plastic sunshade nets, triangular tiles, cage substrates, and hollow bricks, provide appropriate substrates for the settlement and proliferation of A. coerulea polyps (Dong et al., 2018). Therefore, we propose that A. japonicus culture ponds may act as nursery grounds for A. coerulea, potentially representing a source of jellyfish blooms in Chinese coastal waters. In this study, we aimed to elucidate the occurrence and distribution of the bloom-causing jellyfish A. coerulea during its early life stages. Accordingly, we utilized eDNA metabarcoding based on the mitochondrial cytochrome oxidase subunit I (COI) gene to identified the presence of A. coerulea in seawater samples from aquaculture ponds and adjacent areas in Laizhou Bay during March, before blooming medusae appear. This research offers an effective method for identifying the origins of jellyfish blooms and provides a foundation for enhancing strategies to prevent and manage A. coerulea blooms.




2 Materials and methods



2.1 Field sampling

The investigation was conducted in March 2024 at 57 sampling stations in aquaculture ponds and surrounding seawater in Laizhou Bay, including 24 stations in Laizhou Bay (LZB1–24) (Figure 1A) and 33 ponds from four aquaculture areas in Dongying (DY1-1–7, DY2-1–9, DY3-1–9, and DY4-1–7) (Figure 1B). Surface and bottom seawater samples were collected at stations with depths greater than 5 m in the LZB, whereas only surface seawater was collected at other stations and in aquaculture ponds (Figure 1A). One liter (LZB) or 0.5 liter (DY) of seawater was filtered through a 0.7 μm GF/F membrane (Whatman, Maidstone, UK) immediately after collection and then preserved in 2 mL sterile cryopreservation tubes (Beyotime, Shanghai, China). Less water was used for DY than LZB samples due to the challenges associated with filtering seawater samples collected from aquaculture ponds. The membrane samples were frozen in liquid nitrogen and stored at –80°C. Before sampling at different locations and water layers, all devices used for sample collection and filtration were sterilized with 10% bleach solution and washed at least three times with Milli-Q water. To track possible contamination during sample collection, negative controls were established by collecting 1 L/0.5 L distilled water at each station. Seawater temperature was measured in situ using an EXO2 Multiparameter Sonde (YSI, Yellow Springs, OH, USA).




Figure 1 | Sampling locations in Laizhou Bay [LZB, (A)] and Dongying aquaculture ponds [DY, (B)]. Bubbles indicate the number of reads obtained for Aurelia coelurea, where the number of reads obtained from samples collected in the DY pond is multiplied by 2 to represent equal sample sizes (1 L).






2.2 Sample processing and sequencing

eDNA from seawater samples (n = 70) and negative controls (n = 57) was extracted following the procedure for the Qiagen DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany). The concentration and purity of DNA were evaluated using the NanoDrop ND-2000C spectrophotometer (NanoDrop Technologies, USA), and the integrity was determined through 2% (w/v) agarose gel electrophoresis. After extraction, eDNA was dissolved in 80 µL of AE buffer and stored at –20°C. Polymerase Chain Reaction (PCR) was performed using the mitochondrial COI universal metazoan primers (mlCOIintF 5´-GGWACWGGWTGAACWGTWTAYCCYCC-3´ and jgHCO2198 5´-TAIACYTCIGGRTGICCRAARAAYCA-3´; Leray et al., 2013). Each PCR reaction was made up to 20 μL containing: 4 µL 5× FastPfu Buffer, 2 µL 2.5 mM dNTPs, 0.4 µL FastPfu Polymerase, 0.8× 2 µL primers (5 µM), 0.2 µL BSA, 2 µL eDNA template, and 9.8 µL double-distilled H2O. Thermocycler conditions were as follows: initial denaturation at 95°C for 3 min; 37 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 45 s; and a final extension at 72°C for 10 min. PCR products were analyzed using 2% (w/v) agarose gel electrophoresis and recovered using an AxyPrep DNA gel recovery kit (Axygen, Silicon Valley, USA). After normalization to equimolar amounts using the QuantiFluorTM-ST Blue Fluorescence Quantification System (Promega, Madison, WI, USA), paired-end sequencing (2 × 300 bp) was performed using an Illumina MiSeq platform at Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China).

The paired-end sequences were assembled using FLASH (version 1.2.11) (Magoč and Salzberg, 2011), and the merged sequences were controlled and filtered using QIIME v 1.9.1 to obtain high-quality clean reads (Caporaso et al., 2010; Bokulich et al., 2013). The quality-filtered sequences were clustered over a 97% similarity threshold into OTUs (operational taxonomic units). Chimeras were removed during clustering using UCHIME (Edgar et al., 2011). Representative sequences for each OTU were annotated using the NT database (Nucleotide Sequence Database, v20210917) in the NCBI database based on BLAST (e-value = 1e−5). All the samples were rarefied to the sequence number corresponding to the sample with the fewest sequences. Only OTUs classified as metazoans were retained (unclassified OTUs were removed). The sample featuring the fewest sequence count was employed as a reference, and subsequently, the sequence counts of all the other samples were randomly standardized to conform to this number, thereby generating normalized data.




2.3 Data processing and statistical analysis

Maps of the LZB and DY sampling stations were visualized using the Ocean Data View software (Reiner Schlitzer, Alfred Wegener Institute, Bremerhaven, Germany). Unclassified and classified Viridiplantae, fungal, bacterial, and eukaryotic reads were removed, and only OTUs annotated as metazoans were retained. To reduce falsity, more than five reads of the species detected in each sample were required. Mann–Whitney U tests were used to examine the relative abundance of A. coerulea between the LZB and DY collection stations. GraphPad Prism (version 8, San Diego, CA, USA) was used for statistical analyses, and statistical significance was set at P < 0.05.





3 Results

During the sampling in March 2024, seawater temperatures ranged from 4.4°C to 10.1°C (mean ± SD = 6.6 ± 1.8°C; n = 24) at LZB stations and from 8.2°C to 11.7°C (mean ± SD = 10.1 ± 1.2°C; n = 33) in DY aquaculture ponds.

Seventy amplicon libraries were successfully constructed from seawater samples collected in the LZB (n = 37) and the surrounding DY aquaculture ponds (n = 33). No amplification of metazoan DNA was detected in the negative controls. A total of 303,289 metazoan sequences remained across all samples after quality control, which were taxonomically identified as 158 species. Twelve phyla were detected, with the top four in terms of species richness being Arthropoda (55.70%; 88 species), Cnidaria (13.92%; 22 species), Annelida (6.96%; 11 species), and Chordata (6.33%; 10 species) (Supplementary Figure S1).

A total of 17 species were classified as jellyfish, covering two classes (Hydrozoa and Scyphozoa), seven orders, 13 families, and 15 genera (Supplementary Table S1). Overall, Leptothecata (five species), Anthoathecata (four species), and Siphonophorae (three species) were the three most abundant orders in terms of species count (Supplementary Table S1). Fifteen species (88.24%) of hydrozoans and two (11.76%) of scyphozoans were identified. Among these, three species (17.65%) were shared between the two regions, three species (17.65%) were exclusively detected in the LZB samples, and 11 species (64.70%) were only detected in the DY aquaculture ponds (Supplementary Table S1). Of the jellyfish that were detected, A. coerulea had the highest read count detected in both LZB and DY samples (Supplementary Table S1).

A total of 3,641 reads of A. coerulea were obtained using COI gene amplicon sequencing. The identification percentage of the A. coerulea blasted in the NT database was 100.00%, showing reliability. Among the 3,641 reads, only 256 were detected in the eDNA samples extracted from LZB, whereas 2,885 reads were detected in the DY aquaculture ponds. Aurelia coerulea was detected in 28 of 33 aquaculture pond samples (Figure 1B) but only in 4 of the 24 LZB stations (LZB1, LZB3, LZB6, and LZB16, Figure 1A). The detection rate was 84.85% in DY aquaculture ponds, compared to 16.67% in the LZB. Moreover, the relative abundance of A. coerulea in coastal aquaculture ponds was significantly higher than that in the LZB (U = 113; P < 0.01; Figure 2).




Figure 2 | The relative abundance of Aurelia coerulea polyps between Laizhou Bay (LZB) and Dongying (DY) aquaculture ponds. Mann-Whitney U tests, P < 0.01; n = 24 sampling sites in the LZB, n = 33 aquaculture ponds from DY.






4 Discussion

In the present study, we collected seawater samples from the LZB and from DY coastal aquaculture ponds in early spring (March), when A. coerulea medusae were absent (Dong et al., 2014; Feng et al., 2018). Visual surveys and trawling operations using type II zooplankton nets in LZB also failed to observe or capture A. coerulea medusae. Therefore, we revealed the habitats and distribution patterns of A. coerulea polyps and ephyrae using eDNA metabarcoding. Aurelia coerulea was detected in 84.85% of DY aquaculture ponds, with a significantly higher occurrence frequency in aquaculture ponds than in open coastal seawater. In addition, the relative abundance of A. coerulea reads in the DY aquaculture ponds was significantly higher than that in the LZB. This revealed that the early life stages of the blooming jellyfish A. coerulea were mainly distributed in the DY aquaculture ponds rather than those in the LZB coastal waters, suggesting that culture ponds are critical natural habitats for A. coerulea polyps and ephyrae.

Relatively enclosed culture ponds can provide a stable environment for the settlement of planulae and the reproduction and expansion of A. coerulea polyps (Lo et al., 2008; Purcell et al., 2013; Dong et al., 2017, 2018). Previous studies have demonstrated that A. coerulea polyps can reproduce prolifically on various artificial substrates such as marina floats and oil rig wrecks in coastal waters (van Walraven et al., 2016). Similarly, aquaculture ponds offer numerous artificial attachment sites for these polyps (Purcell et al., 2013; Dong et al., 2018). For example, the mean percent coverage of A. coerulea polyps under plastic sunshade nets and inside substrate cages was more than 40% in A. japonicus culture ponds in DY and Qingdao (Dong et al., 2018). In addition, the relatively gentle water flow in the ponds decreased the time required for A. coerulea planulae to settle (Dong et al., 2018). Furthermore, the risk of predation for polyps and ephyrae in ponds is greatly reduced compared to that in the wild. Consequently, a substantial population of A. coerulea polyps may proliferate in nearshore aquaculture environments, contributing to later blooms. This finding is further corroborated by the detection of A. coerulea in 84.85% of aquaculture pool samples through eDNA metabarcoding, underscoring the validity of this technique for elucidating the distribution of jellyfish during early life stages.

Water exchange in culture ponds and currents flowing in nearshore waters play important roles in the transport and aggregation of ephyrae, thus promoting jellyfish blooms. Water outlets and inlets create critical conditions for the exchange of A. coerulea ephyrae between aquaculture ponds and coastal waters (Dong et al., 2018). Covering these areas with nylon nets can prevent the escape of farmed organisms (sea cucumbers and shrimp) and the entry of potential predators, but does not prevent the spread of A. coerulea ephyrae or planulae. Furthermore, as ambient temperatures reach 3.9°C, strobilation is induced, and ephyrae begin to be released into the ocean at 7°C (Feng et al., 2018). Therefore, ephyrae may have already reached the LZB from the DY coastal aquaculture ponds by the time of our sampling in early spring. Since ephyrae are regarded as weak swimmers (von Montfort et al., 2023), nearshore currents play a significant role in accelerating the spread of ephyrae. Therefore, the substantial quantities of ephyrae released into offshore aquaculture ponds may serve as an important source of A. coerulea medusa aggregation in the surrounding coastal waters.

Polyps and ephyrae serve as sources of A. coerulea outbreaks; thus, tracing their origins and distribution is crucial for predicting their population dynamics and controlling blooms before they cause damage. Chemical, physical, and biological techniques have been used to control the early life stages of jellyfish. Dong et al. (2017) found that tea saponins effectively eradicate A. coerulea ephyrae and polyps in sea cucumber aquaculture ponds. In addition, high-pressure water cannons and manual eradication have been shown to be effective for polyp removal. In future research, jellyfish control strategies that focus on source management should be reinforced.

eDNA technology has proven to be a valuable tool for studying the field distribution characteristics of jellyfish (including scyphozoans and cubozoans) at different life stages (Gaynor et al., 2017; Morrissey et al., 2024b). For example, Gaynor et al. (2017) used eDNA technology to reveal the spatial and temporal disparities in the distribution of free-swimming early stage Chrysaora quinquecirrha in Barnegat Bay, on the Atlantic Coast. When medusae were absent in winter, Chironex fleckeri polyps were detected through eDNA metabarcoding technology and served as a basis for investigating potential polyp habitats (Morrissey et al., 2024b). Therefore, in this study, eDNA metabarcoding was used to compare the occurrence and distribution of the early life stages of A. coerulea in the LZB and nearshore aquaculture ponds in March 2023. The relative abundance of A. coerulea eDNA in the DY aquaculture ponds was significantly higher than that in the LZB. Therefore, coastal aquaculture ponds likely represent a notable source of A. coerulea blooms. These findings provide evidence that eDNA can serve as an effective tool for detecting the origins and distribution of jellyfish, thereby establishing a foundation for enhanced prevention and control strategies targeting the sources of A. coerulea outbreaks.

eDNA metabarcoding technology effectively demonstrated that coastal aquaculture ponds represent a notable source of A. coerulea blooms. However, due to the variability of DNA density and gene copy number in tissues, limitations exist in calculating the relative abundance of jellyfish based on read counts. Furthermore, the relationship between organismal abundance and eDNA concentrations is influenced by biotic and abiotic factors (Rourke et al., 2021; Morrissey et al., 2024b). Consequently, implementing a variety of disparate methods to comprehensively analyze the wild distribution patterns of jellyfish is required to compensate for the limitations of single analysis techniques.
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