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Abstract

:

Simple Summary


The spread of large green algae in oceans causes green tides, particularly in the South Yellow Sea of China, where Ulva prolifera has led to the world’s largest green tide events. This review looks at how allelopathy, a process where plants release chemicals to affect the growth and development of other plants, influences green tide dynamics. We focus on four main types of these allelochemicals—fatty acids, aldehydes, phenols, and terpenes—explaining how they influence the algae’s growth and behavior. We also discuss new methods for quickly detecting these allelochemicals and how these methods can help monitor green tides. By combining allelochemical detection with advanced technologies like satellite observations and environmental DNA analysis, we can better understand and manage green tides.




Abstract


The proliferation of large green macroalgae in marine environments has led to the occurrence of green tides, particularly in the South Yellow Sea region of China, where Ulva prolifera has been identified as the primary species responsible for the world’s largest green tide events. Allelopathy among plants is a critical factor influencing the dynamics of green tides. This review synthesizes previous research on allelopathic interactions within green tides, categorizing four extensively studied allelochemicals: fatty acids, aldehydes, phenols, and terpenes. The mechanisms by which these compounds regulate the physiological processes of green tide algae are examined in depth. Additionally, recent advancements in the rapid detection of allelochemicals are summarized, and their potential applications in monitoring green tide events are discussed. The integration of advanced monitoring technologies, such as satellite observation and environmental DNA (eDNA) analysis, with allelopathic substance detection is also explored. This combined approach addresses gaps in understanding the dynamic processes of green tide formation and provides a more comprehensive insight into the mechanisms driving these phenomena. The findings and new perspectives presented in this review aim to offer valuable insights and inspiration for researchers and policymakers.
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1. Introduction


A “green tide” is the result of green macroalgae, such as Ulva prolifera, growing and spreading quickly in the maritime environment under specific circumstances. Throughout the last fifty years, this phenomenon has been observed in numerous coastal regions of the world [1,2,3]. Although green tides have the potential to encourage the long-term storage of carbon by releasing huge volumes of dissolved organic carbon that is difficult to degrade into offshore waters, it upsets the balance of the marine ecosystem and burdens the economy [4]. Green tides may also directly worsen the quality of the environment by changing the composition of the phytoplankton community and maybe encouraging the proliferation of some microalgae, including Aureococcus anophagefferens, which can then increase brown tides [5]. Increasingly common, these biological occurrences have a significant ecological and economic influence on coastal regions [6,7,8].



Since 2007, the Yellow Sea region of China has experienced regular instances of green tides dominated by U. prolifera [3]. The origin, breakout, and migration routes of the South Yellow Sea green tide have been thoroughly studied by scientists throughout the last ten years [9,10,11]. Utilizing a combination of remote sensing monitoring and on-site investigations, Liu et al. (2009) proposed that the Neopyropia aquaculture areas in northern Jiangsu might be the primary source of the SYS green tide [9], with this viewpoint being widely accepted in subsequent studies [12,13]. The vast rafts dispersed in the northern Jiangsu Neopyropia aquaculture regions offer plenty of attachment substrates for the development of huge amounts of green macroalgae [12]. Every year between April and May, green macroalgae affixed to the rafts separate during the retrieval process, and as water temperatures rise, U. prolifera takes the front stage. Driven by wind and ocean currents, floating U. prolifera then travels northward, creating widespread green tide phenomena (Figure 1) [13]. Due to allelopathic interactions, U. prolifera affects the species composition in the marine environment and encourages its growth during green tide occurrences. Still, these allelopathic interactions are fairly little researched, and the present research on the processes behind the formation of green tides is rather incomplete [14,15,16]. Better knowledge of the allelopathic mechanisms during green tide occurrences and the provision of management strategies based on this knowledge will be essential to effectively manage and reduce the frequency of green tide episodes.



Known as allelochemicals, bioactive substances generated by secondary metabolic activities are essential to the communication and signal exchange between plants and the environments around them [18]. These substances can affect the development and reproduction of nearby species, therefore regulating biological interactions within the ecology. More precisely, allelochemicals give plants an edge over other plants in competition and shield them against pathogens and herbivores [19]. Allelochemicals comprise a wide range of intricate chemical structures and biological activities; some examples are alcohols, phenols, terpenoids, alkaloids, and chemicals containing halogen [19,20]. Of them, phenolic chemicals have drawn the attention of a great deal of research since they are essential for controlling plant growth and seed germination [21]. Significant herbicidal effects, inhibition of other plant development, and disruption of other plant physiological activities are all possible with terpenoids and alkaloids [22,23]. Plant root secretion, aqueous solution release, volatilization, and plant residue breakdown are just a few of the ways allelochemicals are produced. These pathways allow allelochemicals to efficiently act on neighboring biomes, thereby influencing their composition and function [24,25]. The release of this family of compounds gives invasive plants a competitive edge in their new surroundings. By limiting native plant development, disrupting microbial symbiosis, and changing the distribution of soil nutrients, these chemicals help invasive species spread and settle [26]. Then, allelochemicals have a wide range of environmental consequences. They demonstrate their essential and significant function in natural ecosystems by influencing not only the relationship between plants but also other ecological communities including soil microbes, mycorrhizal fungi, and invertebrates [27].



Allelopathy among aquatic plants is crucial to the marine ecological environment. The green tide process is greatly aided by these compounds, which may be stimulating or inhibiting, therefore controlling competition and biodiversity in the environment. Citing Teneva et al. (2023) and Chia et al. (2021), cyanobacteria, for instance, release two toxins, microcystin-LR and cylindrospermopsin, which prevent green macroalgae from growing [28,29]. Not only can microalgae interact chemically, but macrophytes and microalgae do too. Seagrasses inhibit the growth of toxic algae by allelopathy, hence preventing their spread [30]. Spent in the intertidal zone, invertebrates like sponges release particular compounds (such as β-sitosterol) to compete for nutrients and living space, which can also impact the physiological processes of other algae [31]. Additionally important is allelopathy among benthic microbes, which through the transmission of chemical signals, affects the composition and ecological efficacy of microbial communities [32]. Significant allelopathic inhibitory effects on Spartina alterniflora have been shown for extracts from U. prolifera, including valine, hexanedioic acid, and bis(2-ethylhexyl) ester [33]. In ecosystems, allelopathy has a strong and complicated function. It is significant to biodiversity preservation and interspecies competition. It shows how deeply intertwined and dependent ecosystem members are [34,35].



Enhanced by allelopathy, the persistence of green tides in the ocean presents complex ecological and economic problems [36]. Even if allelopathy in marine ecosystems should receive similar attention, particularly during green tide outbreaks, previous research has mostly concentrated on allelopathy in terrestrial settings [37]. This article tries to provide a comprehensive review of works on this topic to highlight the importance of allelopathy in managing species competition and maintaining biodiversity and ecological balance in maritime habitats. In Table 1, we present the key allelochemicals involved in the process of green tide formation. By closely analyzing the effects of allelopathy on the green tide, we hope to add to the future monitoring, prevention, and management plans for the marine environment, which are necessary to ensure its sustainability and health.




2. Allelochemicals and Allelopathy Mechanisms in the Green Tide Process


2.1. Fatty Acids


Because fatty acids greatly affect the development and health of both plants and microbes, it is essential to understand their function in ecosystems. To emphasize their significance even further, these substances also function as allelochemicals. Fatty acids play a crucial role in various biological processes, including the regulation of cell structure, the management of oxidative stress responses, and the modulation of gene expression. First of all, changes to the architecture of cells may result from fatty acids. Allelochemicals have been shown in earlier research to influence cell division, elongation, and membrane function [50,51]. For instance, a transmission electron microscopy investigation of the Heterosigma akashiwo study revealed that the addition of linoleic acid significantly altered the morphology of algal cells [52]. Furthermore, inside cells, oxidative stress, which is associated with reactive oxygen species (ROS) production, leads to increased lipid peroxidation and can be influenced by fatty acids. As stated by Pinto et al. (2013), this reaction is a typical physiological process [53]. In H. akashiwo, linoleic acid boosts the intracellular antioxidant ability to reduce damage [54,55]. Moreover, the way fatty acids regulate gene expression has a significant impact on the body’s defenses against metabolic changes and the onset of illnesses. The impacts listed are displayed by epigenetic pathways, as Gniazdowska et al. (2004) have shown [56].



Fatty acids are important participants in the chemical communication network of the intricate undersea ecosystems. As Teneva et al. (2023) have pointed out, important allelopathy between algae and phytoplankton [28]. To an expert on the subject, the significance of fatty acids like hexadecanoic acid and octadecenoic acid, which is from Ulva linza, can influence the growth of phytoplankton populations along the shore [39]. And, U. prolifera’s spore germination can be inhibited by nonanoic acid [40]. Changes in the local lighting conditions affected the increased production of these fatty acids [57]. Under high light, U. prolifera will change their carbon storage and improve their physiological photosynthetic activities. This strategy is mostly shown in the change from C3 to C4 photosynthesis [46]. The biological modification greatly enhances fatty acid synthesis and enables it to continue to be active in harsh conditions [46]. Furthermore, included in this survival strategy is precisely controlled energy expenditure and carbohydrate metabolism [58]. On the other hand, the activity of a triacylglycerol synthetase known as DGAT is increased in the cells of U. prolifera when faced with the difficulties of high salinity and temperature. This enzyme helps to accumulate fatty acids and is essential for U. prolifera’s ongoing survival [42]. Zhuo et al. (2022) descended further into the genome of U. prolifera and discovered that genes involved in fatty acid synthesis in U. prolifera became more active in the event of significant salinity fluctuations [59]. Stress tolerance genes are also intimately associated with fatty acid metabolic pathways. These show that fatty acids significantly influence stress and the control of biological responses and that these pathways are essential to the environmental adaptability and growth of algae [59]. Particularly acidifying circumstances significantly affect the levels of polyunsaturated fatty acids and palmitic acid [38].




2.2. Aldehydes


Aldehydes can have a significant impact on the growth and development of nearby plants [60]. These compounds can chemically interact with vital plant macromolecules like proteins and DNA, affecting the plant’s general physiology and survival capacity [50]. Aldehyde-related mostly harmful effects include genetic changes and DNA damage [45,61]. The chemical structures of biomolecules control the many aldehyde functions. Aldehydes having α and β-unsaturated carbonyl groups prefer to stick to more flexible biomolecules than others [62]. Targeted and upsetting specific physiological functions in plants, aldehydes can impact cellular activity, metabolism, and respiration. Shirgapure et al. (2020) conducted research demonstrating how environmental variables, including variations in temperature and soil quality, influence the allelopathic effects of aldehydes and other allelochemicals. These abiotic stress factors exert physiological pressure on plants through allelopathic interactions [63]. Plant relationships and adaptation could be changed by outside factors on the synthesis and secretion of allelochemicals [64]. As is well known, plants release volatile organic compounds like aldehydes that strengthen their defenses against diseases and insects. Additionally contributing to the structure and ecological activities of plant communities are these substances’ allelopathy [65,66]. Aldehydes are thus crucial to plant allelopathy as well as to the dynamics and overall well-being of plant communities. In specific environmental settings, they engage with biomolecules. This allelopathy emphasizes the significance of aldehydes in maintaining ecological balance and plant interactions [67].



Without aldehydes, green macroalgae cannot survive, and in marine environments, aldehydes also allow green macroalgae to communicate with other living things. Among the phytoplankton, green macroalgae and diatoms release these substances into the water that are necessary for the development of green tides [68]. The hazardous aldehydes 2-trans and 4-trans-decadienal aldehyde are among those generated by some diatoms in both freshwater and marine environments, these aldehydes also reduce the chances of diatom survival, initiating a self-regulating ecological process [41]. Through its regulation of growth rates and induction of cell death, this phenomenon indirectly influences the dynamics of the green tide [69,70]. Variations across species and environmental factors determine how allelopathy affects biological populations. Green macroalgae development has been inhibited by the aldehydes emitted by the red tide dinoflagellate Karenia brevis, as laboratory research has shown. It is noteworthy, though, that because of the complex biological diversity found in natural settings, this effect would be less noticeable [71]. Citral was also found to have inhibitory effects on the spore germination of U. prolifera [40]. Because secondary compounds produced by the algae might impede the formation of other biological communities, green tide algae accumulate in specific conditions [72].




2.3. Phenols


Mostly produced by the acetic acid and shikimic pathways, phenols have given plants a fundamental environmental stress line [73]. Particularly in the competition amongst species, these compounds have been crucial to the development and evolution of plants. For instance, invasive plants can occasionally force the extinction of current species and, by creating phenolic acid-like components, impact the survival of nearby species [26]. More precisely, phenolic acids have been shown to induce cell death in the root cells of Pinellia ternata by causing the excessive accumulation of ROS [74]. Pyrocatechol and other chemicals have been shown to damage plant photosynthetic systems. They interfere with electron transfer, which in turn reduces the photosynthetic capacity in the plants [43,44]. More research shows that by collaborating with other elements, these phenolics can successfully prevent weed growth even in minute amounts within plants. Phenic acids are essential to plant competition in crops like rice since they function as natural weed control agents [24,75]. Strongly herbicidal phenolic chemicals have been discovered to be present in several plants, such as Artemisia argyi. The range of phenolic compounds in Parthenium hysterophorus has prompted studies to propose that it may be a useful tool for controlling weeds as well as crops [76]. These discoveries have prompted a great deal of research and advancement in bioherbicide technologies [77].



Researchers studying marine ecosystems mainly believe that phenolic allelochemicals are to blame for the proliferating green tide algae. U. prolifera is usually floating in the low UV-B radiation levels in the Yellow Sea region. Protecting algae from UV-B exposure is one of the key functions of phenolic compounds, which enables them to better adapt and survive in changing settings [78]. These algae’s much greater concentration of phenolic compounds will make survival more likely. Phenols are intermediate products of the ascorbate-glutathione (ASA-GSH) cycle, which is how U. prolifera activates its antioxidant system to cope with stress, under low-dose and short-term radiation exposure [48,78]. Meantime, U. prolifera’s antioxidant system also helps to control photorespiration metabolism and keeps photosynthesis efficient, which allows it to survive and proliferate in unfavorable environments [79]. Part of the reason for the quick adaption and renewal of U. prolifera is its genes, which are essential for the manufacture of phenolic chemicals that allow the green macroalgae to spread quickly in their native habitat [80]. On the other hand, eutrophication and acidification of the ocean have proven green macroalgae to be remarkably adaptive [81]. In these situations, algal physiological regulating ability is increased in part by phenolic substances [38]. Furthermore, some research has demonstrated that green macroalgae can successfully regulate the amount of cyanobacteria by producing phenolic chemicals [82]. Phenolic chemicals may influence species community and mutual competition in the whole aquatic ecosystem in addition to the green macroalgae itself [83]. Li et al. (2021) discovered that eugenol significantly inhibited U. prolifera spore germination [40]. The ability of phenolic compounds to control the structure of phytoplankton communities and stifle competitors in these conditions emphasizes the critical function of phenolic compounds in preserving ecological balance and having broad ecological consequences [84].




2.4. Terpenoids


Through the inhibition of the growth of nearby plants, terpenoids have an impact on biodiversity, community organization, and plant competition [85]. For instance, terpenoids can block the development of root systems and seed germination. It is well recognized that several chemicals, such as betulinic acid, oleanolic acid, and ursolic acid, restrict the growth of several plants, such as Lactuca sativa, and Bidens pilosa. The main mechanism behind this action is damage to photosystem II in the photosynthetic system of the plant [45]. Significant constituents of volatile organic compounds found in plants and terpenoids also influence the competitiveness, resistance to diseases and pests, and developmental patterns of plants [86]. These allelochemicals are essential to plant communication and defense systems since they can obstruct photosynthetic efficiency, root development, and seed germination in several ways [87,88].



Terpenoids are crucial for the growth, reproduction, and environmental adaptation of U. prolifera. As important intermediates in the synthesis of carotenoids, these substances are necessary for green tide algae to survive. Two environmental factors affecting this synthesis system and its downstream pathways, which in turn impact carotenoid synthesis, are light and salt. Liu et al. (2023) have clarified the genetic mechanism of the 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway in green macroalgae, which influences carotenoid synthesis and greatly affects the metabolic control of green tide algae in response to environmental changes [58]. U. prolifera is fast-growing partly due to its effective carbon fixation ability, which is intimately related to the terpenoid metabolic pathways [80]. Terpenoids are also required for the strong growth of algae, as research has shown, since they are strongly linked to genes linked to stress in green tide algae [89]. The green tide algae synthesis of terpenes is found to be temperature-dependent [90]. A transcription study showed that genes involved in terpenoid synthesis increased dramatically during spore formation [91]. Specifically, green tide algae create terpenoids that are essential for their physiological processes and may also change the amount of nutrients and dissolved oxygen in the surrounding marine environment [68]. The U. prolifera spore germination suppression experiment by Li et al. (2021) also revealed notable inhibitory effects of terpenoids, such as myrcene [40]. Terpenoids have been extensively studied ecologically in algae and microorganisms, even if their precise role in allelopathy among marine species is yet unknown [92].




2.5. Other Allelochemicals


Halogen compounds, polysaccharides, alkaloids, and other less studied compounds are similarly significant to the ecological balance in the fields of marine ecology and green tides. Although their exact properties are yet unknown, these chemicals may have a big influence on how ecosystems function and how green tides form [68]. Within the green tide alga U. prolifera, Figure 2 demonstrates the known mechanisms underlying the allelopathic effects, which exerted by the major four classes of allelochemicals.



Similar to the above-stated substances, polysaccharides interfere with the physiological processes of neighboring plants, therefore preventing them from developing and germinating. These chemicals can be released into the environment by root secretion, volatilization, or plant breakdown, which influences neighboring plants in the soil rhizosphere and changes the interspecific competition pattern [86]. For example, in marine environments, strong allelopathic effects were shown in polysaccharide and protein complexes produced by the marine phytoplankton H. akashiwo [93]. While the controlling mechanism is yet unknown, this complex demonstrates how polysaccharides regulate interspecific competition in the aquatic environment by allelopathy. It can attach itself to the cell surfaces of surrounding algae, therefore stifling the growth of rival algae such as Skeletonema costatum [93]. Polysaccharides that exhibit allelopathic effects now clearly cling particularly to the target species’ cell surface, drastically restricting their proliferation and altering the number of certain species [94]. Moreover, the marine applications of these polysaccharides have shown considerable potential, such as in aquaculture to strengthen animal immune systems [95]. In-depth research and development of U. prolifera polysaccharides can not only help aquaculture thrive and present fresh chances for economic expansion but also provide a remedy for the green tide [96].



Meanwhile, U. prolifera can produce dimethylsulfoniopropionate, which is a kind of halogenated substance. The production of these compounds can be achieved by modifying the nutrient solubility in gas and water, together with any potential negative effects on the surrounding biological environment [4]. Sterol concentration similarly rises in response to light stress in U. prolifera cells, and this buildup of sterols may likewise cause allelopathic consequences [46]. Octanol was also shown to have some inhibitory impact on spore germination in the experiment of allelochemicals inhibiting U. prolifera spore; however, the mechanism of action of these allelochemicals has not been further investigated [40]. In agriculture, plant poisons have been shown by the capacity of some specific alkaloids to suppress seed germination and plant growth. For example, indole alkaloid is one of the substances found in barley that stops weeds and other plants from developing [97]. Similarly, alkaloids such as N-phenylacetamide, cyclo (L-Pro-L-Val), and other diketopiperazine derivatives are present in U. prolifera and are believed to be one of the ways to regulate green tides because of their inhibition capability against these green macroalgae [49]. Another alkaloid, Pyrrolopiperazine-2,5-dione, derived from U. prolifera has also shown resistance to hazardous red tide microalgae in marine environments [47]. And, allelochemicals from U. prolifera including valine, hexanedioic acid, and bis(2-ethylhexyl) ester have strong allelopathic inhibitory effects on S. alterniflora growth [33].





3. Rapid Detection and Application Prospect of Allelochemicals


Allelochemicals are essential to the process by which green tide algae become the dominating species, even if additional studies are needed to determine their exact mechanism and impacts on the green tide process. A thorough understanding of the mode of action of these chemicals in the natural environment and how they affect the ecological balance of green tide algae and other marine organisms will make new management techniques to effectively control and react to green tide issues and guarantee the ongoing health of marine ecosystems possible. Several sensitive and efficient techniques for chemical detection in water have been established by researchers; these techniques ought to be used for rapid allelochemical in situ detection. Solid phase extraction and ultra-high performance liquid chromatic-tandem mass spectrometry (UPLC-MS/MS) are combined, for example, to enable multiple chemical component monitoring in water with lower detection limits and improved accuracy [98]. Another physical method, including UV absorption-based sensors, can also quickly and accurately identify contaminants in water, such as some phytoallelochemicals [99]. In chemical terms, a less costly and more sensitive assay has been developed by researchers by monitoring glutathione S-transferase activity in aqueous culture systems [100]. Further, the luciferase assay is widely used for field testing since it is very sensitive and easy to use [101]. Using the electrochemical reaction of microorganisms employing microbial fuel cell technology, this biological approach detects harmful compounds in water, including phytoallelochemicals [102]. Currently, existing drone-equipped real-time monitoring systems can effectively collect water samples and quickly perform qualitative and quantitative chemical content analysis [103]. Finally, the use of advanced technologies and algorithms together with a variety of quick probes and automatic alarm systems allows the online biological detection system to provide an instantaneous alarm when anomalies are found, so greatly enhancing the efficacy and precision of water quality monitoring [104,105,106]. These automated, real-time monitoring systems are suitable for routine testing of water quality and also promise to effectively assess and control environmental hazards via the real-time monitoring of changes in plant allelochemicals in reaction to environmental phenomena such as green tides. In the present monitoring and tracking methods for green tide events, two allelochemicals fatty acids and sterol have been utilized as biomarkers to follow U. prolifera settlement sites in the later stages of the events [107,108,109].



For green tide monitoring, satellite data applications are the most important methods. These technologies make greater use of satellite resources and considerably reduce operational complexity by utilizing the concepts of open data cubes and real-time data analysis [110]. The VGGUnet model shows how well researchers may utilize deep learning to extract features from data and assess biomass [111]. Furthermore, infrared and synthetic aperture radar imaging techniques enhanced the ability to monitor green tides, such as those employed by the Resources 1-02E and Gaofen-3 satellites, though detecting lower-density algae with these techniques is still difficult [112]. Another disruptive monitoring strategy among the ecological monitoring technologies already being developed is environmental DNA (eDNA) technology. This method utilizes the identification of live tissue DNA release in the surroundings, which may come from a variety of organisms, such as microorganisms and organisms with many cells [113]. And, eDNA technology allowed the researchers to identify certain species in the samples, such as macroalgae [114]. EDNA technology with minimal environmental influence provides a cheap, efficient biodiversity analysis [115,116]. In the investigation of early green tides in the Southern Yellow Sea, Zeng et al. (2023b) successfully tracked changes in U. prolifera density and distribution during green tides using eDNA technology [117]. An investigation of these DNA samples made it possible to build an association network encompassing U. prolifera and other eukaryotic bacteria [117]. Even though such association studies provide new insights into the interactions between organisms, they now mostly rely on ecological niche theories to explain these interactions. Allelopathic studies in green tides will greatly improve our understanding of these interactions.



Whereas satellite technology allows researchers to find and track green tides over a wide area of the sea, eDNA monitoring technology provides an effective way to precisely identify the type and number of organisms in a given area. Particularly crucial during green tides, in situ allelochemical detection can reveal the interactions between algae and other marine life. The integration of satellite technologies and environmental DNA (eDNA) surveillance with rapid allelopathic detection methods represents a significant advancement in ecological monitoring and holds great promise for scientific research and environmental management (Figure 3). Apart from helping scientists to comprehend the growth rates and adaptive strategies of green macroalgae, these data will force a more in-depth analysis of the ecological dynamics and structure and take a front stage compared with traditional nutrient and hydrometeorological factors. All things considered, the coordinated application of these state-of-the-art technologies offers substantial data assistance for studying the ecological processes of green tides.




4. Conclusions


Important consequences of allelopathy are seen in the growth of plants and the condition of aquatic environments. Finding out how various substances affect green macroalgae and their surroundings is very important when researching the green tide phenomena. Presently, the most often used allelochemicals in this field are fatty acids, aldehydes, phenols, and terpenes. These compounds have a range of allelopathic effects, from the breakdown of cell membranes to the inhibition of photosynthesis and enzyme activity. However, marine ecology has not given as much attention to allelochemicals such as polysaccharides and alkaloids, which are ubiquitous in terrestrial habitats. Improvement will come from knowing these allelochemicals and their mechanisms better, and our understanding of green tide occurrence and ocean management options will be enhanced, as will the development of new management methods. In addition, with the gradual understanding of allelopathy in green tides, it has become a reality to develop technologies that can detect these allelopathy substances with high accuracy. Combining these high-precision detection techniques with modern environmental monitoring methods, such as eDNA analysis and satellite remote sensing, can not only improve our insight into the dynamics of green tides but also bring new strategies and perspectives for marine ecosystem research. Such integrated monitoring methods can reveal the complex interaction between green tides and their environment, helping us to better understand the biodiversity, ecological function, and ecological balance of marine ecosystems.







Author Contributions


Conceptualization, Y.Z.; methodology, Y.Z. and X.Y.; software, Y.Z. and X.Y.; validation, Y.Z., X.Y. and Z.X.; formal analysis, Y.Z. and X.Y.; investigation, Y.Z. and X.Y.; resources, Y.Z. and X.Y.; data curation, Y.Z., X.Y. and Z.X.; writing—original draft preparation, Y.Z., X.Y., Z.X., R.C., F.H., J.Z. and P.H.; writing—review and editing, Y.Z., X.Y., Z.X., R.C., F.H., J.Z. and P.H.; visualization, Y.Z., X.Y. and Z.X.; supervision, J.Z. and P.H.; project administration, J.Z. and P.H.; funding acquisition, J.Z. and P.H. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Key Research & Development Program of China (grant Nos. 2022YFC3106004 and 2022YFC3106001), Natural Science Foundation of Shanghai (grant No. 21ZR1427400), and National Natural Science Foundation of China (grant No. 41576163).




Institutional Review Board Statement


This study did not require ethical approval.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Smetacek, V.; Zingone, A. Green and golden seaweed tides on the rise. Nature 2013, 504, 84–88. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Zhao, P.; Huo, Y.; Yu, K.; He, P. The fast expansion of Pyropia aquaculture in “Sansha” regions should be mainly responsible for the Ulva blooms in Yellow Sea. Estuar. Coast. Shelf Sci. 2017, 189, 58–65. [Google Scholar] [CrossRef]

	



He, P.; Duan, Y.; Qiao, L. Strategy of macroalgae eco-remediation with cases in nearshore China. J. Appl. Oceanogr. 2021, 40, 557–563. [Google Scholar]

	



Li, H.; Feng, X.; Xiong, T.; He, C.; Wu, W.; Shi, Q.; Jiao, N.; Zhang, Y. Green tides significantly alter the molecular composition and properties of coastal DOC and perform dissolved carbon sequestration. Environ. Sci. Technol. 2022, 57, 770–779. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, J.-Y.; Geng, H.-X.; Zhang, Q.-C.; Li, Y.-F.; Kong, F.-Z.; Yan, T.; Zhou, M.-J.; Yang, D.; Yuan, Y.; Yu, R.-C.J.E.S.; et al. Green tides in the Yellow Sea promoted the proliferation of pelagophyte Aureococcus anophagefferens. Environ. Sci. Technol. 2022, 56, 3056–3064. [Google Scholar] [CrossRef] [PubMed]

	



Fletcher, R. The occurrence of “green tides”—A review. In Marine Benthic Vegetation: Recent Changes the Effects of Eutrophication; Springer: Berlin/Heidelberg, Germany, 1996; pp. 7–43. [Google Scholar]

	



Morand, P.; Merceron, M. Macroalgal population and sustainability. J. Coast. Res. 2005, 21, 1009–1020. [Google Scholar] [CrossRef]

	



Hiraoka, M.; Dan, A.; Shimada, S.; Hagihira, M.; Migita, M.; Ohno, M. Different life histories of Enteromorpha prolifera (Ulvales, Chlorophyta) from four rivers on Shikoku Island, Japan. Phycologia 2003, 42, 275–284. [Google Scholar] [CrossRef]

	



Liu, D.; Keesing, J.K.; Xing, Q.; Shi, P. World’s largest macroalgal bloom caused by expansion of seaweed aquaculture in China. Mar. Pollut. Bull. 2009, 58, 888–895. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Huo, Y.; Yu, K.; Chen, Q.; He, Q.; Han, W.; Chen, L.; Cao, J.; Shi, D.; He, P. Growth characteristics and reproductive capability of green tide algae in Rudong coast, China. J. Appl. Phycol. 2013, 25, 795–803. [Google Scholar] [CrossRef]

	



Gao, G.; Clare, A.S.; Rose, C.; Caldwell, G.S. Eutrophication and warming-driven green tides (Ulva rigida) are predicted to increase under future climate change scenarios. Mar. Pollut. Bull. 2017, 114, 439–447. [Google Scholar] [CrossRef]

	



Li, Y.; Song, W.; Xiao, J.; Wang, Z.; Fu, M.; Zhu, M.; Li, R.; Zhang, X.; Wang, X. Tempo-spatial distribution and species diversity of green algae micro-propagules in the Yellow Sea during the large-scale green tide development. Harmful Algae 2014, 39, 40–47. [Google Scholar] [CrossRef]

	



Zongling, W.; Mingzhu, F.; Jie, X.; Xuelei, Z.; Wei, S. Progress on the study of the Yellow Sea green tides caused by Ulva prolifera. Acta Oceanol. Sin. 2018, 40, 1–13. [Google Scholar]

	



Wang, Z.-Y.; Tian, Z.-J.; Li, F.-M.; An, Z.; Hu, H.-Y. Allelopathic effects of large seaweeds on red tide dinoflagellate Gymnodinium breve. Allelopath. J. 2008, 22, 181–188. [Google Scholar]

	



Xu, D.; Gao, Z.; Zhang, X.; Fan, X.; Wang, Y.; Li, D.; Wang, W.; Zhuang, Z.; Ye, N. Allelopathic interactions between the opportunistic species Ulva prolifera and the native macroalga Gracilaria lichvoides. PLoS ONE 2012, 7, e33648. [Google Scholar] [CrossRef] [PubMed]

	



Fu, M.; Cao, S.; Li, J.; Zhao, S.; Liu, J.; Zhuang, M.; Qin, Y.; Gao, S.; Sun, Y.; Kim, J.K. Controlling the main source of green tides in the Yellow Sea through the method of biological competition. Mar. Pollut. Bull. 2022, 177, 113561. [Google Scholar] [CrossRef] [PubMed]

	



Xia, Z.; Liu, J.; Zhao, S.; Sun, Y.; Cui, Q.; Wu, L.; Gao, S.; Zhang, J.; He, P. Review of the development of the green tide and the process of control in the southern Yellow Sea in 2022. Estuar. Coast. Shelf Sci. 2024, 302, 108772. [Google Scholar] [CrossRef]

	



Diller, J.G.P.; Hüftlein, F.; Lücker, D.; Feldhaar, H.; Laforsch, C. Allelochemical run-off from the invasive terrestrial plant Impatiens glandulifera decreases defensibility in Daphnia. Sci. Rep. 2023, 13, 1207. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.; Xie, M.; Li, X.; Jin, H.; Yang, X.; Yan, Z.; Su, A.; Qin, B. Main allelochemicals from the rhizosphere soil of Saussurea lappa (Decne.) Sch. Bip. and their effects on plants’ antioxidase systems. Molecules 2018, 23, 2506. [Google Scholar] [CrossRef] [PubMed]

	



Quan, W.; Wang, A.; Li, C.; Xie, L. Allelopathic potential and allelochemical composition in different soil layers of Rhododendron delavayi forest, southwest China. Front. Ecol. Evol. 2022, 10, 963116. [Google Scholar] [CrossRef]

	



Kong, C.-H.; Xuan, T.D.; Khanh, T.D.; Tran, H.-D.; Trung, N.T. Allelochemicals and signaling chemicals in plants. Molecules 2019, 24, 2737. [Google Scholar] [CrossRef]

	



Kato-Noguchi, H. Allelopathy and allelochemicals of Imperata cylindrica as an invasive plant species. Plants 2022, 11, 2551. [Google Scholar] [CrossRef] [PubMed]

	



Hickman, D.T.; Rasmussen, A.; Ritz, K.; Birkett, M.A.; Neve, P. Allelochemicals as multi-kingdom plant defence compounds: Towards an integrated approach. Pest Manag. Sci. 2021, 77, 1121–1131. [Google Scholar] [CrossRef] [PubMed]

	



Rahaman, F.; Shukor Juraimi, A.; Rafii, M.Y.; Uddin, K.; Hassan, L.; Chowdhury, A.K.; Karim, S.M.R.; Yusuf Rini, B.; Yusuff, O.; Bashar, H.K. Allelopathic potential in rice-a biochemical tool for plant defence against weeds. Front. Plant Sci. 2022, 13, 1072723. [Google Scholar] [CrossRef] [PubMed]

	



Macías, F.A.; Mejías, F.J.; Molinillo, J.M. Recent advances in allelopathy for weed control: From knowledge to applications. Pest Manag. Sci. 2019, 75, 2413–2436. [Google Scholar] [CrossRef] [PubMed]

	



Kalisz, S.; Kivlin, S.N.; Bialic-Murphy, L. Allelopathy is pervasive in invasive plants. Biol. Invasions 2021, 23, 367–371. [Google Scholar] [CrossRef]

	



Zeng, R.S.; Wen, Z.; Niu, G.; Schuler, M.A.; Berenbaum, M.R. Allelochemical induction of cytochrome P450 monooxygenases and amelioration of xenobiotic toxicity in Helicoverpa zea. J. Chem. Ecol. 2007, 33, 449–461. [Google Scholar] [CrossRef] [PubMed]

	



Teneva, I.; Velikova, V.; Belkinova, D.; Moten, D.; Dzhambazov, B. Allelopathic Potential of the Cyanotoxins Microcystin-LR and Cylindrospermopsin on Green Algae. Plants 2023, 12, 1403. [Google Scholar] [CrossRef] [PubMed]

	



Chia, M.A.; Bittencourt-Oliveira, M.d.C. Allelopathic interactions between phytoplankton species alter toxin production, oxidative response, and nitrogen fixation. Hydrobiologia 2021, 848, 4623–4635. [Google Scholar] [CrossRef]

	



Zhang, Z.; Liu, Y.; Yuan, L.; Weber, E.; van Kleunen, M. Effect of allelopathy on plant performance: A meta-analysis. Ecol. Lett. 2021, 24, 348–362. [Google Scholar] [CrossRef]

	



Singh, A.; Thakur, N.L. Allelopathic interaction among rocky intertidal invertebrates: Sponge Cinachyrella cf. cavernosa and Zooxanthellate zoanthids Zoanthus sansibaricus. Hydrobiologia 2021, 848, 4647–4659. [Google Scholar]

	



Allen, J.L.; Ten-Hage, L.; Leflaive, J. Allelopathic interactions involving benthic phototrophic microorganisms. Environ. Microbiol. Rep. 2016, 8, 752–762. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, Y.; Li, Y.; Jin, Y.; Cui, T.; Wang, S.; Kong, F. The inhibitory effects of Ulva prolifera extracts on early growth of Spartina alterniflora and the underlying mechanisms. J. Environ. Manag. 2022, 319, 115639. [Google Scholar] [CrossRef] [PubMed]

	



Gostyńska, J.; Pankiewicz, R.; Romanowska-Duda, Z.; Messyasz, B. Overview of allelopathic potential of Lemna minor L. obtained from a shallow eutrophic lake. Molecules 2022, 27, 3428. [Google Scholar] [CrossRef] [PubMed]

	



Felpeto, A.B.; Roy, S.; Vasconcelos, V.M. Allelopathy prevents competitive exclusion and promotes phytoplankton biodiversity. Oikos 2018, 127, 85–98. [Google Scholar] [CrossRef]

	



Gross, E.M. Allelopathy of aquatic autotrophs. Crit. Rev. Plant Sci. 2003, 22, 313–339. [Google Scholar] [CrossRef]

	



Semmouri, I.; Janssen, C.R.; Asselman, J. Allelopathy in macroalgae: Ecological principles, research opportunities and pitfalls reviewed. J. Appl. Phycol. 2024, 36, 441–458. [Google Scholar] [CrossRef]

	



Cai, J.; Ni, J.; Chen, Z.; Wu, S.; Wu, R.; He, C.; Wang, J.; Liu, Y.; Zhou, W.; Xu, J. Effects of ocean acidification and eutrophication on the growth and photosynthetic performances of a green tide alga Ulva prolifera. Front. Mar. Sci. 2023, 10, 1145048. [Google Scholar] [CrossRef]

	



Lv, M.; Yuan, M.; Wang, Y.; Tang, X.; Zhao, Y. Allelopathic effects of Ulva linza on marine phytoplankton and identification of the allelochemicals. Environ. Sci. Pollut. Res. 2021, 28, 45714–45723. [Google Scholar] [CrossRef] [PubMed]

	



Li, N.; Zhang, J.; Hu, C. Study of allelopathic effect on spore attachment of Ulva prolifera. Environ. Sci. Technol. 2021, 44, 26–34. [Google Scholar]

	



Żak, A.; Kosakowska, A. Allelopathic influence of cyanobacteria Microcystis aeruginosa on green algae Chlorella vulgaris. In Insights on Environmental Changes: Where the World is Heading; Springer: Cham, Switzerland, 2014; pp. 141–150. [Google Scholar]

	



Zhang, X.; Chi, X.; Wang, Y.; Zhang, J.; Zhang, Y.; Xu, D.; Fan, X.; Liang, C.; Ye, N. Characterization of a broad substrates specificity acyl-CoA: Diacylglycerol acyltransferase 1 from the green tide alga Ulva prolifera. Acta Oceanol. Sin. 2020, 39, 42–49. [Google Scholar] [CrossRef]

	



Matorin, D.; Plekhanov, S.; Bratkovskaya, L.; Yakovleva, O.; Alekseev, A. The effect of phenols on the parameters of chlorophyll fluorescence and reactions of P 700 in green algae Scenedesmus quadricauda. Biophysics 2014, 59, 374–379. [Google Scholar] [CrossRef]

	



Zaytseva, T.; Medvedeva, N.; Mamontova, V. Peculiarities of the effect of octyl-and nonylphenols on the growth and development of microalgae. Inland Water Biol. 2015, 8, 406–413. [Google Scholar] [CrossRef]

	



Xie, Y.; Tian, L.; Han, X.; Yang, Y. Research advances in allelopathy of volatile organic compounds (VOCs) of plants. Horticulturae 2021, 7, 278. [Google Scholar] [CrossRef]

	



Gu, K.; Liu, Y.; Jiang, T.; Cai, C.; Zhao, H.; Liu, X.; He, P. Molecular response of Ulva prolifera to short-term high light stress revealed by a multi-omics approach. Biology 2022, 11, 1563. [Google Scholar] [CrossRef]

	



Sun, Y.-y.; Wang, H.; Guo, G.-l.; Pu, Y.-f.; Yan, B.-l.; Wang, C.-h. Isolation, purification, and identification of antialgal substances in green alga Ulva prolifera for antialgal activity against the common harmful red tide microalgae. Environ. Sci. Pollut. Res. 2016, 23, 1449–1459. [Google Scholar] [CrossRef] [PubMed]

	



Li, N.; Tong, M.; Glibert, P.M. Effect of allelochemicals on photosynthetic and antioxidant defense system of Ulva prolifera. Aquat. Toxicol. 2020, 224, 105513. [Google Scholar] [CrossRef] [PubMed]

	



Li, N.; Zhang, J.; Zhao, X.; Wang, P.; Tong, M.; Glibert, P.M. Allelopathic Inhibition by the Bacteria Bacillus cereus BE23 on Growth and Photosynthesis of the Macroalga Ulva prolifera. J. Mar. Sci. Eng. 2020, 8, 718. [Google Scholar] [CrossRef]

	



Mushtaq, W.; Siddiqui, M.B.; Hakeem, K.R.; Mushtaq, W.; Siddiqui, M.B.; Hakeem, K.R. Mechanism of Action of Allelochemicals. In Allelopathy: Potential for Green Agriculture; Springer: Cham, Switzerland, 2020; pp. 61–66. [Google Scholar]

	



Salek, M.; Hosseini Hooshiar, S.; Salek, M.; Poorebrahimi, M.; Jafarnejad, S. Omega-3 fatty acids: Current insights into mechanisms of action in systemic lupus erythematosus. Lupus 2023, 32, 7–22. [Google Scholar] [CrossRef] [PubMed]

	



Wang, R.; Liu, Q. Responses of bloom-forming Heterosigma akashiwo to allelochemical linoleic acid: Growth inhibition, oxidative stress and apoptosis. Front. Mar. Sci. 2022, 8, 793567. [Google Scholar] [CrossRef]

	



Pinto, M.E.A.; Silva, N.L.; de Siqueira, E.P.; dos Santos, F.J.L.; dos Santos Lima, L.A.R. Efeito alelopático dos ésteres metílicos dos ácidos graxos obtidos de óleos de milho e girassol. BBR—Biochem. Biotechnol. Rep. 2013, 2, 44–48. [Google Scholar] [CrossRef]

	



González-Becerra, K.; Ramos-López, O.; Barrón-Cabrera, E.; Riezu-Boj, J.I.; Milagro, F.; Martínez-López, E.; Martínez, J. Fatty acids, epigenetic mechanisms and chronic diseases: A systematic review. Lipids Health Dis. 2019, 18, 178. [Google Scholar] [CrossRef]

	



Gniazdowska, A.; Bogatek, R.J. Allelopathic interactions between plants. Multi site action of allelochemicals. Acta Physiol. Plant. 2005, 27, 395–407. [Google Scholar] [CrossRef]

	



Gniazdowska, A.; Oracz, K.; Bogatek, R. Allelopatia-nowe interpretacje oddziaływań pomiędzy roślinami. Kosmos 2004, 53, 207–217. [Google Scholar]

	



Ali, H.A.; Al-Darraji, M.N.; Ali, S.F. The Allelopathic in the Diatoms. Rafidain J. Sci. 2021, 30, 30–38. [Google Scholar] [CrossRef]

	



Liu, Q.; Cui, R.; Lin, J.; Kang, Z.; Zhou, X. Competition relations between selected microalgae and bloom-forming Ulva prolifera. J. Mar. Biol. Assoc. 2023, 103, e43. [Google Scholar] [CrossRef]

	



Zhuo, J.; Wang, H.; Du, Y.; Shi, M.; Huan, L.; Wang, G. Transcriptomic Analysis of Ulva prolifera in Response to Salt Stress. Water 2022, 15, 63. [Google Scholar] [CrossRef]

	



Xie, M.-Z.; Shoulkamy, M.I.; Salem, A.M.; Oba, S.; Goda, M.; Nakano, T.; Ide, H. Aldehydes with high and low toxicities inactivate cells by damaging distinct cellular targets. Mutat. Res. Fundam. Mol. Mech. Mutagen. 2016, 786, 41–51. [Google Scholar] [CrossRef] [PubMed]

	



Das, C.; Dey, A.; Bandyopadhyay, A. Allelochemicals: An emerging tool for weed management. In Evidence Based Validation of Traditional Medicines: A Comprehensive Approach; Springer: Singapore, 2021; pp. 249–259. [Google Scholar]

	



Kaiira, M.; Chemining’wa, G.; Ayuke, F.; Baguma, Y.; Atwijukire, E. Allelopathic potential of compounds in selected crops. J. Agric. Sci. 2021, 13, 192. [Google Scholar] [CrossRef]

	



Shirgapure, K.; Ghosh, P. Allelopathy a tool for sustainable weed management. Arch. Curr. Res. Int. 2020, 20, 17–25. [Google Scholar] [CrossRef]

	



Chou, C.-H. Allelopathic compounds as naturally occurring herbicides. In Proceedings of the 15th Asian-Pacific Weeds Control Conference, Tsukuba, Japan, 24–28 July 1995; pp. 107–115. [Google Scholar]

	



LoPachin, R.M.; Gavin, T. Molecular mechanisms of aldehyde toxicity: A chemical perspective. Chem. Res. Toxicol. 2014, 27, 1081–1091. [Google Scholar] [CrossRef] [PubMed]

	



Ambika, S. Multifaceted attributes of allelochemicals and mechanism of allelopathy. In Allelopathy: Current Trends and Future Applications; Springer: Berlin/Heidelberg, Germany, 2012; pp. 389–405. [Google Scholar]

	



Scavo, A.; Restuccia, A.; Mauromicale, G. Allelopathy: Principles and basic aspects for agroecosystem control. In Sustainable Agriculture Reviews 28: Ecology for Agriculture; Springer: Cham, Switzerland, 2018; pp. 47–101. [Google Scholar]

	



Van Alstyne, K.L.; Nelson, T.A.; Ridgway, R.L. Environmental chemistry and chemical ecology of “green tide” seaweed blooms. Integr. Comp. Biol. 2015, 55, 518–532. [Google Scholar] [CrossRef] [PubMed]

	



Brannon, M.A.; Bartsch, A.F. Influence of growth substances on growth and cell division in green algae. Am. J. Bot. 1939, 26, 271–279. [Google Scholar] [CrossRef]

	



Jalliffier-Merlon, E.; Marty, J.-C.; Denant, V.; Saliot, A. Phytoplanktonic sources of volatile aldehydes in the river Rhône estuary. Estuar. Coast. Shelf Sci. 1991, 32, 463–482. [Google Scholar] [CrossRef]

	



Prince, E.K.; Myers, T.L.; Kubanek, J. Effects of harmful algal blooms on competitors: Allelopathic mechanisms of the red tide dinoflagellate Karenia brevis. Limnol. Oceanogr. 2008, 53, 531–541. [Google Scholar] [CrossRef]

	



Hajnal-Jafari, T.I.; Đurić, S.S.; Stamenov, D.R. Influence of green algae Chlorella vulgaris on initial growth of different agricultural crops. Zb. Matice Srp. Prir. Nauk. 2016, 130, 29–33. [Google Scholar] [CrossRef]

	



Misra, D.; Dutta, W.; Jha, G.; Ray, P. Interactions and regulatory functions of phenolics in soil-plant-climate nexus. Agronomy 2023, 13, 280. [Google Scholar] [CrossRef]

	



He, Z.; Wang, Y.; Yan, Y.; Qin, S.; He, H.; Mao, R.; Liang, Z. Dynamic analysis of physiological indices and transcriptome profiling revealing the mechanisms of the allelopathic effects of phenolic acids on Pinellia ternata. Front. Plant Sci. 2022, 13, 1039507. [Google Scholar] [CrossRef]

	



Pardo-Muras, M.; Puig, C.G.; Pedrol, N. Complex synergistic interactions among volatile and phenolic compounds underlie the effectiveness of allelopathic residues added to the soil for weed control. Plants 2022, 11, 1114. [Google Scholar] [CrossRef]

	



Bashar, H.K.; Juraimi, A.S.; Ahmad-Hamdani, M.S.; Uddin, M.K.; Asib, N.; Anwar, M.P.; Rahaman, F.; Haque, M.A.; Hossain, A. Evaluation of allelopathic effects of Parthenium hysterophorus L. methanolic extracts on some selected plants and weeds. PLoS ONE 2023, 18, e0280159. [Google Scholar] [CrossRef] [PubMed]

	



Chen, L.; Li, J.; Zhu, Y.; Zhao, T.; Guo, L.; Kang, L.; Yu, J.; Du, H.; Liu, D. Weed suppression and molecular mechanisms of isochlorogenic acid A isolated from Artemisia argyi extract via an activity-guided method. J. Agric. Food Chem. 2022, 70, 1494–1506. [Google Scholar] [CrossRef]

	



Zhong, Y.; Xu, J.; Zhao, X.; Qu, T.; Guan, C.; Hou, C.; Tang, X.; Wang, Y. Balancing Damage via Non-Photochemical Quenching, Phenolic Compounds and Photorespiration in Ulva prolifera Induced by Low-Dose and Short-Term UV-B Radiation. Int. J. Mol. Sci. 2022, 23, 2693. [Google Scholar] [CrossRef] [PubMed]

	



Yu, Y.; Lin, J.; Jiang, J.; Hu, S.; Kang, C.K.; Xu, N.; Li, Y. Environmental history affects the growth and photosynthesis of a green-tide macroalgae Ulva prolifera. Aquac. Res. 2022, 53, 2509–2517. [Google Scholar] [CrossRef]

	



He, Y.; Shen, S.; Yu, D.; Wang, Y.; Yin, J.; Wang, Z.; Ye, Y. The Ulva prolifera genome reveals the mechanism of green tides. J. Oceanol. Limnol. 2021, 39, 1458–1470. [Google Scholar] [CrossRef]

	



Del Mondo, A.; Smerilli, A.; Ambrosino, L.; Albini, A.; Noonan, D.M.; Sansone, C.; Brunet, C. Insights into phenolic compounds from microalgae: Structural variety and complex beneficial activities from health to nutraceutics. Crit. Rev. Biotechnol. 2021, 41, 155–171. [Google Scholar] [CrossRef]

	



Pei, Y.; Liu, L.; Hilt, S.; Xu, R.; Wang, B.; Li, C.; Chang, X. Root exudated algicide of Eichhornia crassipes enhances allelopathic effects of cyanobacteria Microcystis aeruginosa on green algae. Hydrobiologia 2018, 823, 67–77. [Google Scholar] [CrossRef]

	



Huang, S.; Zhu, J.; Zhang, L.; Peng, X.; Zhang, X.; Ge, F.; Liu, B.; Wu, Z. Combined effects of allelopathic polyphenols on Microcystis aeruginosa and response of different chlorophyll fluorescence parameters. Front. Microbiol. 2020, 11, 614570. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, C.; Wang, X.; Ma, Z.; Luan, Z.; Wang, Y.; Wang, Z.; Wang, L. Removal of phenolic substances from wastewater by algae. A review. Environ. Chem. Lett. 2020, 18, 377–392. [Google Scholar] [CrossRef]

	



Xu, Y.; Chen, X.; Ding, L.; Kong, C.-H. Allelopathy and allelochemicals in grasslands and forests. Forests 2023, 14, 562. [Google Scholar] [CrossRef]

	



Ooka, J.K.; Owens, D.K. Allelopathy in tropical and subtropical species. Phytochem. Rev. 2018, 17, 1225–1237. [Google Scholar] [CrossRef]

	



Muzell Trezzi, M.; Vidal, R.A.; Balbinot Junior, A.A.; von Hertwig Bittencourt, H.; da Silva Souza Filho, A.P. Allelopathy: Driving mechanisms governing its activity in agriculture. J. Plant Interact. 2016, 11, 53–60. [Google Scholar] [CrossRef]

	



Cheng, F.; Cheng, Z. Research progress on the use of plant allelopathy in agriculture and the physiological and ecological mechanisms of allelopathy. Front. Plant Sci. 2015, 6, 160714. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Liu, F.; Wang, M.; Moejes, F.W.; Bi, Y. Characterization and transcriptional analysis of one carbonic anhydrase gene in the green-tide-forming alga Ulva prolifera (Ulvophyceae, Chlorophyta). Phycol. Res. 2020, 68, 90–97. [Google Scholar] [CrossRef]

	



He, Y.; Ye, Y.; Shen, S. Effects of light and salinity on carotenoid biosynthesis in Ulva prolifera. Acta Oceanol. Sin. 2020, 39, 50–57. [Google Scholar] [CrossRef]

	



He, Y.; Ma, Y.; Du, Y.; Shen, S. Differential gene expression for carotenoid biosynthesis in a green alga Ulva prolifera based on transcriptome analysis. BMC Genom. 2018, 19, 916. [Google Scholar] [CrossRef] [PubMed]

	



Nelson, T.; Lee, D.; Smith, B.; Prins, R. Are ‘Green TIDES’Harmful Algal Blooms? Allelopathic Properties of Extracts from Ulva Fenestrata and Ulvaria Obscura. J. Phycol. 2002, 38, 28–29. [Google Scholar] [CrossRef]

	



Qiu, X.; Yamasaki, Y.; Shimasaki, Y.; Gunjikake, H.; Honda, M.; Kawaguchi, M.; Matsubara, T.; Nagasoe, S.; Etoh, T.; Matsui, S. Allelopathy of the raphidophyte Heterosigma akashiwo against the dinoflagellate Akashiwo sanguinea is mediated via allelochemicals and cell contact. Mar. Ecol. Prog. Ser. 2012, 446, 107–118. [Google Scholar] [CrossRef]

	



Deng, R.; Wang, F.; Wang, L.; Xiong, L.; Shen, X.; Song, H. Advances in plant polysaccharides as antiaging agents: Effects and signaling mechanisms. J. Agric. Food Chem. 2023, 71, 7175–7191. [Google Scholar] [CrossRef] [PubMed]

	



Li, M.; Zhou, Y.; Hu, C. One Step Catalytic Conversion of Polysaccharides in Ulva prolifera to Lactic Acid and Value-Added Chemicals. Catalysts 2023, 13, 262. [Google Scholar] [CrossRef]

	



Ge, H.; Ni, Q.; Chen, Z.; Li, J.; Zhao, F. Effects of short period feeding polysaccharides from marine macroalga, Ulva prolifera on growth and resistance of Litopenaeus vannamei against Vibrio parahaemolyticus infection. J. Appl. Phycol. 2019, 31, 2085–2092. [Google Scholar] [CrossRef]

	



Lebecque, S.; Crowet, J.-M.; du Jardin, P.; Delory, B.; Lins, L.; Deleu, M.; Fauconnier, M.-L. Interactions of allelochemicals with plant plasma membrane: A case study with alkaloids from barley. In Proceedings of the 41st New Phytologist Symposium, Nancy, France, 11–13 April 2018. [Google Scholar]

	



Greer, B.; McNamee, S.E.; Boots, B.; Cimarelli, L.; Guillebault, D.; Helmi, K.; Marcheggiani, S.; Panaiotov, S.; Breitenbach, U.; Akçaalan, R. A validated UPLC–MS/MS method for the surveillance of ten aquatic biotoxins in European brackish and freshwater systems. Harmful Algae 2016, 55, 31–40. [Google Scholar] [CrossRef]

	



Ma, J.; Meng, F.; Zhou, Y.; Wang, Y.; Shi, P. Distributed water pollution source localization with mobile UV-visible spectrometer probes in wireless sensor networks. Sensors 2018, 18, 606. [Google Scholar] [CrossRef]

	



Hellou, J.; Ross, N.W.; Moon, T.W. Glutathione, glutathione S-transferase, and glutathione conjugates, complementary markers of oxidative stress in aquatic biota. Environ. Sci. Pollut. Res. 2012, 19, 2007–2023. [Google Scholar] [CrossRef] [PubMed]

	



Denisov, I.; Lukyanenko, K.; Yakimov, A.; Kukhtevich, I.; Esimbekova, E.; Belobrov, P. Disposable luciferase-based microfluidic chip for rapid assay of water pollution. Luminescence 2018, 33, 1054–1061. [Google Scholar] [CrossRef]

	



Chouler, J.; Di Lorenzo, M. Water quality monitoring in developing countries; can microbial fuel cells be the answer? Biosensors 2015, 5, 450–470. [Google Scholar] [CrossRef]

	



De Fazio, R.; Dinoi, L.M.; De Vittorio, M.; Visconti, P. A sensor-based drone for pollutants detection in eco-friendly cities: Hardware design and data analysis application. Electronics 2021, 11, 52. [Google Scholar] [CrossRef]

	



Jurdak, R.; Elfes, A.; Kusy, B.; Tews, A.; Hu, W.; Hernandez, E.; Kottege, N.; Sikka, P. Autonomous surveillance for biosecurity. Trends Biotechnol. 2015, 33, 201–207. [Google Scholar] [CrossRef] [PubMed]

	



Dörnhöfer, K.; Oppelt, N. Remote sensing for lake research and monitoring–Recent advances. Ecol. Indic. 2016, 64, 105–122. [Google Scholar] [CrossRef]

	



Sagan, V.; Peterson, K.T.; Maimaitijiang, M.; Sidike, P.; Sloan, J.; Greeling, B.A.; Maalouf, S.; Adams, C. Monitoring inland water quality using remote sensing: Potential and limitations of spectral indices, bio-optical simulations, machine learning, and cloud computing. Earth-Sci. Rev. 2020, 205, 103187. [Google Scholar] [CrossRef]

	



Geng, H.; Yu, R.; Yan, T.; Zhang, Q.; Kong, F. Using sterol biomakers to trace deposition areas of floating green algae after green tides. Oceanol. Limnol. Sin. 2018, 49, 1094–1102. [Google Scholar]

	



Geng, H.; Yu, R.; Zhang, Q.; Yan, T.; Kong, F.; Zhou, M. Tracing the settlement region of massive floating green algae in the Yellow Sea. J. Oceanol. Limnol. 2019, 37, 1555–1565. [Google Scholar] [CrossRef]

	



Liu, J.; Yang, X.; Li, J.; Wen, Q.; Liu, W.; Song, W.; He, P.; Zhang, J. Research progress on settled mature Ulva prolifera during the outbreak of green tide in the Yellow Sea. Environ. Pollut. Control 2020, 42, 614–618. [Google Scholar]

	



Malthus, T.J.; Lehmann, E.; Ho, X.; Botha, E.; Anstee, J. Implementation of a satellite based inland water algal bloom alerting system using analysis ready data. Remote Sens. 2019, 11, 2954. [Google Scholar] [CrossRef]

	



Shang, W.; Gao, Z.; Gao, M.; Jiang, X. Monitoring green tide in the Yellow Sea using high-resolution imagery and deep learning. Remote Sens. 2023, 15, 1101. [Google Scholar] [CrossRef]

	



Song, Q.; Ma, C.; Liu, J.; Wei, H. Quantifying ocean surface green tides using high-spatial resolution thermal images. Opt. Express 2022, 30, 36592–36602. [Google Scholar] [CrossRef] [PubMed]

	



Ortega, A.; Geraldi, N.R.; Díaz-Rúa, R.; Ørberg, S.B.; Wesselmann, M.; Krause-Jensen, D.; Duarte, C.M. A DNA mini-barcode for marine macrophytes. Mol. Ecol. Resour. 2020, 20, 920–935. [Google Scholar] [CrossRef] [PubMed]

	



Zeng, Y.; Wang, X.; Liu, J.; Cao, J.; Sun, Y.; Zhao, S.; Chen, Z.; Kim, J.K.; Zhang, J.; He, P. Harnessing the power of eDNA technology for macroalgal ecological studies: Recent advances, challenges, and future perspectives. Algal Res. 2023, 77, 103340. [Google Scholar] [CrossRef]

	



Rees, H.C.; Maddison, B.C.; Middleditch, D.J.; Patmore, J.R.; Gough, K.C. The detection of aquatic animal species using environmental DNA–a review of eDNA as a survey tool in ecology. J. Appl. Ecol. 2014, 51, 1450–1459. [Google Scholar] [CrossRef]

	



Ruppert, K.M.; Kline, R.J.; Rahman, M.S. Past, present, and future perspectives of environmental DNA (eDNA) metabarcoding: A systematic review in methods, monitoring, and applications of global eDNA. Glob. Ecol. Conserv. Genet. 2019, 17, e00547. [Google Scholar] [CrossRef]

	



Zeng, Y.; Chen, Z.; Cao, J.; Li, S.; Xia, Z.; Sun, Y.; Zhang, J.; He, P. Revolutionizing early-stage green tide monitoring: eDNA metabarcoding insights into Ulva prolifera and microecology in the South Yellow Sea. Sci. Total Environ. 2024, 912, 169022. [Google Scholar] [CrossRef]








[image: Biology 13 00456 g001] 





Figure 1. Green tide of U. prolifera in the South Yellow Sea in 2022. From May to July each year, large-scale green tides move northwards from Jiangsu to the Shandong Peninsula. Satellite images cited from previous work [17]. 
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Figure 2. Fatty acids, aldehydes, phenols, and terpenoids in U. prolifera: known mechanisms of their allelopathic actions. Allelochemicals’ effect on U. prolifera’s physiology is shown by blue arrows; algae’s physiological processes’ effect on allelochemical content is shown by red arrows. (By BioRender). 
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Figure 3. With the confluence of developing technology, ecological adaptation strategies for green tide algae will be better understood. Satellite technology tracks the emergence of green tides regionally; eDNA technology quickly monitors species distribution and community structure; and allelochemical detection greatly fills the gap in the unknown interactions between species. This changes the research emphasis from the traditional nutrient and hydrometeorological factors to the in-depth study of ecological dynamics and structure during green tides. 






Figure 3. With the confluence of developing technology, ecological adaptation strategies for green tide algae will be better understood. Satellite technology tracks the emergence of green tides regionally; eDNA technology quickly monitors species distribution and community structure; and allelochemical detection greatly fills the gap in the unknown interactions between species. This changes the research emphasis from the traditional nutrient and hydrometeorological factors to the in-depth study of ecological dynamics and structure during green tides.



[image: Biology 13 00456 g003]







 





Table 1. Key allelochemicals in green tide allelopathy.
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	Allelochemical Classification
	Allelochemicals
	Chemical Formula
	Chemical Structure
	Reference





	Fatty acid
	Palmitic ac